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ABSTRACT

Cancer is a genetic disease that arises through the sequential acquisition of genetic and 
epigenetic alterations in oncogenes and tumor suppressor genes. Large-scale efforts to 
re-sequence protein-coding genes from human cancer cell lines and tumor biopsies 
have begun to catalog the spectrum of mutations existing in human cancers. One major 
limitation of these studies has been the inability to rapidly and systematically determine 
which of these mutations are causally related to tumorigenesis, particularly in the 
context of in vivo models of the disease. Although existing genetically engineered 
mouse models (GEMMs) have led to critical insights into the initiation and progression 
of human cancer, their use for rapid functional characterization of new cancer genes 
has been historically limited, partly due to the cost and time required to generate 
appropriate murine models. In the first part of this thesis, I describe a novel CRISPR-
Cas9-based approach for rapid functional investigation of candidate genes in vivo using 
well established autochthonous mouse models of cancer. By employing this platform in 
a GEMM of lung adenocarcinoma in vivo, I have functionally validated both known and 
novel tumor suppressor genes - all of which promote one or more aspects of lung 
cancer. These findings underscore the power and versatility of this platform for the rapid 
and functional interrogation of the cancer genome. In the second part of this thesis, I 
describe the development of a novel CRISPR-Cas9-based genetic screening approach 
for systematically uncovering genotype-specific vulnerabilities that could be exploited for 
the therapeutic benefit of specific lung cancer patient subpopulations. I demonstrate the 
successful application of this system for the discovery of novel Keap1 mutant-specific 
genetic dependencies, many of which could potentially be pursued for the clinical 
benefit of patients whose tumors harbor loss of function mutations in KEAP1 (~17% of 
lung adenocarcinoma patients). These results demonstrate the power of CRISPR-based 
genetic screens for uncovering novel genetic dependencies in the context of clinically 
relevant cancer-associated genotypes.
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Chapter 1 – Introduction

Part I – Modeling cancer in the mouse

I - Historical Perspective

As Douglas Hanahan and Robert Weinberg stated in their seminal “The Hallmarks of 

Cancer” essay, tumorigenesis is a multistep process that is characterized by genetic 

(and epigenetic) alterations that drive the progressive transformation of normal cells into 

highly malignant derivatives (Hanahan and Weinberg 2000). This highly complex 

process, however, takes place in the context of an entire organism. Implicit in such 

statement is the fact that whole-organism physiology - from the presence of an intact 

immune system to an intricate set of whole-body multi-organ metabolic reactions - 

cannot be fully recapitulated using in vitro cell culture-based models. Therefore, despite 

the fact that the foundations and some of the most significant breakthroughs of modern 

cancer research can be unequivocally attributed to discoveries made using in vitro 

culture systems, these methods are unable to faithfully recapitulate the endogenous in 

vivo environment in which such sequential alterations take place. Moreover, dissecting 

the mechanisms driving several of the hallmarks of cancer, such as invasion and 

metastasis, necessitates the use of appropriate in vivo systems in which each of the 

sequential tumorigenic steps can be properly interrogated in the context of an entire 

organism. 
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As it often happens in science, the technologies needed to solve a given problem or 

answer a particular question co-evolve with the problem itself. Therefore, while G. 

Steven Martin was discovering the v-src oncogene (Martin 1970), and while the groups 

of Michael Bishop and Harold Varmus where discovering that v-src was in fact a virally 

hijacked version of the endogenous Src proto-oncogene (Stehelin et al., 1976), and 

while the groups of Robert Weinberg, Michael Wigler, and Mariano Barbacid where 

identifying and cloning the first bona fide human oncogene (Tabin et al., 1982, Parada et 

al., 1982, Reddy et al., 1982, and Taparowsky et al., 1982), and the Weinberg group 

was identifying and cloning the first human tumor suppressor gene (Friend et al., 1986), 

Rudolf Jaenisch and Beatrice Mintz were microinjecting SV40 viral DNA or Moloney 

leukemia retroviruses into early embryos to generate the very first transgenic mice in 

history (Jaenisch and Mintz 1974, Jaenisch 1976). That foreign DNA molecules, 

including retroviruses and recombinant DNA, could be utilized to generate transgenic 

animals meant that the biological role of the recently discovered oncogenes and tumor 

suppressor genes could be dissected in the in vivo context. Outstanding questions in 

the field, such as how oncogene activation and tumor suppressor inactivation can lead 

to the malignant transformation of otherwise normal cells, or how multiple oncogenes 

cooperate in the context of tumorigenesis, could now be tackled using physiological in 

vivo models. In the next few sections, I briefly discuss the pioneering studies that 

opened the door for modeling cancer in mice.
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A. Transgenic technologies

As mentioned above, the pioneering work of Rudolf Jaenisch and Beatrice Mintz firmly 

established the feasibility of generating transgenic mice using foreign viral DNA or 

retroviruses (Jaenisch and Mintz 1974, Jaenisch 1976). A few years later, Ralph Brinster  

and Richard Palmiter generated the first set of transgenic mouse models of cancer by 

demonstrating that widespread expression of the SV40 T antigen by itself or fused to 

metallothionein regulatory elements resulted in the development of choroid plexus 

tumors with high penetrance (Brinster et al., 1984), as well as hepatocellular 

carcinomas and pancreatic adenomas (Messing et al., 1985). Subsequent studies by 

Douglas Hanahan, as well as the Brinster and Palmiter groups, demonstrated that the 

SV40 T antigen could drive pancreatic tumorigenesis when expressed under the control 

of the insulin or elastase regulatory regions, respectively (Hanahan 1985, Ornitz et al., 

1987). These landmark studies using the SV40 T antigen greatly influenced the way 

cancer research was pursued, both from a biological standpoint, as well as a 

methodological standpoint. The fact that large cohorts of transgenic mice could now be 

generated, each of which could serve as a physiological model in which to study 

different types of human cancers, fundamentally changed the way researchers 

approached the study of cancer.

Building upon the aforementioned discoveries of cellular oncogenes, as well as the 

recent development of transgenic technologies, several groups developed transgenic 

mice expressing the Ras and Myc oncogenes, in addition to several other novel 

oncogenes discovered around that time (for comprehensive and contemporaneous 
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reviews, see Cory and Adams 1988, Hanahan 1988 and Hanahan 1989). Brinster and 

colleagues developed the first set of transgenic mice expressing either wild type HRAS 

(referred to as c-Ha-ras during this time) or mutant HRAS (containing a Glycine to 

Valine mutation at position 12 of the protein, abbreviated as HRASG12V) under the 

control of elastase regulatory regions (Quaife et al., 1987). Strikingly, expression of wild 

type HRAS was well tolerated throughout embryogenesis and adulthood, while 

expression of HRASG12V was incompatible with life. Transgenic mice expressing 

HRASG12V were characterized by having an abnormal pancreas, with clear signs of 

dysplasia, marked disruption of pancreatic architecture, and histological features 

reminiscent of malignant carcinomas. In contemporaneous studies, Gerlinger and 

colleagues developed one of the first transgenic models that expressed the HRAS 

oncogene in the mammary glands by employing a transgene expressing mutant HRAS 

under the control of murine whey acidic protein (Wap) regulatory elements (Andres et 

al., 1987). Similar to the pancreas study described above, expression of mutant HRAS 

resulted in adenocarcinomas, albeit with the caveat that these animals actually 

developed salivary gland adenocarcinomas due to inappropriate expression of the 

transgene (Andres et al., 1987). In 1984, Philip Leder’s group published a seminal study 

describing a set of 13 transgenic strains of mice overexpressing the c-myc proto-

oncogene under the control of the mouse mammary tumor virus (MMTV) regulatory 

sequences (Stewart et al., 1984). Strikingly, overexpression of c-myc resulted in the 

development of mammary adenocarcinomas in a subset of the transgenic founders. 

Notably, the progeny of this subset of transgenic founders also developed mammary 

adenocarcinomas with very high penetrance (Stewart et al., 1984). Three years later, 
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the same group reported the generation of transgenic mice expressing v-Ha-ras (the 

viral oncogene) under the control of MMTV regulatory sequences (Sinn et al., 1987). 

Similar to their previous study, transgenic mice expressing v-Ha-ras in the mammary 

glands developed mammary adenocarcinomas with high penetrance (as well as other 

tumor types, such as salivary gland adenocarcinomas and, with lower frequency, 

lymphomas). Notably, when they generated bi-transgenic mice co-expressing v-Ha-ras 

and c-myc, the mice succumbed to a dramatically accelerated disease, demonstrating 

that these oncogenes act cooperatively in vivo in the context of tumorigenesis (Sinn et 

al., 1987). Another notable and contemporaneous transgenic mouse model of cancer 

was reported by the Palmiter and Brinster groups in 1985 - the Eμ-Myc model (Adams 

et al., 1985). This mouse model was developed by expressing c-myc under the control 

of the immunoglobulin heavy chain enhancer (Eμ). These mice, which develop B-cell 

lymphomas with close to 100% penetrance, have been an invaluable model for studying 

several fundamental mechanisms of cancer biology, such as oncogene cooperation 

(Vaux et al., 1988, Strasser et al., 1990) and the role of the p19Arf-p53 axis in mediating 

tumor suppression (Eischen et al., 1999, Schmitt et al., 1999, Jacobs et al., 1999).

Despite the fact that these pioneering transgenic mouse models have played an 

invaluable role in uncovering several fundamental aspects of cancer biology, they have 

several limitations. Due to the use of strong enhancer / regulatory regions, transgenes 

are almost always expressed at supraphysiological levels, which can lead to 

confounding results due to the fact that the expression levels do not mimic those of the 

endogenous proto-oncogenes and oncogenes. Another limitation tightly linked to 

supraphysiological expression is the fact that transgenes are often randomly integrated 
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into the genome. Therefore, the gene that is embedded within the transgene is not 

under the control of its native regulatory elements. In addition, depending on the 

chromatin landscape, the transgene can either be highly expressed (if it integrates in a 

euchromatic region) or even become silenced (if it integrates in a heterochromatic 

region) (Garrick et al., 1996, Henikoff et al., 1998, Garrick et al., 1998). Beyond these 

limitations, the recessive nature of most tumor suppressor genes made the use of 

transgenic technologies virtually impossible to study this class of cancer genes due to 

the fact that their study required their loss of function. As an attempt to overcome these 

and other shortcomings, the mouse modeling community turned its attention to the 

emerging area of gene targeting via homologous recombination.

B. Gene targeting technologies

i. Homologous recombination in yeast

Just as transgenic technologies were being developed at the same time as viral and 

human oncogenes were being discovered, the technologies for precise gene targeting 

via homologous recombination were also being developed contemporaneously. The first 

example of gene replacement via homologous recombination was published by the 

group of Gerald Fink in 1978 (Hinnen et al., 1978). In this landmark study, Fink and 

colleagues demonstrated that Saccharomyces cerevisiae leucine auxotrophs (LEU2 

mutant) could be rescued via the incorporation of a wild type copy of the LEU2 gene 

carried in a hybrid bacterial-yeast plasmid. In addition to pioneering the technique of 

yeast transformation, Fink and colleagues demonstrated that the exogenous LEU2 gene 

was incorporated into the endogenous LEU2 locus, proving - for the first time - that 
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exogenous DNA sequences could replace endogenous DNA sequences provided that 

there was sufficient sequence homology between the two (Hinnen et al., 1978). 

Subsequent studies by Terry Orr-Weaver, Jack Szostak and Rodney Rothstein 

confirmed Fink’s work and further demonstrated that the linear ends of a DNA molecule 

were highly recombinogenic with endogenous homologous sequences and that the 

experimental introduction of DNA double-strand breaks into exogenous templates 

increased the frequency of homologous recombination by several orders of magnitude 

(Orr-Weaver et al., 1981 and reviewed in Orr-Weaver et al., 1983 and in Szostak 1983). 

These fundamental molecular biology experiments in yeast unequivocally paved the 

way towards the adaptation of homologous recombination technologies for genome 

engineering in mammalian cells.

ii. Homologous recombination in mammalian cells

Pioneering work by the groups of Mario Capecchi and Oliver Smithies in the 1980s 

demonstrated that gene targeting via homologous recombination in mammalian cells 

was experimentally possible. Similar to the genetic correction of the mutant LEU2 gene 

by the Fink group, Capecchi and colleagues demonstrated that an integrated/

exogenous gene encoding a mutant neomycin-resistance cassette (Neo-R) could be 

replaced with an exogenous corrected Neo-R cassette via homologous recombination in 

mammalian cells (Thomas et al., 1986). Notably, they demonstrated the correction of 

both point mutations and deletions in the mutant Neo-R cassette via homologous 

recombination. A contemporaneous study by the group of Oliver Smithies demonstrated 

efficient replacement of the endogenous human β-globin locus via homologous 
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recombination with exogenous plasmids containing significant sequence homology 

(Smithies et al., 1985). Fortuitously, Martin Evans had just pioneered the derivation and 

culturing of karyotypically-stable mouse embryonic stem (ES) cells (Evans and Kaufman 

1981), which where utilized by both the Capecchi and Smithies groups to demonstrate 

that endogenous genes could be modified via homologous recombination (Thomas et 

al., 1987, Doetschman et al., 1987, Koller and Smithies 1989). Specifically, they utilized 

the X-linked hypoxanthine phosphoribosyltransferase gene (HPRT) and the β2-globin 

loci as prototypical examples to demonstrate efficient mutation and correction of 

endogenous genes (Thomas et al., 1987, Doetschman et al., 1987, Koller and Smithies 

1989). Mario Capecchi’s group took it a step further by developing the powerful and 

widely-used positive-negative selection strategy based on the incorporation of Neo-R 

and thymidine kinase (TK) cassettes into targeting vectors in order to enrich for correct 

homologous recombination events in ES cells (Mansour et al., 1988). These 

groundbreaking advancements in the field of genome engineering in mammalian cells 

revolutionized the way cancer biologists started to approach the study of oncogenes 

and tumor suppressor genes due to the fact that this technology had the potential to 

overcome many of the limitations associated with transgenic mouse models. The fact 

that endogenous loci could be engineered with almost surgical precision offered several 

advantages (Figure 1). First, it meant that endogenous promoters (as opposed to 

exogenous strong enhancers and regulatory regions) could be utilized to drive 

physiological expression of proto-oncogenes and oncogenes (as opposed to the 

supraphysiological and incontrollable expression levels generally achieved with 

transgenes). It also meant that heterozygous events could be properly modeled, as 
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Figure 1: Germline endogenous alleles. (a) Knockout allele - designed to constitutively knockout a 

gene of interest by replacing functionally important coding exons with a selectable marker. (b) Knock-in 

allele - designed to constitutively express a mutation of interest by engineering the mutation into the 

relevant exon. (c) Latent alleles - designed to trigger the spontaneous somatic activation of a mutation 

via the introduction of a tandem duplication of the mutant exon, which promotes an intrachromosomal 

recombination event in vivo. Figures (a) and (b) were adapted from Frese & Tuveson (2007).
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mice harboring single heterozygous mutations in either tumor suppressor genes or 

oncogenes could be generated via intercrossing. Not surprisingly, this led to an

explosion of mouse models harboring mutations in cancer-associated genes, 

particularly tumor suppressor genes, that were generated via gene targeting through 

homologous recombination in ES cells.

C. Tumor suppressor knockout mice

Armed with this new technology, several cancer researchers successfully generated 

multiple mice harboring knockout mutations in some of the most commonly mutated 

tumor suppressor genes (reviewed in Jacks 1996). In 1992, the groups of Robert 

Weinberg, Allan Bradley and Martin Hooper simultaneously reported the generation of 

the first tumor suppressor knockout mouse - the Rb knockout mouse (Lee et al., 1992, 

Jacks et al., 1992, Clarke et al., 1992). Interestingly, heterozygous Rb knockout mice 

were predisposed to the development of pituitary tumors and such tumors invariably 

underwent loss of heterozygosity of the 2nd wild type allele of Rb (Jacks et al., 1992), 

supporting Alfred Knudson’s famous two-hit hypothesis (Knudson 1971). Strikingly, 

homozygous mutation of Rb was found to be embryonic lethal. That knockout of a tumor 

suppressor gene was incompatible with life would prove to be a common feature for the 

majority of tumor suppressor genes inactivated via gene targeting in the mouse during 

the next several years, such as Wt1 (Kreidberg et al., 1993), Apc (Fodde et al., 1994, 

Oshima et al., 1995, Moser et al., 1995), Nf1 (Brannan et al., 1994, Jacks et al., 1994,), 

Nf2 (McClatchey et al., 1997), Brca1 (Hakem et al., 1996, Gowen et al., 1996), Vhl 

(Gnarra et al., 1997), and Pten (Di Cristofano et al., 1998, Stambolic et al., 1998), 
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among others. The second tumor suppressor knockout mouse - the p53 knockout 

mouse - was reported by a number of groups, including the group of Allan Bradley and 

the group of Robert Weinberg (Donehower et al., 1992, Jacks et al., 1994). Interestingly, 

homozygous p53 mutation was not embryonic lethal; however, both heterozygous and 

homozygous mutant animals rapidly succumbed to cancer, particularly T-cell 

lymphomas and soft tissue sarcomas (Donehower et al., 1992, Jacks et al., 1994). 

The fact that aberrant expression/overexpression of an oncogene in the context of a 

transgenic mouse was found to promote tumorigenesis, and the fact that homozygous 

or heterozygous genetic inactivation of a tumor suppressor gene via gene targeting was 

also found to promote tumorigenesis unequivocally demonstrated that mutation of either 

class of genes was a causal event in human cancer. This was a very important 

conclusion at the time since mutation in either class of genes appeared to be sufficient 

to transform an otherwise normal cell into a malignant cancer cell. With these relatively 

efficient genome engineering technologies at hand, the field of cancer biology was 

determined to move towards the generation of faithful, physiologically-relevant 

genetically engineered mouse models (GEMMs) of cancer harboring mutations in genes 

relevant to the human disease. Despite the fact that these technologies fundamentally 

changed the way cancer researchers started to tackle the study of oncogenes and 

tumor suppressor genes in vivo, there were still a number of technological barriers that 

needed to be overcome in order to fulfill the promise that GEMMs of cancer were 

supposed to deliver. For example, how could researchers limit malignant transformation 

to a small number of cells in the mouse to closely mimic sporadic tumorigenesis (while 

also avoiding the lethality associated with germline mutation of several oncogenes and 
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tumor suppressor genes)? How could researchers spatiotemporally (and perhaps 

reversibly) modulate the expression of oncogenes and tumor suppressor genes in vivo. 

Some of these and other technological hurdles were solved by the introduction of 

sophisticated conditional mouse modeling technologies, which are the focus of the next 

section.

II - Sophisticated GEMMs of cancer

Two of the most transformative events in the history of mouse modeling were (1) the 

introduction of inducible-reversible systems based on tetracycline-regulatable genetic 

elements and hormone-regulatable estrogen receptor gene fusions, and (2) the 

introduction of site-specific recombinase (SSR) systems for inducible manipulation of 

the genome. These tools allowed cancer researchers to spatiotemporally regulate the 

expression of oncogenes and tumor suppressor genes in vivo, overcoming some of the 

major technical issues mentioned at the end of the last section. 

A. Tetracycline-regulatable systems

The development and application of tetracycline-regulatable systems represented a 

major milestone for the rapidly evolving field of mouse modeling (Figure 2A-B). The first 

demonstration of the power of this system for inducible and reversible gene expression 

was published in 1992 by Wendenburg and colleagues, who demonstrated that 

juxtaposing three tet operator (tetO) sequences to the TATA-box of the normally 

constitutive cauliflower mosaic virus (CaMV) 35S promoter was sufficient to render 

expression of the β-glucuronidase (GUS) reporter gene inducible and reversible in 

transgenic tobacco plants (Gatz et al., 1992). In this variant of what was later referred to  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as the “tet-on” configuration (Figure 2A), the GUS gene was only expressed when 

plants were exposed to tetracycline. Remarkably, this induction of gene expression was 

shown to be reversible upon withdrawal of tetracycline. In a contemporaneous study, 

Gossen and Bujard described the generation of the “tet-off” system (Figure 2B), in 

which the tet repressor was fused to the virion protein 16 (VP16) of the herpes simplex 

virus to generate the tetracycline-controlled transactivator (tTA) protein (Gossen and 

Bujard 1992). Using a fusion gene encoding Photinus pyralis luciferase under the 

control of 1-7 tetO sequences as a reporter in HeLa cells stably expressing tTA, they 

demonstrated strong (and reversible) gene repression and induction in the absence and 

presence of tetracycline, respectively (Gossen and Bujard 1992). Three years later, 

Bujard and colleagues reported the generation of the reverse tetracycline-controlled 

transactivator (rtTA) protein, which forms the basis of one of the most widely used “tet 

on” systems (Figure 2A) (Gossen et al., 1995). In this system, potent induction or 

repression of gene expression is achieved upon administration or withdrawal of 

tetracycline (or the tetracycline analog doxycycline), respectively (Gossen et al., 1995). 

These groundbreaking studies were followed by the generation of transgenic mice 

expressing tTA or rtTA under the control of the strong CMV promoter (Kistner et al., 

1996). 

These novel technologies offered cancer researchers the ability - for the first time - to 

turn on and turn off oncogenes and tumor suppressor genes in vivo to tackle some of 

the most pressing questions in the field at the time. For example, did established tumors 

depend on continuous expression of the oncogene? In other words, where tumors 

addicted to the oncogenic lesions that they harbored in their genomes? The first group 
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to tackle this was Lothar Hennighausen’s group, who generated bi-transgenic mice 

expressing the SV40 T antigen under the control of a tetO promoter as well as tTA 

under the control of MMTV regulatory sequences (Ewald et al., 1996). These mice 

developed extensive salivary gland hyperplasias by 16 weeks of age. They made three 

important observations that are worth pointing out. First, they demonstrated that 

inactivation of the SV40 T antigen at 16 weeks of age (through the administration of 

tetracycline) led to the regression of these hyperplastic lesions, demonstrating that 

these lesions require continuous expression of the oncogene. Secondly, they 

demonstrated that re-expression of the SV40 T antigen three weeks after it had been 

inactivated let to the re-emergence of hyperplastic lesions, demonstrating that the 

residual transformed cells could serve as a seedbed for the growth of future 

hyperplastic lesions. Lastly, they demonstrated that prolonged expression of the SV40 T 

antigen for over 28 weeks led to a point of no return, whereby hyperplastic lesions 

persisted even after inactivating the expression of the SV40 T antigen (Ewald et al., 

1996). That malignant lesions progressed to a point where they no longer required 

sustained expression of the driving oncogene for growth and survival would not prove to 

be the norm. Instead, a series of groundbreaking studies led by the groups of Ronald 

DePinho, Michael Bishop and Dean Felsher experimentally demonstrated the concept 

of oncogene addiction in vivo, whereby tumor cells become addicted to sustained 

expression of a particular oncogene and become exquisitely sensitive to removal of this 

oncogene (Weinstein et al., 2002, Sharma and Settleman 2007). DePinho and 

colleagues employed bi-transgenic mice expressing oncogenic HRASG12V under the 

control of a tetO promoter as well as rtTA under the control of tyrosinase regulatory 
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elements to restrict inducible expression of the oncogene to melanocytes (Chin et al., 

1999). In this setting, expression of the HRASG12V oncogene was induced upon 

doxycycline administration, which, in the genetic background of homozygous Ink4a 

mutation, led to the development of melanomas. Remarkably, inactivation of the 

HRASG12V oncogene in established melanomas led to their rapid regression, thereby 

validating the model of oncogene addiction in the context of RAS-driven melanomas. 

Similar to the study from Hennighausen’s group, re-activation of HRASG12V in 

microscopic melanoma lesions was sufficient to induce the re-emergence of bona fide 

melanoma tumors. In a contemporaneous study utilizing bi-transgenic mice expressing 

the MYC proto-oncogene under the control of a tetO promoter as well as tTA under the 

control of the immunoglobulin heavy chain enhancer (EμSR-tTA) to restrict expression 

of MYC to cells of the hematopoietic lineage, Dean Felsher and Michael Bishop 

demonstrated that established MYC-driven T cell lymphomas and acute myeloid 

leukemias were also exquisitely sensitive to oncogene inactivation (Felsher and Bishop 

1999). Interestingly, disease regression was accompanied by a combination of cell cycle 

arrest, differentiation, and apoptosis. In a subsequent study using the same mouse 

model, the Felsher group demonstrated that brief inactivation of MYC in established 

osteosarcomas also led to sustained tumor regression and cellular differentiation (Jain 

et al., 2002). Strikingly, re-activation of MYC in differentiated, mature osteocytes led to 

massive cell death, which led the authors to postulate that MYC inactivation in 

established malignancies leads to a series of irreversible epigenetic changes that 

prevent subsequent malignant transformation by MYC (Jain et al., 2002). 
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In addition to proving the concept of oncogene addiction, these landmark studies 

unequivocally cemented the power of tetracycline-regulatable systems for dissecting 

cancer in vivo. Not surprisingly, multiple researchers over the years have developed 

over 100 transgenic strains for studying many different tumor types based on 

tetracycline-regulatable systems (for a recent comprehensive review by Lewis Chodosh 

and colleagues, see Yeh et al., 2014).

B. Hormone-regulatable systems

Another powerful approach for inducibly and reversibly controlling the function of a 

protein of interest is through the use of hormone-regulatable systems, particularly those 

that are based on estrogen receptor gene fusions (Figure 2C) (for a contemporaneous 

review discussing some of the first applications of this technology, see Picard 1993). 

Initially described by the group of Keith Yamamoto in 1988 (Picard et al., 1988), 

estrogen receptor gene fusion technology exploits the capacity of the steroid binding 

domain of this receptor to act independently of the DNA binding domain of the entire 

intact estrogen receptor. Therefore, a fusion between a gene of interest and the steroid 

binding domain of the estrogen receptor places the protein of interest under the control 

of exogenously provided hormone (Picard et al., 1988). In the absence of hormone, the 

protein is kept sequestered in the cytoplasm via direct physical interaction of the steroid 

binding domain with heat shock proteins, particularly heat shock protein 90 (Hsp90). In 

the presence of hormone, this physical interaction is abolished and the protein of 

interest is therefore “induced” (Picard et al., 1988). After Picard’s initial demonstration of 

a functional estrogen receptor fusion with the adenovirus E1A gene product, several 
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groups went on to develop hormone-regulatable fusions of many oncogenes, such as 

Myc (Eilers et al., 1989, Littlewood et al., 1995), Myb (Burk et al., 1991), Rel (Boehmelt 

et al., 1992), Abl (Jackson et al., 1993), and Raf1 (Samuels et al., 1993), among many 

others. Notably, Gerard Evan’s group went on to generate an estrogen receptor fusion 

gene using MYC (Littlewood et al., 1995) and subsequently used it to develop a 

transgenic mouse that expressed the Myc-ERTM fusion gene under the control of 

involucrin regulatory sequences, thereby limiting its expression to the mouse epidermis 

(specifically to the suprabasal keratinocytes) (Pelengaris et al., 1999). Using this 

inducible and reversible hormone-regulatable transgenic mouse model, they went on to 

demonstrate that MYC activation in the mouse epidermis led to epidermal hyperplasias 

that closely resembled pre-cancerous lesions associated with squamous cell 

carcinomas. Strikingly, inactivation of the Myc-ERTM transgene through withdrawal of the 

estrogen analog, 4-hydroxy-tamoxifen (4-OHT), completely reversed these malignant 

phenotypes, demonstrating that these hyperplasias are addicted to the MYC oncogene 

(Pelengaris et al., 1999).

While both tetracycline-regulatable and estrogen receptor-regulatable technologies 

were incredibly powerful for studying oncogenes, they were not readily applicable to the 

study of tumor suppressor genes, at least during this time period. The introduction of 

genetic technologies that allowed for conditional deletion of tumor suppressor genes, 

and the combination of these technologies with tetracycline-regulatable and estrogen 

receptor-regulatable systems marked another major milestone in the field of mouse 

modeling. These conditional systems are described below.
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C. Conditional systems based on site-specific recombinases

The groundbreaking work of Nat Sternberg and Daniel Hamilton in the early 1980s on 

P1 bacteriophage genetics established the foundation for the development of 

conditional systems based on SSRs (Sternberg and Hamilton 1981a, Sternberg et al., 

1981b, Sternberg et al., 1981c). In a series of classical experiments aimed at tackling 

the scientific conundrum of why the genetic map of P1 was linear, even though it was 

well known at the time that its genome was circular (Ikeda and Tomizawa 1968), 

Sternberg and colleagues discovered a site-specific recombination system that allowed 

P1 to integrate into the genome of the bacterial host as part of its life cycle. This SSR 

system - called the Cre/loxP system - was found to be composed of at least two parts: a 

34bp locus of crossing over [x] in P1 (loxP) sequence and a locus that causes 

recombination (Cre). In this system, any sequence of DNA that is flanked by loxP sites 

positioned in direct orientation (	� sequence 	) or in an inverted orientation (	�

sequence �) in cis can be excised or inverted via the action of the SSR Cre, 

respectively (see Figure 3 for multiple examples of these configurations). Building upon 

the pioneering work of Sternberg and colleagues, Brian Sauer and Nancy Henderson 

adapted the phage Cre/loxP system to catalyze Cre-mediated DNA excision or inversion 

of a series of genetic elements introduced via transfection into mammalian cells stably 

expressing Cre recombinase under the control of metallothionein regulatory elements 

(Sauer and Henderson 1988). Subsequently, two studies reported the generation of 

transgenic mice stably expressing Cre recombinase and Cre-responsive transgenes. In 

one of these studies, Marth and colleagues demonstrated that a transgene containing 

the β-galactosidase gene flanked by a pair of loxP sites positioned in direct orientation 
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Figure 3: Conditional alleles based on SSRs. (a) Conditional knockout / floxed alleles - in 

this design, the sequence of the entire gene of interest or a critical region of the gene of interest 

is flanked by loxP sites positioned in direct orientation (	�Gene 	), such that Cre-mediated 

recombination leads to deletion of the floxed sequence. (b) Lox-STOP-Lox alleles - in this 

design, one or both alleles are kept silenced via the incorporation of a Lox-STOP-Lox cassette 

in a region upstream of the gene of interest, typically between the promoter and coding 

sequence, such that Cre-mediated recombination leads to the activation of the allele (s). (c) 

Conditional mini-gene alleles - in this design, one or both alleles are modified such that they 

contain a Lox-mini-gene-Lox cassette that expresses a cDNA encoding the wild type version of 

the allele (s) before Cre-mediated recombination. This cassette gets deleted upon Cre-

mediated recombination, which results in the expression of the mutant allele (s) of interest. (d) 

Conditional exon inverter alleles - in this design, a cassette that contains an inverted mutant 

exon upstream of the wild type exon is flanked by a pair of heterospecific loxP sites that are 

positioned in a head-to-head orientation (	� cassette �), such that Cre-mediated 

recombination leads to the inversion of the cassette and subsequent expression of the mutant 

exon accompanied by loss of expression of the wild type exon. (e) Conditional translocator 

alleles - in this design, individual loxP sites are inserted into different chromosomes, which 

results in a translocation event upon Cre-mediated recombination between the loxP sites. (f) 

On-Off-On alleles - in this clever design, a Cre-mediated recombination event (between purple 

loxP sites or orange loxP sites, but not between purple and orange loxP sites) induces a stable 

inversion event that traps the endogenous gene via the use of a gene-trap GFP reporter 

cassette, leading to a stable (but reversible) gene knockout. Subsequently, Flp-mediated 

recombination between Frt sites (colored in grey) leads to the excision of the gene-trap GFP 

reporter cassette, thereby restoring the expression of the endogenous gene. SA: splice 

acceptor. pA: polyadenylation sequence. Figures (a) through (e) were adapted from Frese & 

Tuveson (2007). Figure (f) was adapted from Robles-Oteiza et al., 2015. 
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(	�Gene 	) (Figure 3A) could be efficiently excised in vivo upon expression of Cre 

recombinase from a second transgene (Orban et al., 1992). In a contemporaneous 

study, Westphal and colleagues introduced the important technological concept of a 

“Lox-STOP-Lox” (LSL) cassette, in which a sequence corresponding to (1) the 3’ portion 

of the HIS3 gene from yeast, (2) an SV40 polyadenylation sequence and (3) a false 

translation initiation codon followed by a 5’ splice donor site, is placed between two loxP 

sites positioned in direct (	�STOP 	) orientation (Lakso et al., 1992). Placement of a 

LSL cassette upstream of a gene potently blocks transcription and translation of the 

gene (Figure 3B). Upon exposure to Cre recombinase, recombination between these 

direct loxP sites leads to excision of the STOP cassette and thus gene activation 

(Figure 3B) (Lakso et al., 1992). In this study, the authors demonstrated that Cre-

inducible activation of the SV40 T antigen in the lens of mice invariably led to the 

development of lens tumors, a finding that opened the door for the generation of mice 

expressing Cre-inducible oncogenes (Lakso et al., 1992). A subsequent study by Hua 

Gu, Klaus Rajewsky and colleagues took this technology a step further by combining 

gene targeting via homologous recombination with Cre/loxP technology to generate 

endogenous alleles flanked by loxP sites (commonly referred to as “floxed alleles”), 

which would get efficiently deleted upon exposure to Cre recombinase (Gu et al., 1994). 

In this landmark study, the authors demonstrated that a floxed allele of the essential 

gene encoding for the DNA polymerase β (pol β) could be selectively deleted in the T-

cell compartment via the incorporation of a transgene encoding Cre recombinase under 

the control of the T-cell-specific Lck promoter. Therefore, this study achieved two very 

important goals for the mouse modeling community: (1) floxed alleles of endogenous 
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genes could be efficiently deleted by Cre recombinase and (2) this could be performed 

in a cell type-specific or tissue-specific manner by restricting expression of the 

recombinase to a given cell lineage (Gu et al., 1994). 

Just like the development of transgenic technologies triggered an explosion in the 

generation of several dozens of transgenic mouse models of cancer, the development 

of conditional systems based on SSRs led to a rapid expansion of the catalog of 

sophisticated conditional GEMMs of cancer (for a series of excellent contemporaneous 

reviews that synthesize the thinking during these years, see Rossant and Nagy 1995, 

Lobe and Nagy 1998, Cohen-Tannoudji and Babinet 1998, Wu and Pandolfi 2001, 

Wong and Witte 2001, Jonkers and Berns 2002, Van Dyke and Jacks 2002 and 

Bernardi et al., 2002). Cancer researchers could now tackle some of the most crippling 

limitations of pre-existing technologies. For example, they could finally get around the 

embryonic lethality associated with germline deletion of some of the most relevant 

cancer genes, including the Apc (Fodde et al., 1994, Oshima et al., 1995, Moser et al., 

1995), Pten (Di Cristofano et al., 1998, Stambolic et al., 1998), and Rb (Lee et al., 1992, 

Jacks et al., 1992, Clarke et al., 1992) tumor suppressor genes, as well as the Egfr 

(Threadgill et al., 1995), Kras (Johnson et al., 1997), Mdm2 (Montes de Oca Luna et al., 

1995, Jones et al., 1995), Myc (Davis et al., 1993), and Pik3ca (Bi et al., 1999) 

oncogenes, among many others. In addition to circumventing the embryonic lethality 

problem, the availability of a suite of tissue-specific promoters and multiple inducible 

technologies, and the ability to simultaneously combine all of these technologies 

allowed researchers to generate novel alleles that restricted the expression of the SSR 

to specific cell types in a tightly controlled inducible (and reversible) manner. In the next 
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section, I will briefly describe some of the most innovating mouse models of cancer that 

have been developed during the years using conditional systems mainly based on the 

use of SSRs, such as Cre and Flp (Andrews et al., 1985) recombinases.

D. GEMMs of cancer based on SSR technologies

Many of the most innovating GEMMs of cancer that have been developed so far have 

employed a combination of multiple experimental strategies based on the simultaneous 

application of tetracycline-regulatable systems (Figure 1), hormone-regulatable 

systems (Figure 1) and single or multiple SSRs (Figure 3), sometimes even combining 

all of the above with stable or inducible RNAi technologies (Figure 5) (RNAi-based 

technologies for modeling cancer in vivo are discussed in part E of this section of the 

introduction), as well as emerging genome engineering technologies that will be 

discussed in Part II of the introduction. Most of the strategies that employ increasingly 

sophisticated designs based on the use of single or multiple SSRs are summarized in 

Figure 3 and will be briefly described below exclusively in the context of GEMMs of 

cancer.

i. Lox-STOP-Lox alleles and floxed alleles

Several dozens of GEMMs harboring conditional alleles of tumor suppressor genes and 

oncogenes have been generated throughout the years, and the list keeps expanding. In 

fact, the scientific desire and demand for generating conditional alleles for almost every 

gene in the mouse genome has been so high that it has led to the creation of multiple 

international consortia whose sole purpose is the generation of gene-targeting vectors 

as well as pre-targeted ES cells and GEMM-derived ES cells harboring constitutive or 
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conditional alterations in almost every coding gene (including microRNAs) in the mouse 

genome (Adams et al., 2004, Skarnes et al., 2011, Dow and Lowe 2012). In its most 

basic design, conditional alleles can refer to either (1) floxed alleles, in which the 

sequence of the entire gene of interest or a critical region of the gene of interest is 

flanked by loxP sites positioned in direct orientation (	�gene 	) (Figure 3A) or (2) LSL 

alleles, in which the gene is kept silenced via the incorporation of a Lox-STOP-Lox 

cassette in a region upstream of the gene of interest, typically between the promoter 

and coding sequence (Figure 3B). Several well described GEMMs of cancer that are 

directly relevant to this thesis have been generated using these two strategies. For 

example, the group of Anton Berns generated a conditional knockout allele of the p53 

tumor suppressor gene via the incorporation of loxP sites in introns 1 and 10 of the 

gene, thereby generating a p53 floxed allele (p53fl/fl) (Marino et al., 2000, Jonkers et al., 

2001). In this scenario, Cre-mediated recombination between these two loxP sites leads 

to the efficient deletion of exons 2-10 from the p53 gene, thereby producing a full 

knockout allele in a conditional manner. These mice have played an invaluable role in 

modern cancer research, as demonstrated by numerous publications over the last 14 

years, ranging from fundamental studies in lung cancer initiation, progression, 

metastasis and therapeutic resistance (Meuwissen et al., 2003, Meylan et al., 2009, 

Oliver et al., 2010, Winslow et al., 2011, Xue et al., 2011, Sutherland et al., 2014, among 

many others), as well as multiple other studies in pancreatic cancer and breast cancer, 

among several other cancer types (Gidekel Friedlander et al., 2009, Chiou et al., 2015, 

among many others). Another central GEMM in this thesis is the Lox-STOP-Lox-Kras 

allele (hereafter referred to as the KrasLSL-G12D/+ allele) which was developed by the 
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Jacks group in 2001 (Jackson et al., 2001). This model harbors a LSL cassette 

upstream of exon 1 of Kras, which was simultaneously engineered to contain the 

oncogenic glycine (G) to aspartic acid (D) mutation at position 12 (G12D). In this 

scenario, Cre-mediated recombination leads to excision of the STOP cassette and 

subsequent induction of expression of the oncogenic KrasG12D allele. Notably, this allele 

offers several advantages over transgenic oncogenic alleles (such as the previously 

described tetO-driven HRASG12V allele) or latent oncogenic alleles (Figure 1C). First, 

the researcher is able to control the time of initiation and the number of initiating events 

by limiting the dose of Cre recombinase administered (either inducible Cre being 

expressed from a transgene or an endogenous locus or exogenously-delivered Cre 

recombinase embedded within the backbone of an adenovirus or lentivirus) (Jackson et 

al., 2001, DuPage et al., 2009, Chiou et al., 2015). Secondly, mice harboring this allele 

can be readily crossed to any of the pre-existing strains of mice expressing Cre 

recombinase in a constitutive or inducible tissue-specific fashion, thereby allowing for 

the interrogation of the consequences of expression of oncogenic Kras in a multitude of 

different tissue and tumor types. Thirdly, these mice can be readily crossed to any of the 

numerous strains of mice harboring additional floxed or Cre-inducible alleles to tackle 

an innumerable number of pressing questions in cancer biology. By employing the latter 

strategy, the group of Tyler Jacks developed the KrasLSL-G12D/+; p53flox/flox (KP) mouse 

model of lung adenocarcinoma (Jackson et al., 2005) (Figure 4), in which lung tumors 

are initiated via intranasal or intratracheal administration of viral vectors expressing Cre 

recombinase (Jackson et al., 2005, DuPage et al., 2009), which concomitantly activates 

the oncogenic KrasG12D allele and deletes both copies of the p53 tumor suppressor gene   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The K and KP autochthonous mouse models of lung cancer have 
been invaluable tools in functional cancer genetics

Jackson et al - Cancer Res (2005)

Cre
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mice displayed a significant shift in the tumor distribution (m2, P <
0.001) with fewer low-grade and more high-grade tumors (Fig. 5A
and B). Therefore, p53R270H, but not p53R172H, acted as a partial
dominant-negative allele in the development of high-grade lung
adenocarcinoma.
To determine whether this effect also extended to the size of the

tumors, we examined the tumor burden after 26 weeks of growth.
The average number of tumors in K;Fl/+, K;172/+, and K;270/+ mice
were similar (79 F 21, 77 F 24, and 85 F 17, respectively). We
measured tumor burden as the percentage of total lung occupied
by tumor. Like the grading results, we found that K;Fl/+ and K;172/+
mice had similar tumor burdens with tumor occupying 24% and 27%
of the total lung area, respectively. However, the tumor burden in
K;270/+ mice was consistently higher, with tumor comprising 36% of
the total lung area (P = 0.024; Fig. 5C). These findings further support
a dominant-negative effect specifically conferred by the p53R270H

allele on lung tumor growth and progression.
Up-regulation of the Raf/mitogen-activated protein kinase

pathway occurs in advanced tumors. Studies in primary
fibroblasts have linked high levels of Raf/MAPK activity to Ras-
induced premature senescence, in part through activation of
p19ARF, a positive regulator of p53 (22). Therefore, we reasoned

that mutation of p53 might allow for up-regulation of this signaling
pathway, which could account for its tumor-promoting effects. To
address this question, immunohistochemistry was done on both
early- and late-stage tumors from the K,P mice of all six genotypes
using anti–phospho-p42/44MAPK antibodies.
At 6 weeks postinfection, no phospho-MAPK positive tumors

were present in any of the animals evaluated, indicating that loss of
p53 alone is not sufficient to allow up-regulation of the Raf/MAPK
pathway. However, a subset of late-stage tumors contained large
foci of phospho-MAPK positive cells and sometimes the entire
tumors were immunoreactive. The percentage of phospho-MAPK
positive tumors varied depending on the p53 genotype (Fig. 5D).
Roughly half of the tumors in K;Fl/Fl, K;172/Fl, and K;270/Fl
animals stained positively for phospho-MAPK (52.2%, 51.2%, and
50.6% respectively). Strikingly, the frequency of MAPK activation
was identical in K;270/+ mice, occurring in 53.1% of the tumors,
whereas only 13.7% of K;Fl/+ tumors were phospho-MAPK positive.
Therefore, although p53 loss alone is not sufficient to enable up-
regulation of the Raf/MAPK pathway, it may promote the
accumulation of additional events that allow MAPK activation.
Furthermore, the p53R270H allele dominantly interferes with the
ability of wild-type p53 to restrain MAPK up-regulation.

Figure 2. Tumor grades in K,P compound
conditional mutant mice. A, a region of
advanced adenomatous hyperplasia,
adjacent to normal lung (left ). Hyperplastic
cells are enlarged and may accumulate
slightly but generally follow the underlying
lung architecture. B, grade 1 lesions form a
solid tumor but have regular nuclei. C,
grade 2 lesions may have slightly irregular
nuclei and prominent nucleoli. D, cells in
grade 3 lesions exhibit pleomorphic nuclei,
prominent nucleoli, and nuclear molding.
E, grade 4 lesions have enlarged,
pleomorphic nuclei (single arrows ),
aberrant mitoses (double arrows ), and
tumor giant cells (triple arrows ). F, grade 5
lesions exhibit all the criteria of grade 4
lesions as well as nests of tumors cells
surrounded by a desmoplastic stroma.
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been invaluable tools in functional cancer genetics
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Figure 4: The KP mouse model of lung adenocarcinoma. In this model, a LSL cassette inserted in 

the first intron of the endogenous Kras gene prevents gene transcription. Intratracheal delivery of an 

adenovirus or lentivirus expressing Cre recombinase triggers activation of oncogenic Kras and 

concomitant deletion of both alleles of the p53 tumor suppressor gene. Importantly, this mouse model 

closely recapitulates the histopathological progression of human lung adenocarcinoma. Histology 

pictures shown in the bottom right were adapted from Jackson et al., 2005. 
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in the murine lung epithelium. Notably, this model closely recapitulates the human 

counterpart, showing initial development of lung hyperplasias followed by the formation 

of adenomas, which subsequently progresses to lung adenocarcinomas and (in a 

subset of the animals) local and distant metastases (Jackson et al., 2005) (Figure 4B). 

The impact that the KrasLSL-G12D/+ (K) and KrasLSL-G12D/+; p53flox/flox (KP) mouse models of 

cancer have had in modern cancer research is enormous - from discovering 

fundamental regulators metastasis (Winslow et al., 2011) to informing current and future 

clinical trials through their use in co-clinical trials (Engelman et al., 2008, Singh et al., 

2010, Chen et al., 2012).

ii. Conditional mini-gene alleles

One potential disadvantage of LSL alleles is the fact that GEMMs harboring such alleles 

are inherently heterozygous for the gene of interest, which could lead to confounding 

results due to haploinsufficiency. A notable example involves Kras itself - at least four 

groups have demonstrated that wild type Kras can exhibit tumor suppressive properties 

in the context of lung adenocarcinomas, teratomas, colorectal adenomas and T-cell 

leukemias (Zhang et al., 2001, James et al., 2003, Luo et al., 2014, Staffas et al., 2015). 

To address this potential shortcoming, several groups have adopted a conditional mini-

gene strategy (Figure 3C), which features a Lox-mini-gene-Lox cassette that expresses 

a cDNA encoding the wild type version of the allele before Cre-mediated recombination 

(Mercer et al., 2005, Forster et al., 2005, Bayascas et al., 2006, Dankort et al., 2007, 

Dhomen et al., 2009), which gets deleted upon Cre-mediated recombination of the Lox-

mini-gene-Lox cassette. Two of the best examples that demonstrate the power of this 
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approach were reported by the groups of Richard Marais in 2005 and Martin McMahon 

in 2007, who generated the widely used LSL-BrafV600E and BRafCA Cre-inducible alleles, 

respectively (Dankort et al., 2007, Mercer et al., 2005). 

iii. Conditional exon inverter alleles

Another elegant strategy that addresses this potential shortcoming makes use of a 

conditional exon inverter strategy (Figure 3D), which features a cassette that contains 

an inverted mutant exon upstream of the wild type exon (Bayascas et al., 2006). 

Importantly, this cassette is flanked by a pair of engineered heterospecific loxP sites 

(which are mutant loxP sites that favor recombination in one direction) (Langer et al., 

2002) that are positioned in a head-to-head orientation (	�cassette �), such that Cre-

mediated recombination leads to the inversion of the cassette and subsequent 

expression of the mutant exon accompanied by loss of expression of the wild type exon 

(Figure 3D) (Bayascas et al., 2006).

iv. Conditional translocator and inverter alleles

A number of cancers are characterized by the presence of large chromosomal 

aberrations, including translocations, inversions and large chromosomal deletions 

(Mitelman et al., 2007, Solimini et al., 2012, Davoli et al., 2013). Several groups have 

reported the successful adaptation of the Cre/loxP system to model these large 

chromosomal rearrangements in an inducible manner (see Figure 3E for an example of 

a strategy for modeling translocations using this system). Albeit technically challenging, 

this approach was successfully used by the group of Terence Rabbitts to model the 

EWS-ERG fusion (Forster et al., 2005). Notably, they employed a sophisticated 
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combination of genetic tricks to achieve a chromosomal inversion involving ERG by 

placing loxP sites in a head-to-head orientation (	� sequence �) surrounding an 

intronic, inverted ERG cassette that, upon Cre-mediated inversion, got fused to 

endogenous mouse Ews regulatory sequences (Forster et al., 2005). Other groups have 

also elegantly demonstrated the general applicability of Cre/loxP-based approaches for 

modeling chromosomal translocations and other large chromosomal rearrangements 

(Smith et al., 1995, Van Deursen et al., 1995, Buchholz et al., 2000, Collins et al., 2000, 

Forster et al., 2003, Bagchi et al., 2007, Barlow et al., 2009, Wong et al., 2015) (Figure 

3E). As I will extensively discuss in Part II of the introduction, the recent emergence of 

several genome engineering technologies, such as the CRISPR-Cas9 system, have 

greatly facilitated the technical aspects associated with generating these and other 

complex genetic events. 

v. Lox-STOP-Lox restorable alleles and On-Off-On alleles

LSL alleles (Figure 3B) have also been cleverly employed for studying the 

consequences of reactivation of the p53 tumor suppressor gene in established tumors. 

Tyler Jacks and colleagues first demonstrated the power of this approach by generating 

a mouse model expressing a LSL-p53 allele in the germline (Ventura et al., 2007). 

Homozygous mutant mice (p53LSL/LSL) are phenotypically identical to the homozygous 

knockout mice (p53-/-) described by Lawrence Donehower and Tyler Jacks in the early 

1990s. However, upon induction of Cre recombinase (which in this case was expressed 

from the ubiquitously expressed Rosa26 locus (Zambrowicz et al., 1997) as an estrogen 

receptor fusion protein called Cre-ERT2) and excision of the LSL cassette, p53 

45



transcription is restored. Utilizing this mouse model, Tyler Jacks and colleagues 

demonstrated that established tumors that spontaneously arise in the context of p53 

deficiency (mostly soft tissue sarcomas and lymphomas) (Donehower et al., 1992, 

Jacks et al., 1994) remain exquisitely sensitive to the reactivation of p53 (Ventura et al., 

2007). Notably, two contemporaneous studies by the groups of Gerard Evan and Scott 

Lowe reached the same conclusion using estrogen receptor-regulatable systems and 

inducible-reversible RNAi technologies, respectively (Martins et al., 2006, Xue et al., 

2007). In a subsequent study, Tyler Jacks and colleagues crossed the p53 restorable 

mouse to the KrasLA2 mouse model (Figure 1C), which bears a latent allele of 

oncogenic KrasG12D that gets spontaneously activated in vivo (Johnson et al., 2001), for 

the purposes of studying the effects of p53 reactivation in established lung tumors 

(Feldser et al., 2010). Surprisingly, they found that the tumor suppressive effects of p53 

reactivation in established lung tumors are stage-specific, whereby p53 triggers the 

elimination of highly advanced lesions but spares low grade lesions. Mechanistically, 

they discovered that high grade lesions harbor hyperactive MAPK signaling, which in 

turn leads to potent induction of the p19Arf tumor suppressor gene, leading to 

stabilization and activation of the p53 tumor suppressor (Feldser et al., 2010). 

Importantly, a contemporaneous study by Gerard Evan and colleagues using an 

estrogen receptor-regulatable allele of p53 reached the same conclusion (Junttila et al., 

2010). Albeit undoubtedly powerful, the use of LSL alleles for studies involving tumor 

suppressor gene restoration are limited to a minority of cases where germline knockout 

of the gene does not lead to embryonic lethality, such as p53 (Donehower et al., 1992, 

Jacks et al., 1994), Ink4a/Arf (Serrano et al., 1996), p19Arf (Kamijo et al., 1997), Ink4a 
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(Sharpless et al., 2001), and Atm (Barlow et al., 1996, Xu et al., 1996, Elson et al., 

1996). Moreover, mice harboring germline non-lethal knockout alleles of these tumor 

suppressor genes are invariably highly tumor prone, which severely limits the utility of 

these models for tackling questions related to advanced stages of tumor progression, 

such as metastasis. To overcome these and other limitations, the group of David 

Feldser recently reported the generation of a novel “On-Off-On” system that allows for 

SSR-based conditional and reversible gene regulation in vivo (Robles-Oteiza et al., 

2015) (Figure 3F). This system, called XTR for expressed (XTR), Trapped (TR) and 

Restored (R), allows for simultaneous conditional inactivation of an endogenous gene 

and fluorescent readout of transcription of the endogenous locus in a reversible manner. 

Specifically, Cre-mediated recombination induces a stable inversion event that traps the 

endogenous gene via the use of a gene-trap GFP reporter cassette, leading to a stable 

(but reversible) gene knockout. Subsequently, Flp-mediated recombination leads to the 

excision of the gene-trap GFP reporter cassette, thereby restoring the expression of the 

endogenous gene (Robles-Oteiza et al., 2015) (Figure 3F). Notably, this approach will 

enable cancer researchers to study the effects of tumor suppressor restoration in 

established tumors in vivo by effectively circumventing the embryonic lethal effects 

caused by germline knockout of the vast majority of tumor suppressor genes, such as 

Rb (Lee et al., 1992, Jacks et al., 1992, Clarke et al., 1992), Pten (Di Cristofano et al., 

1998, Stambolic et al., 1998), and Apc (Fodde et al., 1994, Oshima et al., 1995, Moser 

et al., 1995). 
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E. GEMMs of cancer based on inducible in vivo RNAi

Another powerful alternative to the use of SSR-based conditional systems for modeling 

loss of function mutations in vivo is RNA interference (RNAi). The phenomenon of RNAi 

was originally described by Andrew Fire, Craig Mello, and colleagues in their seminal, 

nobel-prize winning 1998 letter to Nature (Fire et al., 1998). The serendipitous discovery 

that double stranded RNA (dsRNA) molecules could potently inhibit gene expression 

through a sequence-specific mechanism immediately triggered a revolution that 

transformed nearly every single aspect of biological research. Multiple groups over the 

next several years identified the core components of the RNAi pathway and 

systematically dissected the mechanisms mediating potent, sequence-specific genetic 

interference (for comprehensive and contemporaneous reviews, see Hammond et al., 

2001, Hannon et al., 2002, McManus and Sharp 2002, Paddison and Hannon, 2002, 

Hannon and Rossi 2004, Mello and Conte 2004, and Meister and Tuschl 2004). The 

RNAi pathway functions through a highly conserved mechanism, in which dsRNA 

molecules trigger sequence-specific post-transcriptional gene suppression. The 

mechanics of the endogenous RNAi pathway in animals involve the initial RNA 

polymerase II-dependent transcription of a long polyadenylated precursor microRNA 

molecule (pri-miRNA) that gets cleaved into a mature, 20-25nt long miRNA molecule 

through a series of highly conserved steps (reviewed in Bartel 2004 and Bartel 2009). 

First, the Drosha/DGCR8 complex cleaves the nuclear pri-miRNA molecule, generating 

a pre-miRNA molecule that gets exported to the cytoplasm via the action of the Ran-

GTP-dependent dsRNA -binding protein Exportin 5 (Lee et al., 2003, Gregory et al., 

2004, Denli et al., 2004, Yi et al., 2003, Lund et al., 2004, Bohnsack et al., 2004). This 
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pre-miRNA molecule is subsequently cleaved by the endoribonuclease Dicer, which 

leads to the generation of the 20-25nt long mature miRNA molecule (Bernstein et al., 

2001, Hutvágner et al., 2001, Hutvágner and Zamore 2002). This mature miRNA 

molecule is then unwound into each of its respective single strands and the guide strand 

subsequently associates with the Argonaute family of proteins to produce the RNA-

induced silencing complex (RISC) (Liu et al., 2004, Rand et al., 2005). Using the guide 

strand to scan the transcriptome of the cell, the RISC then pairs with complementary 

messenger RNAs (mRNAs) via Watson-Crick base pairing to direct potent post-

transcriptional silencing via transcript degradation or destabilization (Meister et al., 

2004, Yekta et al., 2004, Guo et al., 2010) or translation inhibition (Pillai et al., 2005, 

Humphreys et al., 2005, Bhattacharyya et al., 2006, Kiriakidou et al., 2007) (also 

reviewed in Filipowicz et al., 2008 and in Huntzinger and Izaurralde 2011). Researchers 

over the last 10-15 years have exploited the capacity of other types of dsRNA 

molecules, such as synthetic short hairpin RNA molecules (shRNAs) that closely 

resemble pri-miRNAs, to undergo similar processing by Drosha/DGCR8 and 

subsequent cleavage by Dicer to generate mature ~22nt dsRNAs that are subsequently 

incorporated into RISC to mediate potent mRNA silencing (Hannon and Rossi et al., 

2004). 

A comprehensive discussion of the applications of RNAi technologies for modern cancer 

research is beyond the scope of the introduction of this thesis. For this reason, I would 

like to point the reader to multiple excellent reviews that have been published in the last 

5 years, in which most of the applications up to date have been extensively discussed, 

particularly some of the ones that relate to high-throughput RNAi screens and RNAi-
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based GEMMs of cancer: Boehm and Hahn 2011, Livshits and Lowe 2013, Mohr et al., 

2014, Fellmann and Lowe 2014, Crotty and Pipkin 2015, and Rytlewski and Beronja 

2015. Nevertheless, it is imperative for me to briefly discuss a few pioneering examples 

that illustrate how modern RNAi technologies have revolutionized the way cancer 

researchers can model and study cancer in vivo. 

i. Using transplant-based approaches and transgenic mice

The group of Scott Lowe has pioneered some of the most sophisticated RNAi 

technologies for modeling cancer in vivo. Using the well established RNA polymerase II-

driven miR30 system, in which potent synthetic RNAi trigger sequences are embedded 

within the context of the endogenous miR30 backbone (Zeng et al., 2002, Zeng et al., 

2005, Stegmeier et al., 2005), they demonstrated that shRNA-mediated suppression of 

p53 in hematopoietic stem and progenitor cells (HSPCs) derived from the Eμ-Myc 

mouse model dramatically accelerated the onset of lymphomagenesis in vivo upon 

transplantation into syngeneic recipient mice (Hemann et al., 2003). In subsequent 

studies, they demonstrated that these shRNA cassettes could be placed under the 

control of tetracycline response element (TRE) promoters (Figure 2A-B), thereby 

allowing for tetracycline (or doxycycline) regulatable expression of the shRNA molecule 

in both Tet-On and Tet-Off configurations (Dickins et al., 2005, Dickins et al., 2007, Xue 

et al., 2007, Zuber et al., 2011a, Zuber et al., 2011b, and others). One notable example 

that elegantly demonstrates the power of these approaches comes from a study 

published in 2007 by the Lowe group (Xue et al., 2007). In this study, they utilized a Tet-

Off system to turn off the expression of an shRNA targeting p53 in vivo to demonstrate 
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that p53 reactivation in established liver carcinomas triggers a potent cellular 

senescence program accompanied by extensive tumor regression and immune 

clearance mediated by the innate immune system (Xue et al., 2007). In addition to the 

use of RNAi technologies for modeling loss of function of individual genes in vivo, the 

groups of Scott Lowe and Michael Hemann pioneered the adaptation of RNAi 

technologies for performing small- to large-scale pooled shRNA screens in vivo 

(Burgess et al., 2008, Zender et al., 2008, Meacham et al., 2009, Bric et al., 2009, 

Zuber et al., 2011b, Scuoppo et al., 2012, Meacham et al., 2015). These innovating 

approaches - which were all initially based on transplantable approaches - have had a 

tremendous impact in the field of functional cancer genomics, as exemplified by the 

implementation of similar strategies by other groups for performing in vivo screens in 

many other experimental settings (Possemato et al., 2011, Gargiulo et al., 2013, Miller 

et al., 2013, Järås et al., 2014, and others).

Beyond the development and implementation of sophisticated RNAi technologies for 

performing loss of function studies in vivo using transplantable approaches, several 

groups have generated various types of transgenic mice expressing constitutive, Cre/

loxP-based conditional, or tetracycline-inducible shRNA cassettes. Multiple groups 

initially reported the generation of transgenic mice expressing constitutive shRNAs 

(Hasuwa et al., 2002, Carmell et al., 2003, Kunath et al., 2003, Tiscornia et al., 2003). 

Despite the fact that these proof-of-principle studies demonstrated that this approach 

was experimentally feasible, these constitutive strategies were not widely adopted by 

the scientific community due to the desire to manipulate shRNA expression at will. One 

notable example of a system that allowed for inducible shRNA expression was the 
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pSico and pSicoR pair of Cre-recombinase-regulatable lentiviral vectors developed by 

the group of Tyler Jacks (Ventura et al., 2004). The pSico and pSicoR vectors allowed 

for Cre-mediated induction or repression of shRNA expression, respectively. They 

demonstrated the utility of this technology in vivo by generating transgenic mice 

expressing a Cre-inducible shRNA targeting the T lymphocyte cell surface marker CD8 

(Ventura et al., 2004). Another notable contemporaneous example was the generation 

of transgenic mice expressing tetracycline-regulatable shRNAs by the group of Scott 

Lowe (Dickins et al., 2007). In this study, Lowe and colleagues generated Tet-On and 

Tet-Off transgenic mice expressing a potent miR-30 based shRNA targeting the p53 

tumor suppressor gene. They further demonstrated potent and reversible induction and 

repression of shRNA expression in established malignancies in vivo by employing rtTA 

and tTA alleles, respectively (Dickins et al., 2007). Despite the fact that transgenic RNAi 

mice and cell lines derived from them are very powerful for studying the effects of loss 

of function of genes of interest using in vivo and ex vivo approaches, they invariably 

require the generation of a mouse and extensive mouse husbandry. To overcome some 

of these experimental hurdles, several groups adapted lentiviral- and transposon-based 

approaches to directly deliver shRNAs to tissues of interest in vivo. Below, I will 

describe a few key examples that illustrate the power of these approaches, focusing 

exclusively on lentiviral systems.

ii. Using direct delivery of lentiviruses to somatic tissues

Multiple groups have reported the successful adaptation of well established lentiviral 

approaches to deliver potent shRNAs directly to tissues of interest in vivo. One of the 
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first examples demonstrating the power of this approach utilized stereotactic injections 

to directly deliver shRNA-expressing lentiviruses to the adult mouse brain, achieving 

effective suppression of an exogenous reporter gene that was co-delivered using a 

second lentivirus (Van den Haute et al., 2003). Using a conceptually similar approach, 

Patrick Aebischer and colleagues demonstrated that potent suppression of a mutant 

allele of superoxide dismutase (SOD1G93A) in vivo ameliorated the onset and 

progression of amyotrophic lateral sclerosis (ALS) in a SOD1G93A transgenic mouse 

model of ALS (Raoul et al., 2005). Another pioneering study was published by the group 

of Elaine Fuchs in 2010, in which they demonstrated that ultrasound-guided delivery of 

bi-functional lentiviruses co-expressing shRNAs and cDNAs (encoding fluorescent 

reporters or Cre recombinase) in utero could be utilized to achieve potent loss of 

function in the murine epidermis (Beronja et al., 2010, Beronja and Fuchs 2013). 

Notably, Fuchs and colleagues extended this approach to perform large-scale RNAi 

screens in vivo to uncover novel regulators of tumor growth in epidermal hyperplasias 

and squamous cell carcinomas (Beronja et al., 2013, Schramek et al., 2014, Rytlewski 

and Beronja 2015). Similarly, by leveraging their previous expertise in lentiviral 

approaches for modeling cancer in vivo (Marumoto et al., 2009), Inder Verma and 

colleagues combined Cre/loxP technology with in vivo RNAi to rapidly generate novel 

mouse models of Kras-driven lung cancer via intratracheal delivery of bi-functional 

lentiviruses co-expressing Cre recombinase and shRNAs (Xia et al., 2012). In 

subsequent studies, Verma and colleagues adapted this approach for performing large-

scale RNAi screens in vivo to uncover novel lung cancer tumor suppressor genes 

(Yeddula et al., 2015). Although powerful, these lentiviral-based approaches (as well as 
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plasmid-based systems encoding sleeping beauty transposons that co-express shRNAs 

and cDNAs of interest - for notable examples, see Heggestad et al., 2004, Fletcher et 

al., 2010, Wuestefeld et al., 2013, Rudalska et al., 2014, Tschaharganeh et al., 2014) 

are invariably limited by the capacity of these constructs to directly access the tissue of 

interest. Therefore, these approaches have been limited to readily accessible tissues, 

such as the liver (Rudalska et al., 2014), lung (Yeddula et al., 2015), brain (Marumoto et 

al., 2009), and pancreas (Taniguchi et al., 2003, Houbracken et al., 2012, Chiou et al., 

2015), among others. To overcome some of these technical hurdles, multiple groups 

have turned their attention to sophisticated GEMMs and non-germline GEMMs (Heyer 

et al., 2010) that combine the best features of SSR technologies in combination with 

RNAi and emerging genome engineering technologies (discussed in Part II of this 

introduction).

F. Next-generation GEMMs and non-germline GEMMs of cancer

All of the technologies that I have described so far can be combined to produce some of 

the most elegant and sophisticated GEMMs and non-germline GEMMs (nGEMMs) 

(Heyer et al., 2010) of cancer. By exploiting the recombinase-mediated cassette 

exchange (RMCE) technology developed by Jürgen Bode’s group (O’Gorman et al., 

1991, Schlake and Bode 1994, Seibler et al., 1998) and later applied to the ubiquitously-

expressed ColA1 (Beard et al., 2006) and Rosa26 (Seibler et al., 2007) loci by the 

groups of Rudolf Jaenisch and Frieder Schwenk, respectively, researchers are now able 

to rapidly generate ES cells and GEMM-derived ES cells in which expression cassettes 

(carrying cDNAs, shRNAs, and, more recently, single guide RNAs (see Part II of this 
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introduction)) can be seamlessly introduced at single copy in the genome (for 

comprehensive reviews on RMCE technologies, see Turan et al., 2013 and Turan et al., 

2014). Notably, the ability to knock-in these expression cassettes at single copy 

overcomes some of the major technical hurdles imposed by traditional transgenic 

technologies, such as the inability to control the number of copies of the transgene that 

get integrated (which in turn affects the expression levels of the transgene) and the 

propensity of transgenes to get silenced. This technology has been exploited by several 

researchers in the field, such as the groups of Anton Berns and Jos Jonkers (Huijbers et 

al., 2014, Henneman et al., 2015), as well as the group of Scott Lowe (Premsrirut et al., 

2011, Dow et al., 2012, Premsrirut et al., 2013, Livshits and Lowe 2013, Saborowski et 

al., 2014, Miething et al., 2014, Dow et al., 2015) to develop incredibly sophisticated 

GEMMs and nGEMMs of cancer that effectively combine tetracycline-regulatable 

systems, hormone-regulatable systems, Cre/loxP systems, and modern RNAi 

technologies. The mouse model of colorectal cancer (CRC) developed by Lukas Dow, 

Scott Lowe, and colleagues earlier this year epitomizes the power of this combined 

approach (Dow et al., 2015). This elegant mouse model has 4 main parts: (1) an 

intestinal stem cell-restricted, tamoxifen-inducible CreER allele knocked into the Lgr5 

locus (Barker et al., 2007), (2) a LSL-rtTA allele knocked into the Rosa26 locus via 

RMCE (Dow et al., 2014), (3) a potent TRE-driven shRNA targeting the Apc tumor 

suppressor gene knocked into the ColA1 locus via RMCE (Premsrirut et al., 2011, Dow 

et al., 2012), and (4) endogenous, conditional alleles of Cre-inducible oncogenic 

KrasG12D and floxed p53 (Jackson et al., 2001, Marino et al., 2000, Jonkers et al., 2001). 

Therefore, co-injection of tamoxifen and doxycycline induces the development of 
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aggressive CRC by activating oncogenic KrasG12D and concomitantly inactivating the 

p53 and Apc tumor suppressor genes via Cre-recombinase- and RNAi-mediated loss of 

function, respectively, in an intestinal stem cell-restricted fashion. Using this 

sophisticated mouse model, they demonstrated that established colorectal 

adenocarcinomas are exquisitely sensitive to Apc reactivation (Dow et al., 2015). 

G. Synopsis and outlook

The mouse modeling field will keep witnessing the development of increasingly 

complicated (but highly tractable) models of cancer that will allow for unprecedented 

control of the genetics of a tumor and its microenvironment. These tools will combine 

inducibility, reversibility, and exquisite spatiotemporal control of the genetics of both 

tumor cells and cells of the tumor microenvironment in a way that will allow researchers 

to tackle some of the most complex problems in cancer biology. As the genetic toolkits 

keep expanding - for example, one can achieve inducible and reversible control of gene 

expression using light (Cambridge et al., 2009, Sinha et al., 2010a, Sinha et al., 2010b, 

Kennedy et al., 2010, Tucker 2012, Wang et al., 2012, Nihongaki 2015a, Nihongaki 

2015b, Hemphill et al., 2015, Polstein and Gersbach 2015) or small molecule dimerizers 

(Jullien et al., 2003, Hirrlinger et al., 2009a, Hirrlinger et al., 2009b, Zetsche et al., 2015) 

- the rate limiting step will be the imagination and creativity of the researcher. 

Furthermore, all of the aforementioned technologies could be seamlessly combined with 

emerging genome engineering approaches, such as those based on the CRISPR-Cas9 

system, to gain even further control over the genetic events being modeled in vivo. 

These genome engineering technologies are the focus of the next section.  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Chapter 1 – Introduction

Part II – CRISPR-Cas systems

Portions of this chapter contain extended sections of a review published in final form as:

Sánchez-Rivera, F.J., and Jacks, T. (2015). Applications of the CRISPR-Cas9 system 

in cancer biology. Nat Rev Cancer 15, 387–395.

I - Historical Perspective

A. Genome engineering in ES Cells

As discussed extensively in Part I of the introduction, the pioneering work by Mario 

Capecchi, Oliver Smithies, and others on gene targeting in embryonic stem (ES) cells 

via homologous recombination (Smithies et al., 1985, Thomas et al., 1986, Mansour et 

al., 1988) provided the scientific community the means to generate numerous GEMMs 

harboring precise mutations in tumor suppressor genes and oncogenes, as well as cell 

lines with defined loss of function or gain of function alterations in genes that are 

relevant to cancer biology. Moreover, this technology has been successfully employed 

in combination with SSRs, such as Cre and Flp, to generate conditional alleles of a 

large number of cancer genes. Although a mainstay of cancer genetics over the past 

two decades, these gene modification approaches have been limited by the relatively 
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low efficiency of gene targeting by homologous recombination and the time required for 

ES cell manipulation and subsequent mouse breeding. 

B. DSBs increase the efficiency of genome engineering

One strategy to increase the efficiency of gene targeting, which was catalyzed by 

groundbreaking research carried out by the groups of James Haber (Rudin et al., 1989, 

Plessis et al., 1992), Maria Jasin (Rouet et al., 1994), Jean-François Nicolas (Choulika 

et al., 1995), and Dana Carroll (Bibikova et al., 2002 and Bibikova et al., 2003), among 

others, is to introduce DNA double-strand breaks (DSBs) at the genomic locus of 

interest. These DSBs are repaired by cellular DNA repair pathways, particularly by the 

error-prone non-homologous end joining (NHEJ) pathway, which frequently leads to 

insertion or deletion mutations (indels). DSBs are also repaired by the homology-

directed repair (HDR) pathway, which can mediate precise DNA modifications in the 

presence of exogenous donor DNA templates (Figure 1). 

The realization that such endogenous cellular pathways could be harnessed to increase 

the efficiency of genome engineering led to a scientific revolution that brought to light 

several experimental platforms that allowed for precise introduction of DSBs. Indeed, it 

is this single biological phenomenon that unites all of the genome engineering 

technologies developed so far, and it is also the one that will undoubtedly unite all future 

experimental platforms. I will briefly describe four of these platforms for historical 

purposes, with the goal of emphasizing how each technology set up the stage for the 

technology that followed, and how important lessons learned from each of the preceding 
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technologies positively impacted the efficiency with which each of the subsequent 

technologies were firmly established in the genome engineering field.

C. Meganucleases / Homing Endonucleases

Meganucleases (also referred to as homing endonucleases) are site-specific 

endonucleases that recognize large sequences (typically >12bp long) (Pâques and 

Duchateau 2007). The prototypical meganucleases are the Homothallic switching 

endonuclease (HO endonuclease) (Kostriken et al., 1983) and the intron-encoded I-SceI 

endonuclease (Jacquier and Dujon 1985), both of which were initially characterized in 

Saccharomyces cerevisiae. The former is involved in mediating the well-described 

mating type switching phenomenon in yeast (reviewed in Haber 1998) while the latter is 

involved in propagating the mitochondrial intron that encodes it among intron-minus 

copies of the same gene through gene conversion (Jacquier and Dujon 1985). Beyond 

their biological role in Saccharomyces cerevisiae, what united these two endonucleases 

was their intrinsic capacity to recognize specific DNA sequences in a highly precise 

manner. For example, the HO endonuclease was shown to recognize and cleave an 

18bp DNA sequence within the MAT locus (Nickoloff et al., 1986) while the I-SceI 

endonuclease was shown to recognize an 18bp DNA sequence within the group I intron 

of the mitochondrial 21S rRNA gene (Colleaux et al., 1988). 

The fact that these two endonucleases were able to recognize and cleave a large 

(18bp) sequence in a very precise manner suggested at least three things: (1) that such 

endonucleases could be harnessed to increase the rate of homologous recombination 

in cells via the incorporation of templates harboring their cognate recognition sequences  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Figure 1
1A

DSB

NHEJ HDR + Donor

indel mutations gene modification
frameshifts
stop codons

precise gene knock-ins
point mutations
tagging
reporters
conditional alleles
gene correction
others

Fig. 1A

✓ frameshifts
✓ stop codons

✓ precise gene knock-ins
✓ point mutations
✓ tagging
✓ reporters
✓ gene correction
✓ others

Figure 1: Cellular DNA repair pathways can be harnessed for genome engineering. DNA double-

strand breaks (DSBs) (red arrows) can be repaired by two cellular DNA repair pathways: the non-

homologous end joining (NHEJ) pathway or the homology-directed repair (HDR) pathway. Repair via 

the NHEJ pathway, which is error-prone, frequently leads to insertion or deletion mutations (indels) that 

can lead to disruptive frameshift mutations and the generation of premature stop codons. Alternatively, 

in the presence of an exogenous donor DNA template, the DSB can be repaired via the HDR pathway, 

which can be used for engineering precise DNA modifications. Adapted from Sánchez-Rivera & Jacks 

(2015).
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in various configurations, (2) that engineering such sites in the mammalian genome (for 

example, by introducing two of these sites flanking a gene of interest) would allow for 

highly efficient gene knockouts, and (3) that altering the specificity of their DNA 

recognition domains via protein engineering could, in theory, allow for recognition of a 

multitude of other sequences in the genome. The latter point opened the door to what is 

known today as the field of programmable nucleases (sometimes referred to as 

designer or tailored nucleases. Indeed, multiple groups during the last decade have 

reported the successful engineering of novel meganucleases derived from the well-

described I-SceI (Doyon et al., 2006) and I-CreI (Arnould et al., 2006, Smith et al., 2006, 

Redondo et al., 2008, and Muñoz et al., 2011) homing endonucleases. Notably, these I-

SceI and I-CreI derivatives were able to precisely recognize and cleave a completely 

different DNA sequence while sparring its natural recognition sequence (reviewed in 

Pâques and Duchateau 2007). Despite the fact that genome engineering platforms built 

on meganucleases are undoubtedly powerful, their widespread adoption has been 

severely hampered by the complexity of designing and evolving these nucleases, as 

well as an incomplete understanding of the relationship between protein residues in 

their DNA binding and nuclease domains and their recognition, interaction, and 

cleavage of their target DNA sequences. Therefore, the genome engineering field 

shifted its attention to another class of programmable DNA binding proteins – zinc finger 

proteins.
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D. Zinc Finger Proteins and Zinc Finger Nucleases

Zinc finger proteins (ZFPs) were discovered through biochemical approaches by the 

groups of Cheng-Wen Wu (Hanas et al., 1983) and Aaron Klug (Miller et al., 1985) while 

studying the transcription factor IIIA from Xenopus laevis using the frog’s oocytes as a 

biochemical system. Intriguingly, each zinc finger domain was subsequently found to be 

composed of 30 amino acid residues sequentially positioned in a very particular order: 

Cys – Cys – His – His (commonly abbreviated as Cys2His2 or C2H2) (Ginsberg et al., 

1984). A few years later, the crystal structure of a zinc finger-containing protein 

physically bound to DNA was solved by the group of Carl O. Pabo, which confirmed the 

C2H2 repetitive structure of the protein and further suggested that the “structure provides 

a framework for understanding how zinc fingers recognize DNA and suggests that this 

motif may provide a useful basis for the design of novel DNA-binding 

proteins” (Pavletich and Pabo 1991). The latter point combined with the fact that a 

number of contemporaneous reports demonstrated that the Type IIS restriction enzyme 

FokI (Kita et al., 1989, Looney et al., 1989) could be fused to individual, sequence-

specific DNA binding domains to create site-specific chimeric restriction endonucleases 

(Kim and Chandrasegaran 1994 and Kim et al., 1996) inspired one of the earliest 

scientific races in the field of genome engineering, in which numerous investigators 

employed phage display screening (Pande et al., 2010) as an attempt to identify novel 

ZFPs that were able to recognize each triplet of the genetic code with high specificity 

and low promiscuity (Rebar and Pabo 1994, Choo and Klug 1994a, Choo and Klug 

1994b, Choo et al., 1994, Greisman and Pabo 1997, and many others). Unfortunately, 

these efforts had numerous shortcomings mainly because experimentally identifying or 
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evolving individual ZFP modules to recognize a specific triplet with high specificity and 

sensitivity was virtually impossible due to the fact that the recognition of DNA by 

individual ZFPs was not completely modular and instead depended on (and was 

influenced by) the neighboring ZFP-DNA contact (Isalan et al., 1997). Multiple 

investigators, including the groups of Carl O. Pabo (Wolfe et al., 1999, Joung et al., 

2000, Miller and Pabo 2001), Yen Choo (Moore et al., 2001, Isalan et al., 2001), Keith 

Joung (Hurt et al., 2003) and Srinivasan Chandrasegaran (Durai et al., 2005 and Durai 

et al., 2006), among others, tackled these issues in a variety of clever ways by 

developing novel iterative phage display-based and cell-based selection strategies 

aimed at circumventing the issues associated with engineering single, individual ZFPs 

(reviewed in Durai et al., 2005 and Chandrasegaran and Carroll, 2015). Albeit a number 

of these and other subsequent strategies greatly improved the design specificity and 

throughput with which new ZFPs and ZFNs could be engineered for genome editing 

purposes, and despite the fact that ZFNs were used for genome editing in a multitude of 

organisms – from Drosophila melanogaster (Bibikova et al., 2002, Bibikova et al., 2003), 

to Caenorhabditis elegans (Morton et al., 2006, Wood et al., 2011), to Danio rerio 

(Doyon et al., 2008, Meng et al., 2008), to Sus scrofa (Hauschild et al., 2011), to Mus 

musculus (Meyer et al., 2010, Carbery et al., 2010), all the way to somatic and 

pluripotent stem cells derived from Homo sapiens (Porteus and Baltimore, 2003, Urnov 

et al., 2005, Lombardo et al., 2007, Zou et al., 2009, Hockemeyer et al., 2009), their 

widespread adoption by the scientific community was still limited due to the fact that 

generating these custom-built nucleases remained highly complex and costly. 
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Therefore, the genome engineering field shifted its attention to yet another class of 

programmable DNA binding proteins - transcription activator-like effector proteins.

E. Transcription Activator-Like Effector Proteins

Transcription activator-like effector proteins (TALEs) comprise a large family of type III 

effector proteins originally identified in plant pathogens of the Xanthomonas genus by 

the group of Robert Stall (Minsavage et al., 1990). In the context of plant pathogenesis, 

proteobacteria from the Xanthomonas genus inject these TALEs into host plant cells, 

which are then shuttled to the nucleus where they physically bind the host’s genomic 

DNA and mediate transcriptional activation of a plethora of genes important for bacterial 

colonization (reviewed in Boch and Bonas, 2010). Similar to ZFPs, TALEs are 

comprised of fully customizable DNA binding domains that can be fused to the FokI 

endonuclease to create site-specific programmable endonucleases termed TALE 

nucleases (or TALENs for short) (reviewed in Joung and Sander, 2013). Remarkably, 

TALE-derived DNA binding domains are composed of variable arrays of 33-35 amino 

acid repeats, each of which is able to recognize a single base of DNA (Boch et al., 

2009). This incredibly specificity is dictated by two amino acids within the variable array, 

which are typically referred to as the hypervariable residues and are found in positions 

12 and 13 of the array (Boch et al., 2009). Due to the fact that the genome engineering 

field was already primed for such a discovery, several researchers rapidly elucidated the 

TALE repeat code, both experimentally (Boch et al., 2009) as well as computationally 

(Moscou and Bogdanove 2009). The TALEN revolution that followed closely echoed the 

ZFN revolution and, just three years after the TALE repeat code was elucidated, several 
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groups reported successful TALEN-mediated genome engineering in Saccharomyces 

cerevisiae (Li et al., 2011), Drosophila melanogaster (Liu et al., 2012), Caenorhabditis 

elegans (Wood et al., 2011), Danio rerio (Sander et al., 2011, Huang et al., 2011 and 

Bedell et al., 2012), Rattus norvegicus (Tesson et al., 2011), Sus scrofa (Carlson et al., 

2012), and in somatic and pluripotent stem cells derived from Homo sapiens (Cermak et 

al., 2011, Miller et al., 2011, Hockemeyer et al., 2011, Reyon et al., 2012). Despite the 

fact that TALENs offered greater design flexibility when compared to ZFNs and 

meganucleases (as exemplified by the publication of multiple relatively user-friendly 

protocols for TALEN design by the Zhang (Zhang et al., 2011, Sanjana et al., 2012) and 

Joung (Reyon et al., 2012) groups), generating custom TALENs is still labor intensive 

and usually requires multiple rounds of design and screening to achieve potent and 

highly specific reagents. Just like the genome engineering field experienced the ZFN 

and TALEN revolutions, the CRISPR revolution that ensued took the entire field by 

storm and has literally transformed every single aspect of biological research 

(Barrangou 2014).

F. CRISPR-Cas Systems

The recently described clustered regularly interspaced short palindromic repeats 

(CRISPR)-CRISPR associated (Cas) system and the successful implementation of the 

Streptococcus pyogenes-derived type II CRISPR-Cas9 system in mammalian cells by 

the Zhang (Cong et al., 2013), Church (Mali et al., 2013a), Doudna (Jinek et al., 2013) 

and Kim (Cho et al., 2013) groups has rapidly changed the landscape of genome 

engineering by overcoming many of the technical hurdles of earlier methods. Due to the  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fact that this thesis revolves around the development and application of CRISPR-Cas9 

technologies for modeling and dissecting tumorigenesis, I will devote the next few 

sections to a comprehensive (but concise) recount of the key events in the CRISPR 

timeline that led to the genome engineering revolution that we are experiencing today. 

II - Discovery and historical timeline

A remarkable feature that unites all four genome engineering technologies discussed so 

far is the fact that their roots are firmly established in fundamental biological research. 

Just like meganucleases were discovered through fundamental yeast molecular 

genetics, and ZFNs were discovered through basic molecular biology, the origins of 

TALENs and CRISPR lie in fundamental microbiology research. Due to the fact that 

genuine scientific curiosity was the main driver behind these transformative 

technologies, I will devote a few paragraphs to a discussion of the key historical events 

in the CRISPR-Cas9 field (Figure 2).

The first reported event in the CRISPR timeline dates back to 1987 when a group of 

researchers at Osaka University in Japan that were working on the gene responsible for 

the isozyme conversion of alkaline phosphatase in Escherichia coli, called iap, reported 

a curious stretch of repetitive 29nt long sequences that were interspaced by 32nt long 

variable sequences at the end of the gene (Ishino et al., 1987) (Figure 2). It took 13 

years of fundamental microbiology research and extensive prokaryotic genomics for 

researchers to notice that these repetitive sequences were pervasive in both bacterial 

and archaeal genomes. This realization led Mojica and colleagues in the year 2000 to  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suggest that such sequences (which they initially termed short regularly spaced repeats 

(SRSRs)) be classified as a unique family of repeat elements present across the 

Bacteria and Archaea domains (Mojica et al., 2000) (Figure 2). Two years later, Jansen 

and colleagues coined the term CRISPR for clustered regularly interspaced short 

palindromic repeats and further noted that CRISPR-associated (Cas) genes were 

usually located adjacent to CRISPR loci, suggesting a possible functional relationship 

from this spatial organization of the CRISPR locus (Jansen et al., 2002) (Figure 2). 

It was in 2005 that, in my opinion, one of the major breakthroughs in the CRISPR 

timeline took place. In this year, three separate groups discovered that the variable 

spacer sequences did not correspond to endogenous genomic loci in the prokaryotic 

genome (Figure 2). Rather, they found that these variable spacer sequences were 

actually derived from foreign prokaryotic pathogens, such as bacteriophages and 

conjugative plasmids (Mojica et al., 2005, Pourcel et al., 2005 and Bolotin et al., 2005). 

They further hypothesized that CRISPR loci might act in prokaryotic adaptive immunity 

and that the variable spacers might confer a form of immunological molecular memory 

against foreign pathogens (Mojica et al., 2005, Pourcel et al., 2005 and Bolotin et al., 

2005). Bolotin and colleagues further noted that there was a consensus sequence 

adjacent to spacer sequences. Notably, this consensus sequence corresponded to the 

so-called Protospacer Adjacent Motif (PAM) sequence, whose function was unknown 

back then (Bolotin et al., 2005). 

The year 2007 witnessed yet another major breakthrough in the CRISPR timeline 

(Figure 2) when Rodolphe Barrangou, Philippe Horvath and colleagues published the 
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seminal study conclusively demonstrating that CRISPR provided prokaryotic adaptive 

immunity against foreign pathogens (Barrangou et al., 2007). In a series of very elegant 

experiments, they demonstrated that the removal or addition of particular spacers 

corresponding to different bacteriophages was sufficient to modify the adaptive 

immunity of the prokaryote against the foreign pathogens (Barrangou et al., 2007). 

Subsequently, a flurry of papers in 2008 (Figure 2) demonstrated three very important 

concepts: (1) that CRISPR arrays are transcribed and further processed into small 

CRISPR RNAs (crRNAs) that guide Cas nuclease activity (Brouns et al., 2008), (2) that 

DNA is the main molecular target of Cas enzymes (Marraffini and Sontheimer, 2008), 

and (3) that the PAM sequence present in the target DNA is critical for CRISPR-

mediated interference (Deveau et al., 2008). It only took two years for the group of 

Sylvain Moineau to demonstrate that the Cas9 gene of the type II CRISPR system 

encoded a DNA nuclease (Garneau et al., 2010) (Figure 2). 

That CRISPR loci contained (1) variable spacers corresponding to foreign genome 

invaders that were critical in mediating immunity against such intruders and (2) an 

enzyme (Cas9) with potent DNA nuclease activity started to give hints of a system 

whereby the spacers somehow directed Cas9 to cleave foreign genomes. A year later 

(Figure 2), another critical element of CRISPR systems was uncovered by the group of 

Emmanuelle Charpentier – the trans-activating crRNA (tracrRNA) – which is a trans-

encoded small RNA that is critical for the biogenesis and processing of crRNAs into 

mature crRNAs that then guide Cas9 to target DNA molecules (Deltcheva et al., 2011). 

Remarkably, the tracrRNA was found to contain a 24nt long region with perfect 

complementarity to the repeat regions of precursor crRNA transcripts (pre-crRNAs) that 
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was critical for promoting the maturation of pre-crRNAs into mature crRNAs through the 

recruitment of the endogenous RNase III machinery (Deltcheva et al., 2011). During that 

same year, the group of Virginijus Siksnys reported a major breakthrough when they 

demonstrated that the type II CRISPR-Cas9 system was transferable between different 

bacterial species, functionally reconstituting CRISPR-mediated interference in a 

different host (Sapranauskas et al., 2011) (Figure 2). 

The fact that such a powerful, DNA-targeted, sequence-specific system could be 

transferred between completely different hosts to mediate cleavage of a specific 

sequence of interest prompted a real race towards functionally understanding this novel 

DNA-interference system. The year 2012 witnessed the breakthroughs that truly 

brought the CRISPR-Cas9 system to the genome engineering spotlight (Figure 2). In a 

pair of groundbreaking research articles, the group of Virginijus Siksnys and the groups 

of Jennifer Doudna and Emmanuelle Charpentier conclusively demonstrated that Cas9 

could be guided by crRNAs to cleave target DNA in vitro (Gasiunas et al., 2012 and 

Jinek et al., 2012). Furthermore, Doudna and colleagues made the seminal observation 

that fusing a crRNA with the tracrRNA to generate a chimeric single guide RNA (sgRNA) 

molecule was sufficient to promote Cas9-mediated cleavage of specific DNA molecules 

in vitro (Jinek et al., 2012). This last observation highlighted the power and simplicity of 

the CRISPR-Cas9 system for genome editing: an individual sgRNA molecule can guide 

Cas9 to cleave a genomic site of interest via Watson-Crick base pairing between the 

RNA molecule and the DNA target sequence (Jinek et al., 2012). Therefore, CRISPR-

Cas9-mediated genome editing required only two components. This realization 

triggered what was inarguably the fastest race in the CRISPR-Cas9 timeline. In 2013, 
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the groups of Feng Zhang (Cong et al., 2013), George Church (Mali et al., 2013a), 

Jennifer Doudna (Jinek et al., 2013), and Jin-Soo Kim (Cho et al., 2013) reported that 

the type II CRISPR-Cas9 system could be reconstituted in mammalian cells, 

demonstrating efficient RNA-guided multiplexed genome editing and paving the way 

towards the CRISPR revolution that followed (Figure 2). 

To date, the CRISPR-Cas9 system has been utilized to engineer the genomes of 

numerous organisms, including Mus musculus (Wang et al., 2013, Yang et al., 2013), 

Rattus norvegicus (Hu et al., 2013, Ma et al., 2014), Drosophila Melanogaster (Gratz et 

al., 2013, Bassett et al., 2013), Caenorhabditis elegans (Friedland et al., 2013), Danio 

rerio (Chang et al., 2013, Hwang et al., 2013), Sus scrofa (Whitworth et al., 2014), 

Macaca fascicularis (Niu et al., 2014), and multiple somatic and pluripotent stem cells 

derived from Homo sapiens (extensively reviewed in Doudna and Charpentier 2013, 

Hsu et al., 2013 and Cox et al., 2015, among others). From basic research, to applied 

biotechnology and medicine, the CRISPR-Cas9 system has truly revolutionized every 

aspect of biological research. Experimental approaches based on this versatile 

technology have the potential to transform the field of cancer biology. In the next 

section, I will discuss current and future approaches for functional studies of cancer 

genes that are based on CRISPR-Cas9, with emphasis on their applicability for the 

development of next-generation models of human cancer (Figure 3).

III. Applications in Cancer Biology

As discussed in the previous section, the CRISPR-Cas9 system is composed of two 

biological components: the RNA-guided DNA endonuclease Cas9 and a chimeric  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sgRNA. The sgRNA molecule contains both a crRNA component and a tracrRNA 

component, which binds to Cas9 and directs it to a genomic sequence of interest via 

base pairing to the target sequence (Jinek et al., 2012) (Figure 4). The only criterion 

defining the target sequence is that it be adjacent to a PAM sequence, consisting of 

either an NGG or NAG trinucleotide (Hsu et al., 2013) for Streptococcus pyogenes-

derived Cas9 (of note, other Cas9 orthologs (Esvelt et al., 2013, Hou et al., 2013, Ran 

et al., 2015, Chari et al., 2015, Zhang et al., 2015, Zetsche et al., 2015) and engineered 

Cas9 derivatives (Kleinstiver et al., 2015a, Kleinstiver et al., 2015b) recognize different 

PAM sequences). By simply combining the expression of Cas9 with an sgRNA 

complementary to a target DNA sequence, one can achieve high efficiency cleavage of 

the target, leading to DSBs, which then get repaired via NHEJ or HDR (Figure 4). 

Below, I will discuss several recent and future applications of the CRISPR-Cas9 system, 

with particular emphasis on approaches that promise to transform the field of cancer 

biology by facilitating the engineering of normal and cancer genomes.

A. Rapid modeling of genetic events in cell culture systems

i. LOF/GOF events using the Cas9 nuclease

In the current era of cancer genomics, several large-scale cancer genome sequencing 

efforts have produced an expanding catalogue of the genetic alterations present in 

human tumors (Vogelstein et al., 2013). Amongst a background of so-called passenger 

mutations, which are presumed not to directly affect the tumorigenic process, driver 

mutations directly or indirectly promote the transformation of normal cells to cancer cells 

through mutational activation of oncogenes and/or inactivation of tumor suppressor  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Figure 4
The CRISPR/Cas9 system
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Figure 4: Genome engineering using the CRISPR-Cas9 system. The  Streptococcus 

pyogenes-derived CRISPR-Cas9 RNA-guided DNA endonuclease is localized to a specific DNA 

sequence via a single guide RNA (sgRNA) sequence, which base-pairs with a specific target 

sequence that is adjacent to a protospacer adjacent motif (PAM) sequence in the form of NGG 

or NAG. Cas9-mediated induction of a DSB (red arrows) in the DNA target sequence leads to 

indel mutations via NHEJ or precise gene modification via HDR. Adapted from Sánchez-Rivera 

& Jacks (2015).
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genes. Oncogenes are typically activated via gain of function (GOF) mutations whereas 

tumor suppressor genes are usually inactivated via loss of function (LOF) mutations. 

Moderate- to large-scale functional genetic studies aimed at dissecting the role of 

putative oncogenes and tumor suppressor genes in cell culture, xenografts, allografts 

and, in some cases, transgenic mouse models, have traditionally relied on cDNA-based 

overexpression and RNA interference (RNAi)-mediated knockdown approaches. While 

these approaches have led to many important discoveries in cancer biology over the 

last several years, they have a number of important limitations. First, cDNA-based 

expression systems can lead to supraphysiological levels of gene expression (Denicola 

et al., 2011), which might cause aberrant and artifactual effects on signaling pathways 

and cell biological processes. RNAi-based inactivation approaches are limited by the 

uncertainty of the degree of gene silencing and the stability of the inhibition. This is not 

problematic for some targets or experimental protocols, but for others complete and 

permanent inactivation is required to obtain consistent results. RNAi-based approaches 

can also suffer from substantial off-target effects (Kaelin 2012). The deployment of the 

CRISPR-Cas9 system for targeted modification of endogenous loci offers a rapid 

method for overcoming these limitations. In addition to simplifying the study of 

oncogenes and tumor suppressor genes, the CRISPR-Cas9 system also allows for 

rapid discrimination between driver and passenger mutations. 

Permanent Cas9-mediated modification of single or multiple endogenous loci can be 

achieved via transient or stable delivery of the CRISPR components. Several groups 

have reported successful editing of endogenous genes in cells in culture via transient 

transfection of plasmid DNA encoding Cas9 and sgRNAs (Cong et al., 2013, Mali et al.,  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2013a, Jinek et al., 2013, Cho et al., 2013) or Cas9-sgRNA ribonucleoprotein 

complexes (RNPs) (Kim et al., 2014, Lin et al., 2014). Alternatively, CRISPR 

components can be stably delivered into cells through the use of retroviruses or 

lentiviruses (Malina et al., 2013, Shalem et al., 2014). To engineer LOF mutations, one 

relies on NHEJ, which often results in the generation of indels near the Cas9 cleavage 

site that frequently lead to frameshift mutations. Engineering GOF mutations requires 

the inclusion of an HDR template in the form of single-stranded or double-stranded DNA 

carrying the desired mutation (Figure 4 and Figure 6). Transient expression of the 

CRISPR components offers the advantage of a hit-and-run strategy, which should allow 

for unlimited serial editing of endogenous genes without the need of multiple viral 

integrations or continuous expression of CRISPR components. Cell lines carrying one 

or more targeted mutations can then be tested using a battery of cell-based and in vivo 

assays to examine the effects of the mutation(s) on cancer-associated phenotypes. This 

approach can be used on established cancer cell lines and primary cell lines of mouse 

or human origin, as well as on patient-derived xenografts (PDXs) and organoid cultures, 

among others (Figure 5 and Figure 6). 

Indeed, Sato and colleagues recently demonstrated the use of the CRISPR-Cas9 

system for systematically engineering both LOF (Figure 5) and GOF (Figure 6) 

mutations in untransformed human intestinal organoids in order to model human 

colorectal cancer (CRC) (Matano et al., 2015). Remarkably, the serial introduction of five 

independent mutations frequently associated with human CRC (three LOF mutations 

and two GOF mutations) did not fully recapitulate the tumorigenic and metastatic 

characteristics of the human disease, suggesting that additional secondary genetic and/  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Figure 5: CRISPR-Cas9-mediated disruption of cancer associated genes and related 

applications. The flexibility and modularity of the CRISPR-Cas9 system allows researchers to 

dissect the function of cancer associated genes through the efficient disruption of tumor 

suppressor genes (TSGs), oncogenes (ONCs), and drug response modulators, among other 

types of genes. Moreover, the multiplexability of the CRISPR-Cas9 system allows researchers 

to simultaneously disrupt several genes with unprecedented efficiency and precision for 

tackling questions related to synthetic lethality and epistatic interactions. NHEJ = non-

homologous end joining; LOF = loss of function; WT = wild type; MUT = mutant; DrugS = gene 

that confers drug sensitivity; DrugR = gene that confers drug resistance; KO = knockout. 

Adapted from Sánchez-Rivera & Jacks (2015).
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Figure 6: CRISPR-mediated genome engineering through the HDR pathway. (a) The 

CRISPR-Cas9 system can also be utilized for rapidly and precisely engineering cancer 

associated gain of function (GOF) mutations in oncogenes and other modulators of cellular 

transformation or drug response. This technology also allows for the generation of endogenous 

conditional alleles based on site-specific recombinases (such as Cre and Flp recombinases) 

(b), tagging of endogenous alleles (c), and interrogation of non-coding DNA elements (d). 

TCGA = The Cancer Genome Atlas; COSMIC = Catalogue of Somatic Mutations in Cancer. 

Adapted from Sánchez-Rivera & Jacks (2015).
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or epigenetic events are required for full malignancy (Matano et al., 2015). A 

contemporaneous study by the group of Hans Clevers elegantly confirmed this 

approach and further demonstrated that co-mutation of the APC and TP53 tumor 

suppressors was sufficient to trigger extensive chromosomal instability and aneuploidy 

(Drost et al., 2015).

Beyond the power of the system for modeling individual or sequential mutations, the 

ability to multiplex the CRISPR-Cas9 system offers the opportunity to investigate 

combinatorial vulnerabilities in cancer cells, as well as to systematically test epistatic 

relationships and synthetic lethal interactions (Figure 5). This technology also allows for 

the generation of endogenous conditional alleles based on site-specific recombinases 

(Yang et al., 2013), tagging of endogenous alleles (Yang et al., 2013), and interrogation 

of non-coding DNA elements (Mansour et al., 2014) (Figure 6). 

ii. Chromosomal rearrangements using the Cas9 nuclease

Genomic instability, which is a major hallmark of human cancer, can lead to the 

development of severe chromosomal rearrangements, such as translocations, 

inversions and deletions (Mitelman et al., 2007). Chromosomal translocations and 

inversions frequently lead to the generation of oncogenic fusion alleles, such as the 

BCR-ABL1 oncogene, which results from a translocation event and is associated with 

chronic myeloid leukemia (Rowley et al., 1973) and the EML4-ALK oncogene, which 

results from an inversion event and is associated with a subset of non-small cell lung 

cancers (Soda et al., 2007). On the other hand, chromosomal deletions can 

simultaneously inactivate multiple genes, thereby potentially inactivating multiple tumor  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suppressor genes with a single hit (Solimini et al., 2012, Davoli et al., 2013). 

Experimentally modeling these complex genetic rearrangements in cells or animal 

models has been technically challenging, often requiring serial targeting of ES cells to 

introduce distant loxP sites in the same chromosome (for modeling inversions and 

deletions) (Duboule et al., 2000, Smith et al., 2002, Bagchi et al., 2007) or in different 

chromosomes (for modeling translocations) (Forster et al., 2003) (see Part I of this 

introduction). Furthermore, rapid modeling of variants of these events has required 

several iterative cycles of ES cell targeting, making it a cumbersome approach for 

systematically modeling diverse chromosomal rearrangements. Even though ZFNs and 

TALENs have been utilized for generating targeted chromosomal rearrangements 

(Brunet et al., 2009 and Ghezraoui et al., 2014), their widespread adaptation has been 

hampered due to the lack of sufficient design flexibility and feasibility. A series of recent 

studies have reported the successful adaptation of the CRISPR-Cas9 system to 

overcome these limitations by exploiting the ability of Cas9 and a pair of sgRNAs to 

mediate distant DSBs in the same or different chromosomes, which can result in 

inversions/deletions and translocations, respectively (Figure 7). The group of Matthew 

Meyerson recently demonstrated that co-transfection of a pair of plasmids encoding 

Cas9 and sgRNAs targeting different regions of human chromosome 2 or chromosome 

10 into HEK293T cells resulted in the generation of the oncogenic EML4-ALK and 

KIF5B-RET inversions, respectively (Choi & Meyerson 2014). Moreover, pairs of 

sgRNAs targeting different chromosomes were shown to efficiently generate the 

oncogenic CD70-ROS1 translocation (Choi & Meyerson 2014). Using a similar strategy, 

Torres and colleagues reported the efficient generation of the EWSR1-FLI1 and  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Figure 7: Modeling chromosomal rearrangements using CRISPR-Cas9. The CRISPR-Cas9 

system can also be utilized to trigger two distant double-strand breaks (DSBs) (red arrows) in 

the same or different chromosomes, leading to deletion (a), inversion (b) or translocation (c) of 

the target sequences. ALK = anaplastic lymphoma kinase; BCR = breakpoint cluster region. 

Adapted from Sánchez-Rivera & Jacks (2015).
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RUNX1-ETO translocations, which are frequently observed in Ewing’s sarcoma and 

acute myeloid leukemia (AML), respectively (Torres et al., 2014). In addition, the groups 

of Erika Brunet and Maria Jasin (Ghezraoui et al., 2014) carried out a comprehensive 

study of chromosomal translocations in human cells in which they reported efficient 

generation of several translocations, including the NPM-ALK translocation characteristic 

of anaplastic large cell lymphoma utilizing Cas9 and pairs of sgRNAs. These landmark 

studies have firmly established the CRISPR-Cas9 system as a highly precise and 

efficient experimental tool to rapidly model chromosomal rearrangements frequently 

observed across human cancers. In addition to modeling oncogenic inversions and 

translocations, several groups have reported efficient generation of large chromosomal 

deletions encompassing coding and non-coding genes using CRISPR-Cas9 (Xiao et al., 

2013, Canver et al., 2014, Han et al., 2014, Ho et al., 2014 and Essletzbichler et al., 

2014, Lupiáñez et al., 2015), with up to 30 megabases of genetic material being 

efficiently deleted using this approach (Essletzbichler et al., 2014). The deployment of 

the CRISPR-Cas9 system for modeling chromosomal rearrangements offers at least 

two major advantages over previously used approaches. First, it is very rapid and 

precise, requiring only co-expression of Cas9 and a pair of properly designed sgRNAs. 

Second, it is a superior approach for studying inversions and translocations due to the 

fact that manipulation of endogenous loci is more physiologically relevant than cDNA-

based overexpression of the fusion products, thus ensuring that the oncogenic fusion 

protein is still under the control of endogenous regulatory elements. Therefore, this 

technology has the potential to immediately fill the gap between the identification of 

numerous chromosomal rearrangements through large-scale cancer genome  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resequencing studies and the successful validation of these alterations as bona fide 

cancer promoting events. 

iii. LOF/GOF events using dead Cas9

One of the most powerful features of the Cas9 enzyme is the ability to functionally 

uncouple its exquisitely specific RNA-dependent DNA binding activity from its nuclease 

activity by mutating its HNH and RuvC-like catalytic domains. This catalytically inactive 

form of Cas9, often referred to as dead Cas9 (dCas9), retains its RNA-guided DNA 

binding activity without any detectable DNA endonuclease activity (Jinek et al., 2012) 

(Figure 8). Recent studies have demonstrated that programming of dCas9 with an 

sgRNA against a gene of interest is sufficient to repress gene expression by inhibiting 

transcriptional elongation (Qi et al., 2013, Bikard et al., 2013 and Esvelt et al., 2013). 

Subsequent studies have demonstrated that fusion of dCas9 with transcriptional 

repressors (Gilbert et al., 2013, Bikard et al., 2013, Gilbert et al., 2014) or transcriptional 

activators (Gilbert et al., 2013, Bikard et al., 2013, Mali et al., 2013b, Esvelt et al., 2013, 

Perez-Pinera et al., 2013, Cheng et al., 2013, Maeder et al., 2013, Gilbert et al., 2014, 

Tanenbaum et al., 2014 and Konermann et al., 2014) can be utilized for potent 

repression or activation of endogenous genes, respectively. These dCas9-based 

complementary platforms offer several features that can be exploited for cancer 

research. First, it takes advantage of the exquisite binding precision of dCas9, which 

can be efficiently programmed with single or multiple sgRNAs to activate or repress 

specific cancer-associated loci of interest with low off-target activity (Gilbert et al., 2014). 

Secondly, the modularity of dCas9 should allow for functional fusions with different  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Figure 8: Applications of dCas9-effector fusions in cancer biology. The ability of Cas9 to 

bind in a specific RNA-dependent fashion can be uncoupled from its nuclease activity by 

mutating its HNH and RuvC-like catalytic domains. This catalytically inactive form of Cas9, often 

referred to as dead Cas9 (dCas9), retains its RNA-guided DNA-binding activity without any 

detectable DNA endonuclease activity. This dCas9, in turn, can be fused to several different 

types of effector proteins, such as transcriptional repressors (a), transcriptional activators (b) 

and chromatin modifying enzymes (c). dCas9-repressors and dCas9-activators can be utilized 

for reversible single/multiplex repression or activation of both coding and non-coding genes, 

respectively. dCas9-effectors with chromatin modifying activity (c), such as histone 

acetyltransferases and demethylases, permit the interrogation of various epigenetic 

modifications in cancer biology. Other effectors, such as the FokI nuclease, have also been 

fused to dCas9. Adapted from Sánchez-Rivera & Jacks (2015).
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functional effectors, such as chromatin modifiers that could write or erase specific 

epigenetic marks to interrogate the role of various epigenetic modifications in cancer 

biology (Kouzarides 2007). Indeed, at least two groups have successfully reported the 

engineering of dCas9-based epigenetic effectors for editing of the epigenome (Hilton et 

al., 2015, Kearns et al., 2015). The group of Charles Gersbach developed a dCas9-

based histone acetyltransferase by fusing dCas9 to the catalytic core of the human 

acetyltransferase p300, which catalyzes H3K27 acetylation and thereby leads to 

activation of gene expression (Hilton et al., 2015). Notably, this dCas9-p300 fusion was 

able to potently activate gene expression even when targeted to distal enhancer regions 

(Hilton et al., 2015). Similarly, René Maehr’s group developed a dCas9-based histone 

demethylase by fusing dCas9 to LSD1 (Kearns et al., 2015). Remarkably, this dCas9-

LSD1 fusion was able to modulate gene expression when targeted to specific enhancer 

regions and could also be exploited for functionally characterizing novel enhancer 

elements (Kearns et al., 2015). Thirdly, the fact that dCas9 fusions do not permanently 

alter the genetic material potentially allows for reversibility of activation or inactivation of 

gene expression via the implementation of inducible dCas9 alleles. Fourthly, dCas9-

mediated activation or repression can also be utilized to regulate the expression of long 

non-coding RNAs, which frequently act via cis-regulatory mechanisms that require local 

expression from its endogenous locus (see Dimitrova et al., 2014 for an example). More 

generally, dCas9-mediated activation of endogenous genes takes place within the 

context of the endogenous locus, potentially maintaining intact chromatin structure and 

functional regulatory sequences for both coding and non-coding genes. In addition to 

independent dCas9-effector fusions, the use of scaffold RNAs that encode both 
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targeting and effector-recruitment functions can be utilized for simultaneous multiplex 

gene repression and activation within a single cell (Zalatan et al., 2015, Shechner et al., 

2015). 

Similarly, the recent observation that truncated (also referred to as dead) sgRNAs 

(<15nt long) allow the catalytically active Cas9 to bind (but not cut) a genomic site of 

interest, and the implementation of these sgRNAs for CRISPR-mediated modulation of 

gene expression via sgRNA-mediated recruitment of repressors or activators should 

allow for even more complex manipulations of the transcriptome (Kiani et al., 2015, 

Dahlman et al., 2015). Therefore, I anticipate that complementary dCas9-mediated 

activation and repression approaches will be utilized to systematically interrogate 

cancer-associated genes that are frequently down regulated (putative tumor suppressor 

genes) or frequently overexpressed or amplified (putative oncogenes) (Figure 8). 

B. High-throughput genetic screens using CRISPR-Cas9

Just as the field of cancer genomics has been cataloguing recurrent somatic mutations 

and copy number alterations frequently observed across all human cancers (Vogelstein 

et al., 2013), the field of functional cancer genomics has been developing tools and 

approaches for systematically dissecting the function of cancer genes in a highly 

parallel manner (Boehm & Hahn 2011). Similar to the way that RNAi technology was 

adapted to perform numerous high-throughput loss of function screens, both in vitro 

(Berns et al., 2004, Westbrook et al., 2005, Schlabach et al., 2008, Luo et al., 2009, Sun 

et al., 2011, Solimini et al., 2012, among many others) and in vivo (Burgess et al., 2008, 

Zender et al., 2008, Meacham et al., 2009, Bric et al., 2009, Zuber et al., 2011,  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Possemato et al., 2011, Scuoppo et al., 2012, Gargiulo et al., 2013, Miller et al., 2013, 

Järås et al., 2014, Meacham et al., 2015, among many others), several groups have 

recently reported the implementation of the CRISPR-Cas9 system for carrying out high-

throughput CRISPR screens in mammalian cells using the Cas9 nuclease (Shalem et 

al., 2014, Wang et al., 2014, Koike-Yusa et al., 2013, Zhou et al., 2014, Chen et al., 

2015, Shi et al., 2015, Parnas et al., 2015, Birsoy et al., 2015, Wang et al., 2015) and 

dCas9–effectors (Gilbert et al., 2014, Konermann et al., 2014) for the systematic 

identification of genes involved in various biological phenotypes (Figure 9). For 

example, the Sabatini and Lander groups designed and used a library of ~73,000 

sgRNAs targeting human genes to screen for genes involved in the DNA-mismatch 

repair pathway (MMR) in the presence of the nucleotide analogue 6-thioguanine (6-TG) 

and for genes whose disruption conferred resistance to the topoisomerase 2α (TOP2A) 

poison etoposide (Wang et al., 2014). Strikingly, both CRISPR screens demonstrated a 

very high signal-to-noise ratio, with the top scoring sgRNAs from each screen targeting 

genes involved in the MMR pathway and TOP2A itself, respectively. In a parallel study, 

Zhang and colleagues generated and screened a library of ~65,000 sgRNAs targeting 

human genes and successfully identified essential genes in both cancer cell lines and 

pluripotent stem cells (Shalem et al., 2014). Moreover, they used this library for 

performing a positive selection screen in melanoma cell lines to uncover genes, the 

deletion of which mediates resistance to the BRAF-V600E inhibitor vemurafenib, 

successfully identifying several known and novel candidates mediating resistance to this 

targeted therapy. Additional contemporaneous studies by Koike-Yusa and colleagues 

(Koike-Yusa et al., 2013) and Zhou and colleagues (Zhou et al., 2014) successfully  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Figure 9: Genetic screens using CRISPR-Cas9. The CRISPR-Cas9 system can also be 

exploited for carrying out high-throughput pooled-format genetic screens using the Cas9 

nuclease or dCas9 effectors for the systematic identification of genes involved in various 

biological phenotypes. Adapted from Sánchez-Rivera & Jacks (2015).
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demonstrated the broad applicability of pooled CRISPR-based screening technologies 

for identifying host factors mediating toxin susceptibility in mouse embryonic stem cells 

and human cells, respectively. In addition to CRISPR-based screens utilizing the Cas9 

nuclease, the Weissman group adapted dCas9-based activators and repressors to carry 

out powerful complementary genome-wide gene activation and repression screens, 

respectively (Gilbert et al., 2014). A subsequent study by Zhang's laboratory also 

demonstrated the successful adaptation of dCas9-based activators for genome-wide 

gene activation screens (Konermann et al., 2014). Notably, Zhang's group also 

demonstrated the feasibility of identifying mediators of vemurafenib resistance. In 

addition to these pioneering screens, the group of Christopher Vakoc recently 

demonstrated a novel and very powerful strategy for uncovering cancer drug targets 

through high-throughput screening of sgRNAs targeting protein domains (Shi et al., 

2015). The power of this method lies in the fact that both in-frame and frameshift indels 

generated by CRISPR-Cas9 almost always lead to complete loss of function of the 

protein if the sgRNA is targeting a functional domain of the target protein (Shi et al., 

2015). On the other hand, in-frame indels (or even frameshift indels present in late 

exons) that are located in non-functional domains will not necessarily ablate protein 

function. Therefore, CRISPR screens using domain-focused sgRNA libraries might be 

more powerful than those using traditional sgRNA libraries. These landmark studies 

demonstrated the feasibility of carrying out pooled high-throughput screens using 

CRISPR–Cas9 technologies to uncover genes mediating numerous biological 

phenotypes, as well as cancer cell vulnerabilities and mechanisms of therapeutic 

response and resistance. Recent work from the Sabatini and Lander groups 
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demonstrated the power of CRISPR-based genetic screens even further by employing a 

2nd generation human library to uncover the entire set of essential genes in the 

mammalian genome, as well as cancer cell-specific vulnerabilities (Wang et al., 2015). 

In addition to  in vitro screens, the Zhang and Sharp groups recently demonstrated the 

utility of the CRISPR–Cas9 system for performing genome-wide  in vivo  screens to 

uncover genes involved in tumor progression and metastasis (Chen et al., 2015).

I envision that both types of CRISPR-based genetic screens utilizing the Cas9 nuclease 

and dCas9-based activators or repressors, and combinations thereof will rapidly 

transform the field of functional cancer genomics. For example, both platforms can be 

systematically deployed to identify synthetic lethal interactions (Guarente, 1993, Kaelin 

2005) by carrying out genome-wide screens across several different cancer types 

utilizing multiple cell lines that harbor a particular genotype of interest (such as those 

harboring mutant alleles of Kras). In this scenario, CRISPR-mediated suppression or 

activation of specific genes could lead to selective killing of tumor cells expressing a 

particular oncogene. In addition to uncovering synthetic lethal interactions with specific 

oncogenes across multiple cancer types using pre-existing cell lines, CRISPR-based 

screens can be implemented to identify genotype-selective vulnerabilities by 

engineering isogenic cell lines harboring specific cancer genotypes frequently observed 

in specific subtypes of human cancer. In this scenario, I envision the engineering of 

isogenic cell lines harboring different cancer-associated genotypes via CRISPR-based 

genome editing and subsequently uncovering genotype-selective vulnerabilities via 

high-throughput CRISPR-based genetic screens or small molecule screens.
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Beyond the aforementioned in vitro applications, the CRISPR-Cas9 system holds great 

promise for modeling and dissecting cancer in vivo. Therefore, I will focus below on the 

utility of this technology for generating animal models for the study of cancer genes in 

vivo. 

C. Rapid generation of mouse models 

GEMMs (Frese and Tuveson 2007) and non-germline GEMMs (nGEMMs) (Heyer et al., 

2010) of cancer have played a critical role in uncovering several fundamental aspects of 

tumor initiation, maintenance and progression. In addition, they have emerged as 

faithful models with which to test a variety of anti-cancer agents, as well as for 

uncovering mechanisms of drug resistance (Engelman et al., 2008, Chen et al., 2012). 

However, generating GEMMs is a slow and expensive process, requiring complex ES 

cell manipulation and/or pronuclear injection, as well as extensive mouse husbandry to 

obtain animals harboring the alleles of interest (Heyer et al., 2010). nGEMMs of cancer 

can simplify this process by bypassing the need for complex genetic crosses through 

the serial re-targeting of ES cells (Heyer et al., 2010). Nevertheless, the inability to 

simultaneously introduce multiple genetic modifications in mice or ES cells remains a 

considerable barrier. 

Rudolf Jaenisch and colleagues have recently demonstrated that the CRISPR-Cas9 

system can be utilized to simultaneously disrupt up to eight alleles in mouse ES cells in 

a single step (Wang et al., 2013). Furthermore, they reported efficient simultaneous 

disruption of two genes in single-cell mouse embryos and the subsequent one-step 

generation of double knockout animals (Wang et al., 2013). This group also 
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demonstrated efficient simultaneous HDR-mediated genome editing of two endogenous 

genes (Wang et al., 2013). In a subsequent study, they extended their CRISPR-Cas9 

methods for rapidly generating mice carrying conditional Cre/loxP-based alleles and 

reporter alleles, as well as using pairs of sgRNAs to generate mice carrying small 

deletions (Yang et al., 2013) (Figure 6). These studies have demonstrated the ease 

with which ES cells or mice harboring multiple GOF and LOF mutations can be 

generated, an advance that has opened the door for the development of novel GEMMs 

and nGEMMs of cancer with unprecedented speed and precision. Indeed, I predict that 

there will be an explosion of novel GEMMs and nGEMMs harboring uniquely complex 

genetic alterations that will allow for detailed analysis of several stages of tumor 

evolution with unprecedented speed and efficiency (Figure 10 and Figure 11). For 

example, CRISPR-mediated engineering will allow for rapid generation of large 

repositories of ES cell lines harboring multiple combinations of constitutive or 

conditional mutations in oncogenes and tumor suppressor genes, as well as large 

chromosomal rearrangements that will capture some of the genetic heterogeneity that is 

characteristic of human cancer genomes. These ES cell lines can be utilized to 

generate GEMMs and nGEMMs of cancer harboring multiple distinct mutant genotypes, 

which will be highly valuable for testing new therapeutic regimens and for personalized 

oncology efforts. 

It is important to note that the majority of mouse cancer models have been based on a 

rather limited number of mutant genes or alleles, such as the G12D or G12V mutations 

in the Kras oncogene (Jackson et al., 2001, Guerra et al., 2003). The CRISPR-Cas9 

system will allow for systematic generation of models harboring multiple oncogenic  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alleles, making it possible to investigate allele-specific consequences in tumor 

progression and therapeutic response. Highly systematic and multiplexable approaches 

for HDR-mediated editing of specific genomic regions, such as the methods developed 

by the Shendure laboratory (Findlay et al., 2014), will facilitate rapid analysis of ‘hotspot’ 

regions with various combinations of mutations and subsequent generation of GEMMs 

and nGEMMs. 

Beyond new model development, the CRISPR-Cas9 system can also be used to refine 

existing models of cancer. ES cell lines derived from well-studied GEMMs can be 

readily reengineered to harbor additional constitutive or conditional mutant alleles of 

oncogenes and tumor suppressor genes (reviewed in Dow and Lowe 2012) (Figure 10). 

Thus, candidate cooperating mutations can be easily studied and putative synthetic 

lethal interactions can be validated. Moreover, this approach will allow for pre-clinical 

studies consisting of cohorts of mice that better represent the genetic heterogeneity of 

human cancers (Figure 11). One can even envision combining comprehensive genomic 

characterization of tumors from individual patients with the rapid generation of 

personalized GEMMs, nGEMMs or cell-based xenografts. In vivo models carrying the 

exact complement of driver mutations from a given patient’s tumor could then be 

screened with conventional or experimental anti- cancer agents to identify the most 

effective therapies.

D. Somatic genome engineering

As outlined above, the efficiency of genome editing by CRISPR-Cas9 makes the 

process of germline and ES cell line genetic manipulation more rapid and more  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powerful. The power of the system is even more evident in the ability to perform somatic 

genome editing ex vivo and in vivo. 

i. Ex vivo CRISPR-based somatic genome editing

Three recent studies have demonstrated the power of CRISPR-based ex vivo somatic 

genome editing for rapid modeling of cooperating mutations and the generation of 

mouse models of hematopoietic malignancies (Malina et al., 2013, Chen et al., 2014, 

Heckl et al., 2014). The Pelletier group demonstrated efficient ex vivo editing of the 

Trp53 tumor suppressor gene in Arf-/-Eμ-Myc lymphomas that were subsequently 

transplanted into syngeneic mice to show that Arf-/-Eμ-Myc cells lacking p53 are 

substantially enriched upon treatment with doxorubicin (Malina et al., 2013). Using a 

similar approach, the Lowe laboratory utilized ex vivo CRISPR-mediated disruption of 

the Mll3 (also known as Kmt2c) tumor suppressor gene in shNf1;Trp53-/- primary mouse 

hematopoietic stem and progenitor cells (HSPCs) to demonstrate that Mll3 is a 

haploinsufficient tumor suppressor in acute myeloid leukemia (AML) (Chen et al., 2014). 

Strikingly, the vast majority of AML clones sequenced harbored indels in only one of the 

two Mll3 alleles, strongly suggesting a role as a haploinsufficient tumor suppressor gene 

in AML and demonstrating the power of the CRISPR-Cas9 system beyond simple gene 

editing. The Ebert group employed the CRISPR-Cas9 system to rapidly generate 

mouse models of AML by lentiviral-mediated ex vivo editing of single or multiple genes 

in primary mouse hematopoietic stem and progenitor cells (Heckl et al., 2014. 

Subsequent transplantation of engineered HSPCs into lethally irradiated wild type mice 

led to rapid generation of novel mouse models of AML with simultaneous disruption of 
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up to five genes. These three studies highlight the potential of the CRISPR-Cas9 

system for ex vivo somatic genome editing of primary cells, which can be further 

exploited for the rapid generation of mouse models of a variety of human malignancies 

(Figure 10 and Figure 11). 

ii. In vivo CRISPR-based somatic genome editing

To explore the use of the CRISPR-Cas9 system for directly mutating genes in living 

animals, we utilized hydrodynamic gene transfer to simultaneously deliver plasmids 

encoding Cas9 and sgRNAs targeting the Pten and Trp53 tumor suppressor genes to 

hepatocytes in vivo (Xue et al., 2014). Strikingly, delivery of these CRISPR plasmids to 

the hepatocytes of adult wild-type mice was sufficient to induce liver tumors with 

identical histopathology to those observed in Ptenfl/fl;Trp53fl/fl GEMMs, in which tumors 

were initiated via delivery of adenoviruses expressing Cre recombinase. These results 

strongly suggest that CRISPR-mediated somatic genome editing of cancer genes in 

adult wild-type mice can efficiently substitute for traditional GEMMs, at least for some 

cancer types. Moreover, we further demonstrated the feasibility of using the CRISPR-

Cas9 system to engineer gain of function mutations in the livers of adult wild-type mice 

via the co-delivery of CRISPR components and a single-stranded DNA template 

encoding a mutant form of β-catenin, which resulted in the generation of hepatocytes 

with nuclear β-catenin at a low (0.5%) but detectable frequency (Xue et al., 2014). 

Moving beyond the liver, we also developed an all-in-one lentivirus simultaneously 

encoding CRISPR components and Cre recombinase. This vector was used to mutate 

three lung cancer tumor suppressor genes in the developing tumors of the well 
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established KrasLSL-G12D/+ and KrasLSL-G12D/+;Trp53flox/flox GEMMs of lung cancer (Jackson 

et al., 2001, Jackson et al., 2005, Sánchez-Rivera et al., 2014). Intratracheal delivery of 

all-in-one lentiviruses expressing sgRNAs targeting a panel of tumor suppressor genes 

into KrasLSL-G12D/+ or KrasLSL-G12D/+;Trp53flox/flox mice resulted in lung adenocarcinomas 

with diverse histopathological and molecular features that depended on the tumor 

suppressor gene targeted. Moreover, a large fraction of the lung tumors harbored indels 

in predicted sites within the target genes with no detectable off-target editing, strongly 

supporting Cas9 on-target activity for somatic genome editing in vivo. In a parallel study, 

Andrea Ventura’s group demonstrated the feasibility of using the CRISPR-Cas9 system 

for modeling large oncogenic chromosomal rearrangements (Figure 7) in wild-type mice 

in vivo via delivery of an adenovirus encoding Cas9 and two sgRNAs designed to 

induce an Eml4-Alk (echinoderm microtubule associated protein like 4-anaplastic 

lymphoma kinase) inversion (Maddalo et al., 2014 and Soda et al., 2007). Lung tumors 

developed with complete penetrance and were exquisitely sensitive to crizotinib, an 

inhibitor used to treat human lung tumors that harbor this particular oncogenic 

rearrangement (Shaw et al., 2013). Moreover, the fact that the Eml4 and Alk loci are 

separated by ~11 megabases strongly supports the feasibility of the CRISPR-Cas9 

system for modeling large genomic rearrangements. A subsequent study by Roberto 

Chiarle’s group utilizing lentiviruses also demonstrated the ability of the CRISPR-Cas9 

system to induce chromosomal rearrangements in vivo (Blasco et al., 2014). These 

studies demonstrated the potential of rapidly generating mouse models of cancer via 

somatic genome engineering through delivery of all CRISPR components in the form of 

plasmids or viruses. In addition to these traditional DNA- or viral-based delivery 
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methods, recent advances in engineering of non-viral delivery materials have made it 

possible to deliver Cas9-sgRNA protein-RNA complexes (Zuris et al., 2015) and sgRNA-

nanoparticle complexes (Platt et al., 2014) in vivo utilizing cationic lipid-mediated 

delivery or 7C1 nanoparticles, respectively. Future advances in materials science and 

engineering should make it possible to implement additional types of non-viral delivery 

platforms for the delivery of Cas9, sgRNAs and HDR donor DNA templates for 

achieving highly efficient genome modification in vivo (non-viral materials extensively 

reviewed in Yin et al., 2014).

To further streamline the generation of CRISPR-based somatic mouse models of 

cancer, the Zhang and Sharp laboratories reported the generation of mouse models 

expressing constitutive or Cre-inducible versions of the Cas9 enzyme (Platt et al., 

2014). By intratracheally delivering a novel adeno-associated virus (AAV) encoding six 

components: a KrasG12D HDR donor DNA template, sgRNAs targeting Kras, serine/

threonine kinase 11 (Stk11; also known as Lkb1) and Trp53, Cre recombinase and 

Renilla luciferase into mice expressing the Cre-inducible Cas9 allele, they were able to 

induce lung tumors in adult mice by simultaneously disrupting both tumor suppressors 

and engineering the oncogenic KrasG12D mutation. Intriguingly, the absolute co-

occurrence of these three events was very low, with the frequency of KrasG12D HDR 

events consistently being under 2% with the exception of one outlier tumor. 

Unexpectedly, the vast majority of the resulting tumors harbored indels in both Lkb1 and 

Trp53, which lead the authors to hypothesize that Lkb1;Trp53 double-mutant tumors 

outcompete KrasG12D;Lkb1;Trp53 triple-mutant tumors (Platt et al., 2014).Recently, the 

Lowe laboratory reported the generation of a highly flexible mouse modeling platform 

102



consisting of transgenic mice co-expressing doxycycline-inducible alleles of Cas9 or the 

Cas9D10A nickase variant (Ran et al., 2013) and constitutively expressed sgRNA 

cassettes (Dow et al., 2015). Utilizing this conditional platform, they demonstrated 

effective gene editing in vivo with up to 85% target gene modification. Moreover, they 

demonstrated efficient simultaneous biallelic modification of up to two genes in vivo 

using a pair of sgRNAs and the Cas9 nuclease. This flexible platform allowed them to 

accommodate up to six sgRNA cassettes that, when combined with the Cas9D10A 

nickase, led to simultaneous editing of three genes in mouse ES cells with high 

efficiency. 

The development of mouse models expressing the Cas9 nuclease and Cas9D10A 

nickase represents a major advancement for CRISPR applications in cancer biology, 

allowing researchers to focus their efforts on delivering single or multiple sgRNAs with 

or without synthetic HDR donor DNA templates utilizing viral and/or non-viral carriers, 

bypassing the need to optimize approaches for co-delivery of this large DNA 

endonuclease. In addition, expression of Cre-inducible or doxycycline-inducible alleles 

of Cas9 in vivo can be rendered tissue-specific via the incorporation of tissue-specific 

Cre or reverse tetracycline transactivator alleles, respectively. Moreover, the 

development of constitutive and conditional mouse models for CRISPR-mediated 

activation (Tanenbaum et al., 2014) or repression (Gilbert et al., 2013) of gene 

expression (Figure 8) will serve as powerful complementary approaches for functionally 

studying both coding and non-coding DNA elements without permanent disruption of the 

endogenous genomic sequence. Beyond the established Mus musculus laboratory 

organism, the flexibility of CRISPR-Cas9 technologies should allow for rapid generation  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of novel animal models of cancer utilizing genetically intractable organisms that better 

recapitulate human tissue architecture and drug metabolism, such as pigs (Whitworth et 

al., 2014) and non-human primates (Niu et al., 2014). 

E. Synopsis and outlook

We envision a new era in cancer biology in which CRISPR-based genome engineering 

will serve as an important conduit between the bench and the bedside (Figure 12). The 

successful deployment of sophisticated genetic and molecular profiling technologies for 

comprehensive characterization of a patient’s tumor is generating detailed roadmaps to 

instruct the development of tailored cell-based or whole animal-based experimental 

systems. These systems will serve as personalized platforms, with which researchers 

will rapidly and systematically identify genotype-specific vulnerabilities and synthetic 

lethal interactions via single or multiplex CRISPR-based and small molecule-based 

approaches. Moreover, such personalized platforms could be studied in parallel to the 

patients, potentially allowing for the rapid identification of resistance mechanisms and 

the development of strategies to overcome such shortcomings (Crystal et al., 2014). 

Although there are current technical limitations to the use of CRISPR-Cas9 for targeting 

cancer genes in human patients as a therapeutic strategy, the prospects of this form of 

gene therapy are nonetheless very exciting. Recent work has demonstrated the 

potential of this technology to permanently correct genetic mutations in vivo in the adult 

liver of mouse models of a hereditary genetic disease via HDR, successfully alleviating 

aspects of the disorder (Yin et al., 2014). Therefore, future advancements of this 

technology for increasing the efficiency of editing and delivery of CRISPR-Cas9  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components utilizing both viral and non-viral delivery vehicles will allow for therapeutic 

genetic correction of single or multiple driver mutations. In addition to permanently 

correcting cancer-associated mutations, the CRISPR-Cas9 system could be employed 

for precise ex vivo engineering of immune cells for immunotherapeutic applications. For 

example, the CRISPR-Cas9 system could be utilized for the development of novel 

chimeric antigen receptor (CAR)-modified T cells (Sadelain et al., 2013), in which the 

CAR is precisely inserted into a safe harbor locus (Sadelain et al., 2012). 

Ever since the Doudna and Charpentier groups demonstrated the potential of the 

CRISPR-Cas9 system as a powerful RNA-programmed genome editing platform (Jinek 

et al., 2012), the field of genome engineering has rapidly undergone a scientific 

revolution that promises to transform nearly every aspect of basic biological and 

biomedical research. The application of this technology to several aspects of cancer 

biology, ranging from basic research to clinical and translational applications, offers 

numerous exciting opportunities for better understanding and potentially treating this 

devastating disease.  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Chapter 1 – Introduction

Part III – Cancer genomics

I - Historical Perspective

Over a hundred years ago, Theodor Boveri postulated in his seminal essay “Concerning 

the origin of malignant tumors” that cancer was caused by chromosomal aberrations 

that arise from a failure of cells to undergo proper cell division (Boveri 1902, Boveri 

2007 (translation by Henry Harris)). That cancer was indeed a genetic disease - that is, 

a disease that arises from defects in the genome of incipient cancer cells - would be 

demonstrated several decades later through the seminal studies of G. Steven Martin, 

Michael Bishop, Harold Varmus, Robert Weinberg, Michael Wigler, Mariano Barbacid, 

and many of their colleagues (Martin 1970, Stehelin et al., 1976, Tabin et al., 1982, 

Parada et al., 1982, Reddy et al., 1982, Taparowsky et al., 1982, Friend et al., 1986, 

among other studies). As discussed extensively in Part I of this introduction, the 

existence of two main classes of cellular genes (oncogenes and tumor suppressor 

genes) whose mutation was causally related to cancer suggested to many researchers 

in the field that sequencing the entire genomes of both normal and cancer cells would 

lead to the comprehensive identification and cataloguing of the entire repertoire of 

oncogenes and tumor suppressor genes in the human genome. Therefore, the 

groundbreaking studies that led to the discovery of viral oncogenes and cellular proto-
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oncogenes and tumor suppressor genes was undoubtedly one of the main catalyzers 

behind the launching and completion of the Human Genome Project (HGP) (Lander et 

al., 2001, Venter et al., 2001, IHGSC 2004). The successful completion of the HGP 

positively impacted biological research at several levels. First and foremost, it produced 

a highly reliable map that covered ~ 99.7% of the sequence of the euchromatic human 

genome (IHGSC 2004, Lander 2011). In addition, the HGP substantially accelerated the 

development and implementation of novel, state of the art DNA sequencing 

technologies and bioinformatic approaches that had an enormous impact in the post-

HGP era. The existence of a reference sequence of the human genome, against which 

novel mutant alleles of oncogenes and tumor suppressor genes could be compared to, 

combined with the availability of emerging high-throughput sequencing technologies led 

to the development and establishment of the field of “cancer genomics”. Due to the fact 

that a comprehensive discussion of the field of cancer genomics is beyond the scope of 

the introduction of this thesis, I opted to limit my discussion below to four case studies 

that illustrate the power and utility of cancer genomics (for excellent reviews, see 

Stratton et al., 2009, Garraway and Lander 2013, Wheeler and Wang 2013 and 

Vogelstein et al., 2013)

II - Pioneering cancer genome sequencing studies

A. BRAF mutations in melanoma

One of the first studies that firmly established the utility of large scale cancer genome 

sequencing studies was carried out by the Sanger Institute back in 2002 (Davies et al., 

2002). In this pioneering study strictly focused on MAPK pathway genes, the authors 
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sequenced a collection of 530 specimens spanning several cancer types, such as 

breast cancer, colorectal cancer, lung cancer, and melanoma, among several others. 

Notably, they identified somatic missense mutations in BRAF in ~ 66% of malignant 

melanomas, an event that triggered the subsequent development of BRAF inhibitors for 

the treatment of this disease (Davies et al., 2002, Flaherty et al., 2010, Chapman et al., 

2011, Holderfield et al., 2014). Nowadays, BRAF inhibitors, such as vemurafenib, are 

routinely used in the clinic to treat patients with BRAF-mutant metastatic melanoma 

(Bollag et al., 2012, Flaherty 2012). 

B. PIK3CA mutations in colorectal cancer

Another pioneering study was carried out by the group of Victor Velculescu along with 

Bert Vogelstein, Kenneth Kinzler, and colleagues in 2004 (Samuels et al., 2004). In this 

study strictly focused on determining whether human cancers harbored mutations in the 

phosphatidylinositol 3-kinase (PI3K) family of genes, the authors sequenced a total of 

234 colorectal cancer specimens and found that the PIK3CA gene (which encodes the 

p110α catalytic subunit of PI3K) was mutated in ~ 32% of the cases. Notably, they 

extended their p110α sequencing efforts to uncover PIK3CA mutations in ~ 27% of 

glioblastomas, 25% of gastric cancers, 8% of breast cancers, and 4% of lung cancers 

(Samuels et al., 2004). The identification of these oncogenic PIK3CA mutations in 

multiple tumor types stimulated the scientific community and the private sector to 

develop PI3K pathway inhibitors, many of which are currently being tested as single 

agents or in combination with other agents in multiple clinical trials (Thorpe et al., 2015).
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C. EGFR mutations in lung cancer

In the late 1990s and early 2000s, tyrosine kinase inhibitors targeting the epidermal 

growth factor receptor (EGFR) were being actively pursued in clinical trials due to the 

fact that over 60% of non-small cell lung cancer (NSCLC) cases were characterized by 

EGFR overexpression (Ohsaki et al., 2000, Hirsch et al., 2003). Nevertheless, partial 

responses were being observed in only ~ 10-30% of cases (Fukuoka et al., 2003, Kris et 

al., 2003). The nature of these “exceptional responders” was subsequently elucidated 

by the groups of Daniel Haber, Matthew Meyerson, and Harold Varmus when they 

discovered that NSCLC patients harboring mutations in the kinase domain of EGFR 

were exquisitely sensitive to the tyrosine kinase inhibitors gefitinib or erlotinib (Lynch et 

al., 2004, Paez et al., 2004, Pao et al., 2004). The fact that these very specific 

mutations conferred exquisite sensitivity to a particular targeted therapy served as 

another example (in addition to the classical example of the BCR-ABL translocation 

conferring exquisite sensitivity to Gleevec in chronic myelogenous leukemia - see 

Sawyers 2003 for an excellent contemporaneous review) of the potential of so-called 

personalized or precision oncology approaches (Garraway 2013).

D. IDH1/2 mutations in brain cancer and acute myeloid leukemia

In a remarkable tour de force approach, Victor Velculescu, Bert Vogelstein, Kenneth 

Kinzler, and colleagues sequenced 20,661 protein coding genes across 22 human 

glioblastoma multiforme (GBM) tumor samples and identified recurrent mutations tightly 

clustered around the active site of the metabolic enzyme isocitrate dehydrogenase 1 

(IDH1) in 12% of the cases analyzed (Parsons et al., 2008). Specifically, all IDH1 
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mutations resulted in an amino acid substitution at position 132 of the enzyme - a 

residue that is highly conserved across evolution. A follow up study substantially 

expanded the number of tumor samples to over 400 central nervous system (CNS) 

tumor samples, including 138 primary GBM tumors and 13 secondary GBM tumors, as 

well as almost 500 non-CNS tumor samples, including solid tumors of the lung, breast, 

and pancreas, among others (Yan et al., 2009). Strikingly, more than 70% of GBM 

tumors, oligodendrogliomas, and high-grade astrocytomas (but 0% of the non-CNS 

tumor samples examined in this study) harbored mutations in IDH1 at position 132 or, 

unexpectedly, at the analogous residue (R172) of its mitochondrial homolog - IDH2 (Yan 

et al., 2009). A subsequent study by the group of Timothy Ley uncovered IDH1 

mutations in about 16% of acute myeloid leukemia (AML) patients (Mardis et al., 2009). 

A series of subsequent studies by Agios Pharmaceuticals and by Craig Thompson’s 

research group demonstrated that these mutations were actually neomorphic - that is, 

they completely changed the enzymatic activity of IDH1 and IDH2 (Dang et al., 2009, 

Ward et al., 2010). Specifically, mutant IDH1 and IDH2 were catalyzing the conversion 

of isocitrate to the “oncometabolite” 2-hydroxyglutarate (2HG) instead of converting it to 

α-ketoglutarate (α-KG). Remarkably, subsequent studies demonstrated that the 2HG 

oncometabolite directly impinged on the epigenetic landscape of cancer cells via the 

simultaneous inhibition of several α-KG-dependent enzymes, including histone 

demethylases and 5-methylcytosine hydroxylases (Xu et al., 2011, Lu et al., 2012). 

Recent studies by multiple groups have demonstrated that cancer-associated IDH1 and 

IDH2 mutations are indeed functionally oncogenic (Losman et al., 2013, Chen et al., 

2013, Kats et al., 2014, Hirata et al., 2015) and that therapeutic targeting of these 
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mutant enzymes is a promising approach for treating the malignancies that they 

promote (Losman et al., 2013, Rohle et al., 2013, Wang et al., 2013). The fact that such 

an unexpected cancer driver and therapeutic target was identified through unbiased 

cancer genomics further supported the substantial expansion of these approaches to 

dozens of other human cancers.

E. Synopsis and outlook

The last 10-15 years have witnessed an explosion of large scale cancer genome 

sequencing studies. The creation of multi-institutional consortia, such as The Cancer 

Genome Atlas (TCGA), the International Cancer Genome Consortium (ICGC), and the 

Cancer Genome Project (CGP) have led to the execution and completion of > 100 

whole cancer exome or whole cancer genome sequencing studies (these studies are 

catalogued in the supplementary material of Vogelstein et al., 2013). These large scale 

multi-institutional cancer genome sequencing studies have revealed a multitude of 

recurrent mutations and copy number alterations in several types of human cancer, 

including colorectal cancer (CRC TCGA 2012), breast cancer (Breast TCGA 2012), 

pancreatic cancer (Waddell et al., 2015), gastric adenocarcinoma (Gastric TCGA 2014), 

ovarian carcinoma (Patch et al., 2015), prostate adenocarcinoma (Abeshouse et al., 

2015, Robinson et al., 2015), melanoma (Akbani et al., 2015), glioma (Glioma TCGA 

2015), squamous cell carcinoma of the lung (Hammerman et al., 2012), small cell lung 

cancer (George et al., 2015) and lung adenocarcinoma (LUAD TCGA 2014), as well as 

several types of hematological cancers, including acute myeloid leukemia (AML TCGA 

2013), acute lymphoblastic leukemia (Andersson et al., 2015), multiple myeloma (Lohr 
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et al., 2014) and diffuse large B-cell lymphoma (Pasqualucci et al., 2011), among many 

others. 

The current consensus is that the cancer genome sequencing studies carried out so far 

have identified ~ 125 driver genes (of which ~ 71 appear to be tumor suppressor genes 

and ~ 54 appear to be oncogenes) that can be classified into ~ 12 signaling pathways 

that are invariably centered around core biological processes involved in cellular fate 

determination, cellular survival, and maintenance of genome integrity (Vogelstein et al., 

2013). Despite the fact that this suggests that most strong driver genes have already 

been identified, recent stringent bioinformatic analyses have proposed that this is likely 

a major underestimate. In fact, Stephen Elledge and colleagues have recently estimated 

that there are ~ 320 tumor suppressor genes and ~ 250 oncogenes, suggesting that 

many more drivers remain to be discovered (Davoli et al., 2013). Importantly, Elledge 

and colleagues suggested that these additional drivers are likely to be less potent than 

the main drivers that have already been discovered. Nevertheless, they postulate that 

the combined inactivation or overactivation of these less potent tumor suppressor genes 

and oncogenes, respectively, can have major consequences during tumorigenesis. In 

fact, they demonstrated that a large proportion of these additional drivers are physically 

linked, such that catastrophic genomic events that trigger chromosomal amplifications 

or deletions can lead to cumulative triplosensitivity and cumulative haploinsufficiency, 

respectively. In this scenario, the combined overrepresentation or underrepresentation 

of less potent oncogenes and tumor suppressor genes can have a major cumulative 

effect in the context of tumorigenesis (Davoli et al., 2013). This study sheds important 

light on the evolutionary reasons behind the pervasive amount of somatic copy number 
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alterations (be it focal or whole chromosomal amplifications or deletions) present in 

some tumor types (Beroukhim et al., 2010, Gordon et al., 2012). Moreover, it supports a 

very important conclusion - oncogenes and tumor suppressor genes need not be 

exclusively activated or inactivated, respectively, via mutation in their coding sequence 

per se; rather, their overrepresentation and underrepresentation via the gain or loss of 

chromosomal regions, respectively, can have a major effect during tumorigenesis.

The fact that there are likely many more drivers than anticipated raises the following 

question: when is the catalog of driver mutations present in all human cancers going to 

be complete? Recent estimates suggest that this will be completed in the not too distant 

future. In fact, estimates computed by Eric Lander, Gad Getz, and colleagues suggest 

that this can be achieved by sequencing 600 - 5,000 samples per tumor type (Lawrence 

et al., 2014). Therefore, developing and applying novel approaches aimed at 

functionally characterizing this growing list of putative drivers in appropriate 

experimental models of cancer is of utmost importance in order to fulfill the promise of 

cancer genomics. 

In Chapter 2 of this thesis, I describe a novel CRISPR-Cas9-based approach for 

functionally validating novel cancer drivers in vivo using well established pre-clinical 

GEMMs of cancer. Due to the fact that this system was initially established and 

validated in pre-clinical GEMMs of lung cancer, I will devote the next section of this part 

of the introduction to a brief description of the past, present, and future of lung cancer 

genomics.
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III - Lung cancer genomics

A. Introduction to lung cancer

Lung cancer is the leading cause of cancer-related deaths in the United States and 

worldwide (Jemal et al., 2008). This cancer type is typically classified as either non-

small cell lung cancer (NSCLC - accounting for ~ 85% of all cases) or small-cell lung 

cancer (SCLC - accounting for ~ 15% of all cases) (Herbst et al., 2008, Chen et al., 

2014). NSCLC can be further divided into three major histological subtypes: 

adenocarcinoma of the lung, squamous-cell carcinoma of the lung, and large-cell lung 

cancer (Herbst et al., 2008, Sun et al., 2007). Adenocarcinoma of the lung is the most 

common histological subtype (Herbst et al., 2008). Notably, this histological subtype is 

also the most common in patients that are non-smokers, accounting for over 300,000 

deaths every year (Sun et al., 2007).

B. Genetics and genomics of lung adenocarcinoma

The aforementioned technological advances that came to light after the completion of 

the HGP have been extensively applied to the study of lung cancer. In fact, several 

large scale genomic and molecular studies over the last decade have extensively 

contributed to the comprehensive molecular characterization of the major lung cancer 

subtypes, including NSCLC (Weir et al., 2007, Ding et al., 2008, Imielinski et al., 2012, 

Govindan et al., 2012, Hammerman et al., 2012, LUAD TCGA 2014) and SCLC 

(Pleasance et al., 2010, Peifer et al., 2012, Rudin et al., 2012). 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Past and present efforts focused on adenocarcinomas of the lung have generated a 

continuously expanding list of genetic drivers, many of which remain largely 

uncharacterized due to the absence of adequate experimental approaches and model 

systems (for a current catalog of the most frequent mutations, see LUAD TCGA 2014 

and Devarakonda et al., 2015). Below, I will briefly describe the current catalog of lung 

adenocarcinoma mutations, many of which have been discovered or re-discovered 

through large scale cancer genome sequencing studies. I will then briefly discuss KRAS 

and TP53 mutations, which form the basis of the K and KP models used throughout the 

experiments described in this thesis to model and dissect lung tumorigenesis in vivo. 

Finally, I will present evidence suggesting that a large percentage of human KRAS-

driven lung adenocarcinomas harbor mutations in multiple putative tumor suppressor 

genes, the vast majority of which remain to be validated using well established GEMMs 

of this disease.

i. Somatic mutations and copy number alterations

The most comprehensive lung adenocarcinoma genomics study carried out so far was 

published by the TCGA consortium last year (LUAD TCGA 2014). In this study, they 

performed extensive molecular profiling of 230 lung adenocarcinoma specimens using a 

combination of whole-transcriptome, whole-exome, DNA methylation and proteomic 

analyses. They uncovered ~ 18 genes that were significantly mutated (see Figure 1A 

for an up to date catalog of somatic mutations compiled from analysis of 405 patients). 

Beyond re-discovering known lung adenocarcinoma drivers, such as KRAS, TP53, 

STK11, EGFR, PIK3CA, and BRAF, among several others, they identified multiple novel  

116



N
/A

Fr
am

es
hi

ft
Sp

lic
e 

Si
te

N
on

se
ns

e
In

-fr
am

e 
in

de
l

M
is

se
ns

e
Sy

no
ny

m
ou

s

# 
of

 m
ut

at
io

ns

a

# 
of

 S
C

N
As

N
/A

Am
pl
ifi
ca

tio
n

G
ai
n

Lo
ss

D
el
et
io
n

b

N
/A

Am
pl
ifi
ca

tio
n

G
ai
n

Lo
ss

D
el
et
io
n

# 
of

 S
C

N
As

c

Fi
gu

re
 1

Fi
gu

re
 1

: 
Th

e 
cu

rr
en

t 
ca

ta
lo

g 
of

 s
om

at
ic

 m
ut

at
io

ns
 a

nd
 c

op
y 

nu
m

be
r 

al
te

ra
tio

ns
 in

 h
um

an
 lu

ng
 a

de
no

ca
rc

in
om

a.
 (

a)
 

So
m

at
ic 

m
ut

at
io

ns
. (

b)
 F

oc
al

 c
hr

om
os

om
al

 d
el

et
io

ns
. (

c)
 F

oc
al

 c
hr

om
os

om
al

 a
m

pl
ific

at
io

ns
. D

el
 =

 D
el

et
io

n.
 A

m
p 

= 
Am

pl
ific

at
io

n.
 

Th
is 

fig
ur

e 
is 

ba
se

d 
on

 c
om

bi
ne

d 
da

ta
 f

ro
m

 4
05

 lu
ng

 a
de

no
ca

rc
in

om
a 

pa
tie

nt
s 

an
d 

wa
s 

ge
ne

ra
te

d 
us

in
g 

th
e 

Tu
m

or
Po

rta
l 

we
bs

ite
. S

ee
 L

aw
re

nc
e 

et
 a

l.,
 (2

01
4)

 a
nd

 h
ttp

://
ww

w.
tu

m
or

po
rta

l.o
rg

/ .

117

http://www.tumorportal.org/
http://www.tumorportal.org/


putative drivers, including RIT1, MGA, RBM10 and KEAP1 (more on KEAP1 on Part IV 

of this introduction). Interestingly, ~ 38% of lung adenocarcinoma tumors - referred to as 

the oncogene negative class of tumors - lacked activating mutations in known 

oncogenic drivers, suggesting that these tumors might be driven by loss of one or more 

tumor suppressor genes (such as NF1 and KEAP1). This hypothesis, however, remains 

to be stringently validated, particularly in the setting of well established GEMMs of lung 

cancer.

Lung adenocarcinomas typically harbor multiple somatic copy number alterations, 

including focal chromosomal amplifications and deletions (see Figure 1B-C for an up to 

date catalog of somatic copy number alterations compiled from analysis of 405 patients) 

(Weir et al., 2007, Beroukhim et al., 2010). The most commonly amplified regions 

contained multiple well described human lung adenocarcinoma drivers, including 

NKX2-1 (14q13.3), MDM2 (12q15), KRAS (12p12.1), EGFR (7p11.2), MET (7q31.2), 

and TERT (5p15.33), among others. On the other hand, the most commonly deleted 

regions contained multiple well described tumor suppressor genes, including APC 

(5q11.2, 5q31.1) and CDKN2A (9p21.3), with the latter being the most statistically 

significant event across all samples.

ii. KRAS mutations

Lung cancer-associated mutations in the KRAS GTPase - which invariably lead to a 

constitutively GTP-bound state accompanied by incessant activation of RAS effector 

pathways - were initially identified in the 1980s by the laboratories of Mariano Barbacid, 

Manuel Perucho, and Johannes Bos (Santos et al., 1984, Nakano et al., 1984, 
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Rodenhuis et al., 1987). As can be seen in Figure 1A, these mutations are observed in 

~ 33% of human lung adenocarcinoma patients and are relatively uncommon in other 

lung cancer subtypes (Hammerman et al., 2012, George et al., , LUAD TCGA 2014, 

Politi and Herbst 2015). Interestingly, they are almost always associated with codons 

12, 13 or 61; however, codon 12 mutations that lead to glycine-to-cysteine (G12C), 

glycine-to-valine (G12V), or glycine-to-aspartic acid (G12D) changes are the ones most 

frequently observed in human lung adenocarcinoma patients (Prior et al., 2012, Cox et 

al., 2014, Devarakonda et al., 2015). 

RAS oncogenes (including oncogenic KRAS) activate multiple downstream signaling 

pathways (such as the PI3K, MAPK, RALGEF, and PLCε effector pathways) that 

promote several canonical hallmarks of cancer, such as uncontrolled proliferation, 

suppression of apoptosis, metabolic reprogramming, and evasion of the immune 

system, among others (Hanahan and Weinberg 2000, 2011, reviewed in Downward 

2003, Karnoub and Weinberg 2008, and Pylayeva-Gupta et al., 2011). For example, 

oncogenic RAS can promote cellular proliferation through the indirect transcriptional 

upregulation of several growth promoting transcription factors, such as FOS, SRF, JUN, 

and NF-kB, among others (Stacey et al., 1987, Urich et al., 1997, Westwick et al., 1994, 

Finco et al., 1997). Similarly, oncogenic RAS can actively suppress cell death via the 

PI3K and MAPK pathways through downregulation of the pro-apoptotic BCL-2 family 

member BAK1 and the pro-apoptotic transcriptional repressor PAR4 (Rosen et al., 

1998, Nalca et al., 1999). Collectively, these and several other studies have 

unequivocally demonstrated the oncogenic potential of cancer-associated RAS 

mutations, including the most prevalent lung cancer-associated KRAS mutant alleles.
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Several studies have demonstrated the oncogenic role of KRAS mutant alleles in lung 

adenocarcinoma using GEMMs of cancer. The first GEMM of Kras-driven lung 

adenocarcinoma, which employed a latent allele (see Figure 1C from Part I of this 

introduction) of oncogenic KrasG12D, was developed by the group of Tyler Jacks 

(Johnson et al., 2001). In this model, the spontaneous somatic activation of oncogenic 

KrasG12D in vivo triggered the development of lung adenocarcinoma with 100% 

penetrance. Subsequently, Jacks and colleagues generated the well established 

KrasLSL-G12D/+ (K) and KrasLSL-G12D/+; p53flox/flox (KP) GEMMs of lung adenocarcinoma 

(see Figure 4 from Part I of this introduction), and used them to demonstrate that 

activation of the oncogenic KrasG12D allele with or without concomitant deletion of both 

copies of the p53 tumor suppressor gene in the murine lung epithelium (via intranasal 

administration of adenoviruses expressing Cre recombinase) triggered the development 

of lung adenocarcinoma with 100% penetrance (Jackson et al., 2001, Jackson et al., 

2005). These studies unequivocally demonstrated the oncogenic nature of mutant Kras 

in vivo and established the K and KP GEMMs as the prototypical models for dissecting 

the mechanisms of lung adenocarcinoma initiation and progression, as well as for 

performing pre-clinical and co-clinical studies (Engelman et al., 2008, Singh et al., 2010, 

Chen et al., 2012). 

iii. TP53 mutations

Lung cancer-associated mutations in the TP53 tumor suppressor gene, which encodes 

for the P53 transcription factor, were initially identified in the late 1980s by the groups of 

John Minna and Bert Vogelstein (Brauch et al., 1987, Takahashi et al., 1989, Nigro et 
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al., 1989, Chiba et al., 1990). Subsequent studies demonstrated that TP53 was in fact 

the most commonly mutated tumor suppressor gene in human cancer, with mutations 

being observed in colorectal cancer (Baker et al., 1989, Nigro et al., 1989, Shaw et al., 

1991), breast cancer (Nigro et al., 1989, Bartek et al., 1990, Varley et al., 1991), bladder 

cancer (Sidransky et al., 1991), prostate cancer (Isaacs et al., 1991), liver cancer (Hsu 

et al., 1991, Bressac et al., 1991), soft tissue sarcomas (Toguchida et al., 1992a, 

Toguchida et al., 1992b), and melanomas (Stretch et al., 1991), among others. 

P53 is a pleiotropic transcription factor that sits at the center of a network that responds 

to a variety of stress signals (Vogelstein et al., 2000). In the absence of stress signals, 

the P53 protein is constantly undergoing degradation due to a feedback loop in which 

P53 transcriptionally activates its main negative regulator, MDM2, and MDM2, in turn, 

promotes the degradation of P53 (Kubbutat et al., 1997, Haupt et al., 1997, Honda et 

al., 1997). In the presence of stress signals, such as DNA damage (Lowe et al., 1993), 

oncogenic stress (Serrano et al., 1997), hypoxia (Graeber et al., 1994), and metabolic 

stress (Okorokov and Milner 1999), among others, this negative feedback loop is 

inhibited and the P53 protein gets stabilized. Upon stabilization, P53 gets shuttled to the 

nucleus, where it directly activates a myriad of genes involved in a variety of tumor 

suppressive programs, such as cell cycle arrest, cellular senescence, and apoptosis, 

among others (reviewed in Vogelstein et al., 2000 and Brosh and Rotter 2009). These 

critical tumor suppressive functions, along with the fact that ~ 50% of all human cancers 

harbor mutations in the TP53 gene while the remaining cases typically harbor mutations 

that inactivate other components the P53 pathway, have uniquely positioned P53 as the 

most important tumor suppressor gene.
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As can be seen in Figure 1A, TP53 mutations are observed in ~ 46% of human lung 

adenocarcinomas (LUAD TCGA 2014) and are often classified in one of two categories: 

contact mutations or structural mutations (Brosh and Rotter 2009). Contact mutations, 

such as R248Q and R273H, occur in the DNA binding domain of P53 and tend to 

abolish its function as a transcription factor. Structural mutations, such as R249S, 

G245S, R175H, and R282W tend to disrupt the proper conformation of the P53 protein 

(Brosh and Rotter 2009). Interestingly, multiple studies throughout the years have 

demonstrated that some of these mutations can act in a potent gain of function and 

dominant negative fashion to promote several aspects of tumorigenesis and therapeutic 

resistance, such as enhanced tumorigenic potential (Dittmer et al., 1993, Olive et al., 

2004, Lang et al., 2004, Bossi et al., 2006, Song et al., 2007, Terzian et al., 2008), 

enhanced metastatic potential (Weissmueller et al., 2014), and resistance to 

chemotherapy (Chin et al., 1992, Aas et al., 1996, Blandino et al., 1999), among others. 

In addition, mutant P53 has been shown to antagonize its family members P63 and P73 

(which, on their own, have potent tumor suppressive properties) by directly binding to 

them and interfering with their own transcriptional activity (Di Como et al., 1999, 

Gaiddon et al., 2001). Moreover, disrupting the interaction between mutant P53 and P63 

or P73 has been shown to have a therapeutic effect (Di Agostino et al., 2008, 

Kravchenko et al., 2008), further supporting the notion that mutant P53 alleles are not 

just mere loss of function alleles. Recently, mutant P53 was shown to transcriptionally 

activate multiple chromatin regulators, including histone methyltransferases and 

acetyltransferases (Zhu et al., 2015), as well as to cooperate with SWI/SNF family 

members to promote the transcription of VEGFR2 (Pfister et al., 2015). Collectively, 
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these studies suggest that therapies designed against mutant P53 or that exploit a 

synthetic lethal interaction with mutant p53 might be highly effective in treating tumors 

that harbor these gain of function mutations.

Several studies throughout the years have demonstrated the tumor suppressive role of 

P53 in lung adenocarcinoma using GEMMs of cancer. The original studies mentioned 

above, in which mice bearing the KrasG12D latent allele or KP mice were used to model 

lung adenocarcinoma initiation and progression in vivo, also demonstrated that p53 is a 

potent tumor suppressor gene in this context (Johnson et al., 2001, Jackson et al., 

2005). Indeed, p53 loss dramatically accelerates the progression of KrasG12D-driven 

lung adenocarcinoma, increasing both the frequency of high grade tumors, as well as 

the frequency of metastatic dissemination (Jackson et al., 2005, Winslow et al., 2011). 

Another notable study (described previously in Part I of this introduction), utilized 

KrasG12D latent mice expressing a LSL-p53 allele to demonstrate that p53 mainly acts as 

a stage-specific tumor suppressor gene in lung adenocarcinoma, whereby p53 

suppresses the transition from low grade to high grade tumors (Feldser et al., 2010). 

These and multiple other studies using GEMMs of cancer (reviewed in Donehower and 

Lozano 2009) have unequivocally demonstrated the tumor suppressive activity of p53 in 

vivo.

iv. Genes co-mutated with oncogenic KRAS and beyond

The current catalog of recurrent somatic mutations and copy number alterations in lung 

adenocarcinoma can also be used for uncovering novel genetic interactions between 

well established potent oncogenes, such as KRAS, and other oncogenes or tumor 
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tumor suppressor 

gene?

TP53 275 52 35.62 0 Yes

STK11 / LKB1 74 36 24.66 0 Yes

RBM10 35 18 12.33 0 No

IL32 33 9 6.16 0 No

KEAP1 89 26 17.81 6.28E-12 No

NBPF1 47 16 10.96 3.46E-03 No

HAX1 19 6 4.11 7.48E-03 No

NUDT11 7 5 3.42 7.48E-03 No

HEBP1 18 5 3.42 1.99E-02 No

a

b c

Figure 2: Genes and genomic regions significantly altered in lung adenocarcinoma 

tumors harboring KRAS mutations. (a) Genes significantly co-mutated with oncogenic KRAS 

based on MutSig analysis (see Lawrence et al., (2013) and https://www.broadinstitute.org/

cancer/cga/mutsig). Focal chromosomal deletions (b) and amplifications (c) significantly co-

occurring in tumors harboring oncogenic KRAS based on GISTIC2.0 analysis (see Mermel et 

al., (2011) and http://www.broadinstitute.org/cgi-bin/cancer/publications/view/216).
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suppressor genes. For example, putative oncogenes or tumor suppressor genes that 

are found to be significantly co-mutated with oncogenic KRAS would be predicted to 

have a functional cooperative interaction during one or more stages of lung 

adenocarcinoma tumorigenesis. Therefore, the functional interrogation of such 

candidate cooperating oncogenes and tumor suppressor genes using well defined 

GEMMs of lung adenocarcinoma would be a powerful approach that can be applied to 

uncover and validate such genetic relationships. As a first step towards this goal, we 

have performed a series of preliminary in silico analyses that have identified multiple 

putative lung cancer genes altered by mutation or somatic copy number alteration in 

KRAS mutant lung adenocarcinoma tumors (Figure 2). Notably, the vast majority of 

these genes and genomic regions have not been previously validated as bona fide 

drivers of lung adenocarcinoma, particularly using well defined GEMMs of lung cancer. 

These initial analyses, combined with the model of cumulative haploinsufficiency and 

triplosensitivity postulated by Elledge and colleagues (Davoli et al., 2013), suggest that 

many more cancer drivers remain to be discovered. In Chapter 2 of this thesis, I 

describe a novel CRISPR-Cas9-based approach that will allow for the functional 

identification of single and multiple genetic drivers in vivo using well established 

GEMMs of cancer, including those designed to model lung adenocarcinoma. 
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Chapter 1 – Introduction

Part IV – The Keap1-Nrf2 pathway

I - Non-oncogene addiction and the stress hallmarks of cancer

In addition to the classical 1st and 2nd generation Hanahan-Weinberg hallmarks of 

cancer, Stephen Elledge and colleagues have proposed that there are at least 5 

additional hallmarks of equal importance, which they refer to as the stress phenotypes 

of cancer or the stress hallmarks of cancer (Luo et al., 2009). These additional stress 

hallmarks comprise DNA damage/replication stress, proteotoxic stress, mitotic stress, 

metabolic stress, and oxidative stress. Notably, the last two stress hallmarks directly 

resonate with the work of Otto Warburg and his demonstration of the famous “Warburg 

Effect”, whereby cancer cells consume much larger amounts of glucose than their 

normal counterparts and do so through aerobic glycolysis, which in turn leads to high 

levels of oxidative stress (Warburg et al., 1924, Warburg 1956, reviewed in Lunt and 

Vander Heiden 2011). Consequently, the increased proliferative capacity that is 

characteristic of cancer cells unavoidably gives rise to a major Achilles heel in the form 

of high levels of oxidative stress, which are mainly exerted by reactive oxygen species 

(ROS) that dramatically accumulate in the cells due to a major imbalance in the 

homeostatic mechanisms that generate and eliminate ROS (reviewed in Trachootham 

et al., 2009 and Gorrini et al., 2013). 
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ROS - which are typically defined as oxygen-containing chemical species (including the 

superoxide and hydroxyl free radicals, as well as the non-radical hydrogen peroxide) - 

are highly reactive molecules that, when present at high levels, can directly damage 

cellular components and macromolecules, including DNA, proteins, and lipids (Gorrini et 

al., 2013). Multiple biological processes, such as hypoxia and metabolism (Chandel et 

al., 2000, Kaelin 2005, Brunelle et al., 2005, Guzy et al., 2005, Mansfield et al., 2005, 

Gao et al., 2007), endoplasmic reticulum stress (Santos et al., 2009, Dejeans et al., 

2010, Inoue and Suzuki-Karasaki 2013, Eletto et al., 2014), and oncogene activation 

(Irani et al., 1997, Lee et al., 1999, Tanaka et al., 2002, Vafa et al., 2002), can lead to 

the production of high levels of ROS, which, if left unbuffered, can lead to severe 

cellular damage and cell death. On the other hand, moderate levels of ROS can also 

serve as important signaling molecules in multiple cellular pathways involved in cellular 

proliferation, survival and differentiation, among others (Gorrini et al., 2013). For 

example, ROS can play active signaling roles in promoting inflammation (Bulua et al., 

2011, Zhou et al., 2011, Nakahira et al., 2011), in activation of Jun N-terminal kinase 

(JNK) and downstream signaling pathways (Kamata et al., 2005), and in the 

transcriptional response to hypoxia (Chandel et al., 2000, Gao et al., 2007). Therefore, 

to prevent the lethal consequences of high levels of oxidative stress without disturbing 

critical ROS-mediated signaling pathways, cells have evolved intricate and highly 

regulated cellular pathways to achieve a delicate homeostatic balance of ROS 

production and clearance. Notably, there is an extensive body of evidence that suggests 

that cancer cells (which typically produce more ROS than their normal cellular 

counterparts) become highly dependent on cellular pathways that mediate ROS 
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detoxification and clearance in order to achieve homeostatic levels that are compatible 

with rapid cellular proliferation and survival (reviewed in Trachootham et al., 2009). This 

biological phenomenon - which is an example of what Stephen Elledge and colleagues 

have termed non-oncogene addiction due to the fact that the main players in these 

pathways are not necessarily oncogenes per se - is the focus of this part of the 

introduction. 

What are the genes and pathways that normal cells use to achieve homeostatic levels 

of ROS in order to avoid the detrimental effects of high oxidative stress? Are these 

genes and pathways altered in human cancer? If so, do these alterations contribute to 

one or more of the stress hallmarks of cancer? Consequently, do they create novel 

cancer dependencies based on the phenomenon of non-oncogene addiction? These 

are the questions that I will address below focusing on the Keap1-Nrf2 pathway as the 

prototypical example of a signaling pathway that is prone to being hijacked by cancer 

cells, and which appears to exemplify the phenomenon of non-oncogene addiction. Due 

to the fact that this introduction will be exclusively focused on the Keap1-Nrf2 pathway 

and its emerging role in cancer biology, I would like to direct the reader to a series of 

excellent reviews that discuss ROS biology, ROS homeostasis, and additional signaling 

pathways in great depth: Finkel 2011, Gorrini et al., 2013, and Holmstrom and Finkel 

2014.
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II - The Keap1-Nrf2 pathway and ROS homeostasis

A. ROS detoxification

Remarkably, cells have evolved multiple ROS scavenging and detoxifying pathways to 

achieve a delicate homeostatic balance between ROS production and ROS clearance.  

As a preamble to the discussion of the Keap1-Nrf2 pathway, I will briefly describe two of 

these ROS detoxifying mechanisms, all of which are directly or indirectly controlled by 

the Keap1-Nrf2 pathway (Figure 1).

i. Glutathione-mediated ROS detoxification

Cells employ glutathione (GSH) - the most abundant metabolite and antioxidant in the 

cell - to eliminate ROS via a reaction cycle controlled by the concerted action of two 

classes of enzymes: GSH peroxidases (GPXs) and GSH S-transferases (GSTs) (Figure 

1A) (Meister et al., 1983, Gorrini et al., 2013, Harris 2013, and others). In this scenario, 

both GPXs and GSTs catalyze the GSH-mediated detoxification of ROS, which leads to 

the conversion of GSH to its oxidized form, GSSG. Subsequently, GSH is regenerated 

via the action of GSH reductase (GSR), which utilizes nicotinamide adenine 

dinucleotide phosphate (NADPH) as a reducing agent to reduce GSSG to GSH, thereby 

regenerating the pool of GSH available to detoxify additional ROS within the cell (Gorrini 

et al., 2013, Harris 2013). Importantly, the ratio of GSH:GSSG in a cell is directly 

indicative of how much oxidative stress the cell is currently experiencing. Therefore, low 

GSH:GSSG ratios denote conditions of high oxidative stress, whereas high GSH:GSSG 

ratios denote conditions of a highly reduced environment.
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ii. Thioredoxin-mediated ROS detoxification

Cells also employ the thioredoxin (TXN) protein - another major cellular antioxidant - to 

detoxify ROS via the reduction of peroxiredoxin (PRDX) (Murphy et al., 2012, Gorrini et 

al., 2013). In this scenario, TXN-mediated reduction of PRDX allows the latter to directly 

detoxify ROS, which in turn leads to the conversion of PRDX to its oxidized form 

(Murphy et al., 2012). Subsequently, reduced PRDX is regenerated via the action of 

TXN, thereby regenerating the pool of PRDX available to detoxify additional ROS within 

the cell. TXN itself gets oxidized upon reducing PRDX; therefore, the regeneration of 

reduced TXN is a critical rate-limiting step in this ROS detoxification cycle. Reduced 

TXN is regenerated via the action of TXN reductase (TXNRD) in an NADPH-dependent 

manner (Figure 1B) (Gorrini et al., 2013, Harris 2013).

iii. Nrf2-mediated ROS detoxification

Cells also employ a pleiotropic transcription factor - the Nuclear Factor Erythroid 2-

related factor 2 (Nrf2) transcription factor - which regulates a large repertoire of genes 

that coordinate the cellular response to oxidative stress and oxidative damage (Mitsuishi 

et al., 2012a). Nrf2 is widely considered the master regulator of the antioxidant 

response, and deservedly so: in conditions of high oxidative stress, such as those 

triggered by high levels of ROS, Nrf2 activates a battery of genes that regulate multiple 

cytoprotective pathways, including GSH synthesis and conjugation, ROS detoxification 

and elimination, and drug excretion, among others (reviewed in Mitsuishi et al., 2012a 

and Suzuki and Yamamoto 2015) (Figure 2). Indeed, Nrf2 controls both GSH-mediated  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Figure 1: GSH- and TXN-mediated ROS detoxification pathways. (a) GSH detoxifies ROS 

via the concerted action of GPXs and GSTs. GSH is regenerated by GSR in an NADPH-

dependent manner. (b) TXN detoxifies ROS via PRDX (not shown). Reduced TXN is 

regenerated by TXNRD in an NADPH-dependent manner. See text for additional details.
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and TXN-mediated detoxification pathways at multiple levels through its pleiotropic 

transcriptional activity, which will be described in detail in the next few sections.

B. Nrf2: master regulator of the antioxidant response

i. Discovery and historical perspective

A series of studies by Thomas Rushmore and Cecil Pickett in the early 1990s led to the 

identification and functional characterization of a novel type of DNA regulatory element 

that is now known to be present in the promoter of a large number of genes whose 

expression is induced in conditions of high oxidative stress (Rushmore and Pickett 

1990, Rushmore et al., 1991, Nguyen et al., 2009). These regulatory elements, termed 

the antioxidant response elements (AREs), are characterized by containing the 

following consensus sequence: 5’ - RGTGACNNNGC - 3’, where R is a purine and N is 

any other nucleotide (Rushmore et al., 1991). Notably, the first ARE to be identified by 

Pickett and colleagues was the one present in the gene encoding for the GSH S-

transferase (GST) (Rushmore and Pickett 1990), emphasizing the importance of this 

11bp DNA sequence in potentially regulating the inducible expression of a battery of 

genes involved in pathways mediating cellular protection against high levels of oxidative 

stress. The transcription factor(s) that recognized this particular regulatory element were 

unknown at the time.

Nrf2 was initially identified and cloned by the group of Yuet Wai Kan in 1994 as a 66-

kDa human protein that contained a basic region-leucine zipper (bZip) DNA binding 

domain with substantial homology to that of Nuclear Factor Erythroid 2 (NF-E2) (Moi et 

al., 1994). Indeed, Nrf2 was able to recognize and bind the NF-E2 binding site present  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Figure 2: The pleiotropic Nrf2 transcription factor controls multiple cytoprotective 

pathways. See text for details.
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in human β-globin genes, an observation that led Yuet Wai Kan and colleagues to 

hypothesize that Nrf2 could play a role in the transcriptional activation of β-globin genes 

(Moi et al., 1994). In a contemporaneous study, Masayuki Yamamoto and colleagues 

identified and cloned the chicken homolog of Nrf2 by screening chicken cDNA libraries 

with a cDNA probe corresponding to murine p45 NF-E2 (which was initially identified 

and cloned by Stuart Orkin and colleagues in 1993) (Andrews et al., 1993a, Peters et 

al., 1993, Itoh et al., 1995). They initially named this protein Erythroid-Derived Protein 

with CNC Homology (ECH) and further demonstrated that it could heterodimerize with 

small Maf family proteins (Itoh et al., 1995), which were known to recognize and bind a 

sequence that was remarkably similar to the ARE elements despite lacking canonical 

transcriptional activation domains (Andrews et al., 1993b, Igarashi et al., 1994, Kataoka 

et al., 1994, Engel 1994). Nevertheless, a direct functional connection between Nrf2 and 

transcriptional activation of ARE-containing genes was still lacking.

The first functional connection between Nrf2 and transcriptional activation of ARE-

containing genes was reported by the group of Anil Jaiswal in 1996, in which they 

demonstrated that the inducible expression of the gene encoding NADPH:quinone 

oxidoreductase-1 (NQO1) required the presence of an ARE element, and that Nrf2 was 

able to directly bind to this element and mediate potent transcriptional induction of 

NQO1 (Venugopal and Jaiswal 1996). Subsequent studies by the groups of Yuet Wai 

Kan and Masayuki Yamamoto using gene targeting via homologous recombination in 

murine ES cells demonstrated that Nrf2 knockout mice were viable and fertile (Chan et 

al., 1996, Itoh et al., 1997). Nevertheless, Yamamoto and colleagues unequivocally 

confirmed that the Nrf2 transcription factor was critical for the inducible expression of 
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multiple detoxifying enzymes, including GSTs and NQO1 (Itoh et al., 1997). These and 

other contemporaneous studies positioned the Nrf2 transcription factor at the center of a 

cellular network that responded to conditions of high oxidative stress via the rapid 

transcriptional induction of multiple ARE-containing genes involved in ROS 

detoxification and elimination, among other important biological processes (for a recent 

review, see Suzuki and Yamamoto 2015).

ii. Function

As discussed above, the Nrf2 transcription factor is a potent transcriptional activator that 

plays a critical role in the inducible expression of a large repertoire of genes involved in 

the cellular response to multiple extrinsic and intrinsic insults, such as oxidative stress 

(Itoh et al., 1997). The Nrf2 protein contains seven Nrf2-ECH homology (Neh) domains, 

commonly referred to as the Neh1-Neh7 domains (Itoh et al., 1999, Wang et al., 2013) 

(Figure 3A). The Neh1 domain contains the CNC homology region, as well as the bZIP 

DNA-binding domain; therefore, this is the domain that allows Nrf2 to bind DNA and 

heterodimerize with other transcription factors, including the small Maf family of 

proteins. The Neh2 domain, which is the major regulatory domain, contains a string of 

seven lysine residues that are critical for Nrf2 regulation through polyubiquitination, as 

well as the DLG and ETGE motifs, which are involved in regulating Nrf2 stability (Zhang 

et al., 2004, McMahon et al., 2006, Tong et al., 2006). The Neh3 domain has been 

shown to interact with the CHD6 transcriptional coactivator protein; this interaction 

appears to be critical for proper induction of NQO1 and other Nrf2 target genes (Nioi et 

al., 2005). The Neh4 and Neh5 domains have been shown to interact with CBP; this  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interaction appears to be important for proper induction of multiple Nrf2 target genes 

(Katoh et al., 2001, Zhu and Fahl 2001). On the other hand, the recently described 

Neh7 domain appears to be important for additional negative regulation of Nrf2 via its 

interaction with the Nrf2 repressor, RXRα (Wang et al., 2013). 

iii. Regulation by Keap1

Nrf2 activity is tightly regulated at the post-transcriptional level by its main negative 

regulator, Kelch-like ECH-associated protein 1 (Keap1) (Figure 4). This protein, which 

was originally identified in 1998 by Yamamoto and colleagues through a yeast two-

hybrid screen using the Neh2 domain as bait (Itoh et al., 1999), functions as a substrate 

adaptor for a Cul3-containing E3 ubiquitin ligase. This Keap1-Cul3-E3 ubiquitin ligase 

complex promotes the polyubiquitination of the seven lysine residues in the Neh2 

domain of Nrf2, thereby promoting its subsequent degradation via the 26S proteasome 

(Zhang et al., 2004, McMahon et al., 2006, Tong et al., 2006). Therefore, in the absence 

of oxidative stress, Nrf2 is constitutively degraded in the cytoplasm by the action of the 

Keap1-Cul3-E3 ubiquitin ligase complex. However, in the presence of oxidative stress, 

Keap1 is oxidized at multiple critical cysteine residues, which in turn abolishes the 

Keap1-Nrf2 interaction. Consequently, free Nrf2 gets shuttled to the nucleus where it 

activates a large repertoire of genes that orchestrate the cellular antioxidant response 

(Figure 4). 

The negative regulation imposed by Keap1 is significantly complex. The Keap1 protein 

(Figure 3B) contains at least three functional domains, including the bric-a-brac/

tramtrack/broad complex (BTB) and Kelch/DGR protein interaction domains, as well as  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Figure 3: Functional domain structures of Nrf2 and Keap1. (a) Nrf2 contains seven 

functional domains, termed Neh1-7, which are involved in multiple aspects of Nrf2 function 

and regulation, including association with Keap1, DNA binding, and transactivation of target 

genes. (b) Keap1 contains three functional domains, termed the BTB, IVR, and DGR 

domains, which are involved in multiple aspects of Keap1 function and regulation, including 

association with the Cul3-E3 ubiquitin ligase complex, homodimerization, and association 

with Nrf2. Notably, Keap1 contains multiple cysteine residues, most of which get oxidized in 

conditions of high oxidative stress. These cysteine residues play active roles in the 

regulation of Keap1 function and its negative regulation of Nrf2. Adapted from Jaramillo and 

Zhang 2013. 
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an intervening region (IVR) domain (Itoh et al., 1999, Zipper and Mulcahy 2002, 

McMahon et al., 2004, Lo et al., 2006, Itoh et al., 2010, Jaramillo and Zhang 2013). The 

BTB domain plays two major functional roles. On one hand, the BTB domain is required 

for Keap1 homodimerization, which is critical for negatively regulating Nrf2 (Zipper and 

Mulcahy 2002). On the other hand, Keap1 binds Cul3 through the BTB domain and this 

interaction is critical for mediating Nrf2 polyubiquitination (Cullinan et al., 2004, 

Kobayashi et al., 2004, Zhang et al., 2004). The Kelch/DGR domain interacts with the 

Neh2 domain of Nrf2; this interaction is critical for maintaining a stable Keap1-Nrf2 

interaction (Itoh et al., 1999, McMahon et al., 2004). Lastly, the IVR domain connects 

the other two domains via a linker region that contains multiple cysteine residues that 

might be involved in regulating Keap1 activity (Kobayashi et al., 2004). Notably, the 

murine and human Keap1 proteins contain 27 and 25 cysteine residues, respectively, 

many of which undergo oxidation in the presence of high levels of oxidative stress (Itoh 

et al., 1999).

A very interesting feature of the negative regulation imposed on Nrf2 by Keap1 is the 

fact that it is newly synthesized free Nrf2 that translocates to the nucleus in conditions of 

high oxidative stress (Jaramillo and Zhang 2013). Specifically, oxidized Keap1 is unable 

to bind Nrf2 with the same high affinity that non-oxidized Keap1 does. Nevertheless, this 

relatively weak Keap1-Nrf2 interaction persists and prevents Nrf2 polyubiquitination. 

Due to the fact that Nrf2 is not being degraded, all of the available Keap1 molecules in 

the cell become saturated with nondegradable Nrf2. Consequently, newly synthesized 

Nrf2 molecules are able to escape Keap1-mediated sequestration and readily shuttle to 

the nucleus to activate the transcription of genes that mediate the cellular antioxidant 
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response (Figure 4).

iv. The Nrf2-driven antioxidant response

In conditions of high oxidative stress, Nrf2 induces the expression of a large repertoire 

of genes, including those encoding for enzymes involved in GSH synthesis and GSH-

mediated ROS detoxification, TXN synthesis and TXN-mediated ROS detoxification, 

antioxidant enzymes, drug-metabolizing enzymes, drug efflux pumps, and multiple 

metabolic enzymes, including those involved in the pentose phosphate pathway (Figure 

4) (reviewed in Suzuki and Yamamoto 2015). Below, I will discuss a select few of these 

Nrf2-regulated signaling arms of the cellular antioxidant response.

a. GSH synthesis and utilization

As discussed before, cells employ GSH to eliminate ROS via the GSH-GSSG cycle 

shown in Figure 1A. But where does GSH come from? GSH is synthesized de novo 

through two steps (Griffith and Mulcahy 2006). The first step - which is the rate-limiting 

step in the synthesis of GSH - is catalyzed by the heterodimeric glutathione-cysteine 

ligase enzymatic complex (GCL), which is composed of a catalytic subunit (GCLC) and 

a modifier subunit (GCLM). In this step, GCL catalyzes the reaction of glutamate with 

cysteine, generating glutamylcysteine. In the second step, glutathione synthetase (GSS) 

catalyzes the addition of glycine to glutamylcysteine, generating GSH. Remarkably, Nrf2 

transcriptionally activates both GCLC and GCLM, thereby exerting major control over 

the synthesis of GSH (Wild et al., 1999). Moreover, Nrf2 regulates cysteine abundance 

via the transcriptional activation of the solute carrier family 7 member 11 (SLC7A11) 

gene, which encodes for the cystine/glutamate transporter XCT (Sasaki et al., 2002). In 
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addition to regulating the synthesis of GSH at multiple levels, Nrf2 regulates the 

regeneration of GSH through the transcriptional activation of GSR (Harvey et al., 2009). 

Beyond regulating the synthesis and regeneration of GSH at multiple levels, Nrf2 also 

regulates the utilization of GSH via the transcriptional activation of multiple GPXs and 

GSTs. For example, Nrf2 has been shown to directly activate the transcription of GPX2, 

GSTA1, GSTA2, GSTA3, GSTA5, GSTM1, GSTM2, GSTM3, and GSTP1 (McMahon et 

al., 2001, Chanas et al., 2002, Thimmulappa et al., 2002, Banning et al., 2005, Singh et 

al., 2006, Lii et al., 2010). Therefore, the Nrf2 transcription factor regulates GSH 

synthesis and utilization at multiple levels via the transcriptional activation of several 

genes involved in each of these biological processes.

b. TXN synthesis and utilization

As discussed before, cells employ reduced TXN to eliminate ROS via the reduction of 

PRDX, which in turn results in the oxidation of TXN. Reduced TXN is regenerated via 

the action of TXNRD (Figure 1B). Remarkably, Nrf2 transcriptionally activates TXN1, 

TXNRD1, and PRDX1 (Kim et al., 2001, Tanito et al., 2005, Sakurai et al., 2005, Kim et 

al., 2007), thereby controlling the TXN antioxidant pathway at multiple levels.

c. NADPH synthesis and utilization

As discussed before, both GSH-mediated and TXN-mediated ROS detoxification 

pathways require NADPH in order to regenerate GSH and reduced TXN, respectively. 

Therefore, NADPH synthesis is of utmost importance for what are arguably the two 

most important antioxidant pathways in the cell. Strikingly, Nrf2 acts as a major regulator 

of NADPH biosynthesis by transcriptionally activating the genes encoding four key 
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metabolic enzymes: glucose-6-phosphate dehydrogenase (G6PD), phosphogluconate 

dehydrogenase (PGD), malic enzyme (ME1), and isocitrate dehydrogenase 1 (IDH1) 

(Mitsuishi et al., 2012b). The most remarkable fact is that NADPH biosynthesis can only 

proceed in one of three ways: (1) via the pentose phosphate pathway (PPP), in which 

G6PD and PGD metabolize glucose-6-phosphate and 6-phosphogluconate in the 1st 

and 3rd steps of the metabolic pathway, respectively; (2) via the ME1-mediated 

conversion of malate to pyruvate; and (3) via the IDH1/2-mediated conversion of 

isocitrate to α-ketoglutarate. All of these metabolic reactions readily produce NADPH, 

which can be utilized for regenerating GSH and reduced TXN (Wu et al., 2011, Mitsuishi 

et al., 2012b, Dinkova-Kostova and Abramov 2015).

d. Iron sequestration

Heme molecules - which contain highly reactive ferrous Fe(II) molecules within the core 

of their structures - can serve as a major source of free radicals in the cell (reviewed in 

Gozzelino et al., 2010). Specifically, the Fe(II) molecules can catalyze the production of 

free radicals through the Fenton reaction, in which hydrogen peroxide is converted to 

the highly reactive hydroxyl free radical (Gutteridge 1986). These hydroxyl free radicals 

can trigger massive cellular toxicity by directly damaging multiple organelles and 

macromolecules, such as DNA, proteins, and lipids (Gozzelino et al., 2010, Gorrini et 

al., 2013). Under homeostatic conditions, Fe(II)-containing heme molecules are inserted 

in the heme pockets of hemoproteins; however, in the presence of oxidative stress, 

hemoproteins release these Fe(II)-containing heme molecules, which are subsequently 

broken down by an enzyme called heme oxygenase (HMOX1, also called HO-1), 
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thereby releasing potentially toxic Fe(II) molecules. Cells have evolved a built-in safety 

mechanism to deal with these Fe(II) molecules: the ferritin complex. This complex is 

composed of a ferritin heavy chain (FTH) and a ferritin light chain (FTL) and it catalyzes 

the conversion of Fe(II) into Fe(III) accompanied by the incorporation of Fe(III) within its 

own protein structure (Gozzelino et al., 2010).

As can be surmised from the paragraph above, HMOX1 and FTH/FTL appear to be 

antagonistic to each other. Under conditions of oxidative stress, HMOX1 is constantly 

promoting the release of highly reactive Fe(II), which in turn gets modified to its non-

reactive Fe(III) form by the ferritin complex. Perhaps unexpectedly, Nrf2 directly 

regulates the levels of HMOX1, FTH, and FTL by transcriptionally activating the genes 

that encode them (Alam et al., 1999, Tsuji et al., 2000, Thimmulappa et al., 2002, 

Pietsch et al., 2003). Therefore, Nrf2 appears to orchestrate what looks to be a futile 

cycle during conditions of oxidative stress; the biological and evolutionary reasons 

behind the design of this cycle are not completely understood at this point (Gorrini et al., 

2013). Notably, this futile cycle has the potential to create a unique Achilles heel in cells 

that are highly dependent on the Nrf2 pathway (this idea will be discussed later).

C. The Keap1-Nrf2 pathway in cancer biology

Several small- and large-scale sequencing studies carried out over the last decade 

have unequivocally demonstrated that the Keap1-Nrf2 pathway is frequently altered in a 

large proportion of human cancers (Figure 5). Interestingly, alterations in this pathway 

can occur through both mutational and non-mutational mechanisms, underscoring the 

potential importance of this antioxidant program in multiple aspects of tumorigenesis. 
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Below, I will discuss the current state of the Keap1-Nrf2 mutational landscape in human 

cancers and the functional implications of these alterations in the genesis and 

progression of the disease.

i. KEAP1 mutations in human cancer

Cancer-associated mutations in KEAP1 were initially identified in 2006 by Masayuki 

Yamamoto and colleagues (Padmanabhan et al., 2006). In this study, they solved the 

structure of the DGR domain of murine Keap1 (see Figure 3B) and found that a Nrf2 

peptide fragment that contained the ETGE domain (see Figure 3A) could strongly 

associate with Keap1 via its DGR domain. In addition to solving the structure of Keap1 

and demonstrating the mechanistic basis for its interaction with Nrf2 at the atomic level, 

Yamamoto and colleagues identified KEAP1 somatic missense mutations in the H1184 

and H1648 human lung cancer cell lines. These mutations, which led to a substantial 

decrease in the strength of the Keap1-Nrf2 interaction, were present in the DGR domain 

of KEAP1. Therefore, cancer-associated somatic mutations that impair the interaction 

between these proteins have the potential to compromise the negative regulation 

imposed by Keap1 on Nrf2. The net result is hyperactivation of the Nrf2-driven 

antioxidant response pathway, which potentially endows cancer cells with the ability to 

counteract one of the major stress hallmarks of cancer - oxidative stress (Padmanabhan 

et al., 2006, Luo et al., 2009). A contemporaneous study by Shyam Biswal and 

colleagues identified multiple KEAP1 somatic missense and indel mutations in multiple 

human lung cancer cell lines (~ 50%) and primary NSCLC patient specimens (~ 19%), 

all of which were located in the DGR or IVR domains of KEAP1 (Singh et al., 2006). 
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NFE2L2 mutations are frequently found in multiple types of human cancer

Cancer type

Mutation data

CNA data

+ + + + + + + + + + + + + + ++ + + +- + + ++ + + + + + + + + + - + + + + + + + + + + + ++ + + + +

+ + + + + + + + + + - + - + -- + + ++ + + ++ + + + - + + + + + + + + - - + + + + + + + -+ - - + +

Lu
ng

 sq
u (

TC
GA

)

Lu
ng

 sq
u (

TC
GA

 pu
b)

He
ad

 &
 ne

ck
 (T

CG
A)

He
ad

 &
 ne

ck
 (T

CG
A 

pu
b)

Bl
ad

de
r (

TC
GA

)

Bl
ad

de
r (

TC
GA

 pu
b)

Ce
rvi

ca
l (T

CG
A)

Ov
ar

ian
 (T

CG
A)

Ut
er

ine
 (T

CG
A 

pu
b)

Ut
er

ine
 (T

CG
A)

CS
CC

 (D
FC

I 2
01

5)
Liv

er
 (T

CG
A)

He
ad

 &
 ne

ck
 (B

ro
ad

)

Ut
er

ine
 C

S 
(T

CG
A)

uc
s (

Jo
hn

s H
op

kin
s 2

01
4)

Es
op

ha
gu

s s
q (

IC
GC

)
Ov

ar
ian

 (T
CG

A 
pu

b)
pR

CC
 (T

CG
A)

Lu
ng

 ad
en

o (
TC

GA
 pu

b)

Es
op

ha
gu

s (
TC

GA
)

Lu
ng

 ad
en

o (
TC

GA
)

Pr
os

tat
e (

TC
GA

 20
15

)
Pa

nc
re

as
 (U

TS
W

)

Bl
ad

de
r (

MSK
CC

 20
14

)
Pr

os
tat

e (
TC

GA
)

St
om

ac
h (

TC
GA

)

St
om

ac
h (

TC
GA

 pu
b)

Co
lor

ec
tal

 (G
en

en
tec

h)

Lu
ng

 ad
en

o (
Br

oa
d)

Liv
er

 (A
MC)

CC
LE

 (N
ov

ar
tis

/B
ro

ad
 20

12
)

cc
RC

C 
(T

CG
A)

Pr
os

tat
e (

SU
2C

)
Sa

rco
ma (

TC
GA

)

cc
RC

C 
(T

CG
A 

pu
b)

Pr
os

tat
e (

Br
oa

d/C
or

ne
ll 2

01
3)

nc
cR

CC
 (G

en
en

tec
h 2

01
4)

Es
op

ha
gu

s (
Br

oa
d)

Uv
ea

l m
ela

no
ma (

TC
GA

)
Br

ea
st 

(T
CG

A)

Br
ea

st 
(T

CG
A 

pu
b2

01
5)

Mela
no

ma (
TC

GA
)

Pr
os

tat
e (

MSK
CC

 20
10

)

Sa
rco

ma (
MSK

CC
)

Co
lor

ec
tal

 (T
CG

A 
pu

b)
Lu

ng
 S

C 
(U

CO
LO

GN
E)

Co
lor

ec
tal

 (T
CG

A)
Mela

no
ma (

Br
oa

d)

Co
lor

ec
tal

 (M
SK

CC
)

PC
PG

 (T
CG

A)

Br
ea

st 
(T

CG
A 

pu
b)

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

24%

Al
te

ra
tio

n 
fre

qu
en

cy

Mutation Deletion Amplification Multiple alterations

Cancer type

Mutation data

CNA data

+ + ++ + + + + + + + + + + + - + + ++ + + + + + + + + ++ + + + + + + + + + + + + + - + + + + + + + ++ + + + ++

+ + ++ + + + + + + + - + + + + + + ++ + + + - + + - - +- + + - + + + + - + + + + + + + + + + - + - ++ + + + ++

Lu
ng

 ad
en

o (
TC

GA
 pu

b)

Lu
ng

 ad
en

o (
TC

GA
)

Lu
ng

 sq
u (

TC
GA

 pu
b)

Lu
ng

 sq
u (

TC
GA

)
Br

ea
st 

(B
CC

RC
 X

en
og

ra
ft)

NC
I-6

0

Lu
ng

 ad
en

o (
Br

oa
d)

Ov
ar

ian
 (T

CG
A)

Ut
er

ine
 C

S 
(T

CG
A)

Ov
ar

ian
 (T

CG
A 

pu
b)

Pa
nc

re
as

 (U
TS

W
)

uc
s (

Jo
hn

s H
op

kin
s 2

01
4)

AC
yC

 (M
SK

CC
)

Ut
er

ine
 (T

CG
A)

Ut
er

ine
 (T

CG
A 

pu
b)

Sa
rco

ma (
TC

GA
)

AC
C 

(T
CG

A)

He
ad

 &
 ne

ck
 (T

CG
A 

pu
b)

St
om

ac
h (

TC
GA

)

St
om

ac
h (

TC
GA

 pu
b)

Bl
ad

de
r (

TC
GA

)

Bl
ad

de
r (

TC
GA

 pu
b)

He
ad

 &
 ne

ck
 (T

CG
A)

Lu
ng

 S
C 

(U
CO

LO
GN

E)
Liv

er
 (T

CG
A)

Gl
iom

a (
TC

GA
)

CS
CC

 (D
FC

I 2
01

5)

Es
op

ha
gu

s s
q (

IC
GC

)
Pr

os
tat

e (
SU

2C
)

St
om

ac
h (

UT
ok

yo
)

CC
LE

 (N
ov

ar
tis

/B
ro

ad
 20

12
)

Liv
er

 (A
MC)

Co
lor

ec
tal

 (G
en

en
tec

h)

Co
lor

ec
tal

 (T
CG

A 
pu

b)
Br

ea
st 

(T
CG

A)

Co
lor

ec
tal

 (T
CG

A)

Br
ea

st 
(T

CG
A 

pu
b2

01
5)

Mela
no

ma (
Ya

le)
Ce

rvi
ca

l (T
CG

A)

Sa
rco

ma (
MSK

CC
)

Br
ea

st 
(T

CG
A 

pu
b)

Pa
nc

re
as

 (T
CG

A)

Uv
ea

l m
ela

no
ma (

TC
GA

)

Es
op

ha
gu

s (
TC

GA
)

Mela
no

ma (
TC

GA
)

cc
RC

C 
(T

CG
A 

pu
b)

Pr
os

tat
e (

TC
GA

)

Bl
ad

de
r (

MSK
CC

 20
14

)

Mela
no

ma (
Br

oa
d)

cc
RC

C 
(T

CG
A)

Es
op

ha
gu

s (
Br

oa
d)

pR
CC

 (T
CG

A)

PC
PG

 (T
CG

A)
Pr

os
tat

e (
TC

GA
 20

15
)

AM
L (

TC
GA

)
AM

L (
TC

GA
 pu

b)
Th

yro
id 

(T
CG

A 
pu

b)

Th
yro

id 
(T

CG
A)

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

24%

Al
te

ra
tio

n 
fre

qu
en

cy

Mutation Deletion Amplification Multiple alterations

0 100 200 300 400 500 605 aa

0

5

# 
M

ut
at

io
ns

NFE2L2

bZIP_MafDLG ETGE Neh1 (DBD)

NFE2L2 mutations in lung cancer

Cancer type

Mutation data

CNA data

+ + ++ + + + + + + + + + + + - + + ++ + + + + + + + + ++ + + + + + + + + + + + + + - + + + + + + + ++ + + + ++

+ + ++ + + + + + + + - + + + + + + ++ + + + - + + - - +- + + - + + + + - + + + + + + + + + + - + - ++ + + + ++

Lu
ng

 ad
en

o (
TC

GA
 pu

b)

Lu
ng

 ad
en

o (
TC

GA
)

Lu
ng

 sq
u (

TC
GA

 pu
b)

Lu
ng

 sq
u (

TC
GA

)
Br

ea
st 

(B
CC

RC
 X

en
og

ra
ft)

NC
I-6

0

Lu
ng

 ad
en

o (
Br

oa
d)

Ov
ar

ian
 (T

CG
A)

Ut
er

ine
 C

S 
(T

CG
A)

Ov
ar

ian
 (T

CG
A 

pu
b)

Pa
nc

re
as

 (U
TS

W
)

uc
s (

Jo
hn

s H
op

kin
s 2

01
4)

AC
yC

 (M
SK

CC
)

Ut
er

ine
 (T

CG
A)

Ut
er

ine
 (T

CG
A 

pu
b)

Sa
rco

ma (
TC

GA
)

AC
C 

(T
CG

A)

He
ad

 &
 ne

ck
 (T

CG
A 

pu
b)

St
om

ac
h (

TC
GA

)

St
om

ac
h (

TC
GA

 pu
b)

Bl
ad

de
r (

TC
GA

)

Bl
ad

de
r (

TC
GA

 pu
b)

He
ad

 &
 ne

ck
 (T

CG
A)

Lu
ng

 S
C 

(U
CO

LO
GN

E)
Liv

er
 (T

CG
A)

Gl
iom

a (
TC

GA
)

CS
CC

 (D
FC

I 2
01

5)

Es
op

ha
gu

s s
q (

IC
GC

)
Pr

os
tat

e (
SU

2C
)

St
om

ac
h (

UT
ok

yo
)

CC
LE

 (N
ov

ar
tis

/B
ro

ad
 20

12
)

Liv
er

 (A
MC)

Co
lor

ec
tal

 (G
en

en
tec

h)

Co
lor

ec
tal

 (T
CG

A 
pu

b)
Br

ea
st 

(T
CG

A)

Co
lor

ec
tal

 (T
CG

A)

Br
ea

st 
(T

CG
A 

pu
b2

01
5)

Mela
no

ma (
Ya

le)
Ce

rvi
ca

l (T
CG

A)

Sa
rco

ma (
MSK

CC
)

Br
ea

st 
(T

CG
A 

pu
b)

Pa
nc

re
as

 (T
CG

A)

Uv
ea

l m
ela

no
ma (

TC
GA

)

Es
op

ha
gu

s (
TC

GA
)

Mela
no

ma (
TC

GA
)

cc
RC

C 
(T

CG
A 

pu
b)

Pr
os

tat
e (

TC
GA

)

Bl
ad

de
r (

MSK
CC

 20
14

)

Mela
no

ma (
Br

oa
d)

cc
RC

C 
(T

CG
A)

Es
op

ha
gu

s (
Br

oa
d)

pR
CC

 (T
CG

A)

PC
PG

 (T
CG

A)
Pr

os
tat

e (
TC

GA
 20

15
)

AM
L (

TC
GA

)
AM

L (
TC

GA
 pu

b)
Th

yro
id 

(T
CG

A 
pu

b)

Th
yro

id 
(T

CG
A)

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

24%

Al
te

ra
tio

n 
fre

qu
en

cy

Mutation Deletion Amplification Multiple alterations

Cancer type

Mutation data

CNA data

+ + ++ + + + + + + + + + + + - + + ++ + + + + + + + + ++ + + + + + + + + + + + + + - + + + + + + + ++ + + + ++

+ + ++ + + + + + + + - + + + + + + ++ + + + - + + - - +- + + - + + + + - + + + + + + + + + + - + - ++ + + + ++

Lu
ng

 ad
en

o (
TC

GA
 pu

b)

Lu
ng

 ad
en

o (
TC

GA
)

Lu
ng

 sq
u (

TC
GA

 pu
b)

Lu
ng

 sq
u (

TC
GA

)
Br

ea
st 

(B
CC

RC
 X

en
og

ra
ft)

NC
I-6

0

Lu
ng

 ad
en

o (
Br

oa
d)

Ov
ar

ian
 (T

CG
A)

Ut
er

ine
 C

S 
(T

CG
A)

Ov
ar

ian
 (T

CG
A 

pu
b)

Pa
nc

re
as

 (U
TS

W
)

uc
s (

Jo
hn

s H
op

kin
s 2

01
4)

AC
yC

 (M
SK

CC
)

Ut
er

ine
 (T

CG
A)

Ut
er

ine
 (T

CG
A 

pu
b)

Sa
rco

ma (
TC

GA
)

AC
C 

(T
CG

A)

He
ad

 &
 ne

ck
 (T

CG
A 

pu
b)

St
om

ac
h (

TC
GA

)

St
om

ac
h (

TC
GA

 pu
b)

Bl
ad

de
r (

TC
GA

)

Bl
ad

de
r (

TC
GA

 pu
b)

He
ad

 &
 ne

ck
 (T

CG
A)

Lu
ng

 S
C 

(U
CO

LO
GN

E)
Liv

er
 (T

CG
A)

Gl
iom

a (
TC

GA
)

CS
CC

 (D
FC

I 2
01

5)

Es
op

ha
gu

s s
q (

IC
GC

)
Pr

os
tat

e (
SU

2C
)

St
om

ac
h (

UT
ok

yo
)

CC
LE

 (N
ov

ar
tis

/B
ro

ad
 20

12
)

Liv
er

 (A
MC)

Co
lor

ec
tal

 (G
en

en
tec

h)

Co
lor

ec
tal

 (T
CG

A 
pu

b)
Br

ea
st 

(T
CG

A)

Co
lor

ec
tal

 (T
CG

A)

Br
ea

st 
(T

CG
A 

pu
b2

01
5)

Mela
no

ma (
Ya

le)
Ce

rvi
ca

l (T
CG

A)

Sa
rco

ma (
MSK

CC
)

Br
ea

st 
(T

CG
A 

pu
b)

Pa
nc

re
as

 (T
CG

A)

Uv
ea

l m
ela

no
ma (

TC
GA

)

Es
op

ha
gu

s (
TC

GA
)

Mela
no

ma (
TC

GA
)

cc
RC

C 
(T

CG
A 

pu
b)

Pr
os

tat
e (

TC
GA

)

Bl
ad

de
r (

MSK
CC

 20
14

)

Mela
no

ma (
Br

oa
d)

cc
RC

C 
(T

CG
A)

Es
op

ha
gu

s (
Br

oa
d)

pR
CC

 (T
CG

A)

PC
PG

 (T
CG

A)
Pr

os
tat

e (
TC

GA
 20

15
)

AM
L (

TC
GA

)
AM

L (
TC

GA
 pu

b)
Th

yro
id 

(T
CG

A 
pu

b)

Th
yro

id 
(T

CG
A)

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

24%
Al

te
ra

tio
n 

fre
qu

en
cy

Mutation Deletion Amplification Multiple alterations

KEAP1 mutations are frequently found in multiple types of human cancer

0 100 200 300 400 500 624 aa

# 
M

ut
at

io
ns

KEAP1 R470C/H/S

BTB BACK Kelch_1 Kelch_1 Kelch_1 Kelch_1 Kelch_1 Kelch_1
0

5

BTB IVR Kelch/DGR Domains 1-6

KEAP1 mutations in lung cancer

a

b

Figure 5: KEAP1 and NFE2L2 mutations across human cancer. Somatic cancer-associated 

mutations in (a) KEAP1 and (b) NFE2L2 predominantly affect functional protein domains. Data 

obtained from cBioPortal (http://www.cbioportal.org/) (Cerami et al., 2012 and Gao et al., 2013).
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Moreover, Biswal and colleagues demonstrated that a large percentage of samples (~ 

61% of lung cancer cell lines and ~ 41% of patient samples) showed clear evidence of 

loss of heterozygosity of the remaining wild type allele of KEAP1, further supporting the 

hypothesis that Keap1-mediated negative regulation of Nrf2 is a potential tumor 

suppressor mechanism in human cancer (Singh et al., 2006). Again, the net result of 

these mutations is hyperactivation of the Nrf2 antioxidant program. Subsequent studies 

by Tsutomu Ohta, Masayuki Yamamoto, and colleagues substantially extended these 

sequencing efforts and confirmed that somatic mutation of KEAP1 is a relatively 

common event in human lung cancer (Ohta et al., 2008). Importantly, they 

demonstrated that KEAP1 mutations confer resistance to cisplatin via the NRF2-

dependent activation of multiple genes encoding drug efflux pumps and other 

detoxifying enzymes, thereby establishing a functional link between hyperactivation of 

the NRF2 antioxidant response pathway and chemoresistance (Ohta et al., 2008). In 

addition to these cancer-associated somatic mutations that lead to loss of function of 

KEAP1, multiple studies have reported that KEAP1 can also be inactivated via promoter 

hypermethylation (Wang et al., 2008). More recently, multiple large-scale cancer 

genome sequencing studies have identified somatic mutations in KEAP1 in ~ 17% of 

lung adenocarcinomas and ~ 12% of squamous cell lung cancers (LUAD TCGA 2014, 

Hammerman et al., 2012). Notably, these mutations are almost invariably found in 

functionally important domains of the KEAP1 protein, such as the BTB, IVR, and DGR 

domains (Figure 5A). This data strongly suggests that KEAP1 is a potent tumor 

suppressor in lung cancer.  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ii. NFE2L2 mutations in human cancer

Cancer-associated mutations in NFE2L2 were initially identified in 2008 by Masayuki 

Yamamoto and colleagues (Shibata et al., 2008a). By analyzing a large collection of 

human cancer cell lines and primary lung cancer specimens, they identified multiple 

somatic missense mutations in the NFE2L2 coding region. Approximately 11% of 

primary lung cancer specimens harbored missense mutations in NFE2L2. These 

mutations were found to be mutually exclusive with KEAP1 mutations, supporting the 

hypothesis that somatic mutation of KEAP1 triggers hyperactivation of NRF2, and that 

this is the main biological property that gets selected for in the context of tumorigenesis. 

Interestingly, they identified one NSCLC cell line that harbored a single mutant allele of 

NFE2L2, and one squamous cell lung cancer cell line that harbored a focal amplification 

of the NFE2L2 locus, suggesting that tumors can acquire somatic activation of the 

NRF2 pathway through multiple genetic mechanisms. Notably, somatic NFE2L2 

mutations were found to frequently alter the DLG or ETGE motifs, once again 

suggesting that the abolishment of KEAP1-mediated negative regulation and 

subsequent hyperactivation of the NRF2 antioxidant pathway is strongly selected for 

during tumorigenesis. Furthermore, they experimentally demonstrated that these mutant 

NFE2L2 alleles do impair KEAP1-mediate negative regulation and that siRNA-mediated 

downregulation of NRF2 sensitizes cancer cells to oxidative stress and cisplatin 

(Shibata et al., 2008a). More recently, multiple large-scale cancer genome sequencing 

studies have identified somatic mutations in NFE2L2 in ~ 3% of lung adenocarcinomas 

and ~ 19% of squamous cell lung cancers (LUAD TCGA 2014, Hammerman et al., 

2012). Notably, these mutations are almost invariably found in functionally important 
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domains of the NRF2 protein, such as the DLG and ETGE domains (Figure 5B). This 

data strongly suggests that NFE2L2 mutation and subsequent hyperactivation of the 

NRF2 antioxidant program can have major oncogenic properties in the context of 

tumorigenesis. 

The identification and functional characterization of cancer-associated KEAP1 and 

NFE2L2 mutations strongly suggests that the Keap1-Nrf2 pathway can play a very 

important role in the context of tumorigenesis. Indeed, it is estimated that ~ 20-30% of 

all lung cancers harbor mutations in components of the Keap1-Nrf2 pathway (LUAD 

TCGA 2014, Hammerman et al., 2012). Beyond lung malignancies, several other cancer 

types, including head and neck cancers and cancers of the bladder, liver, stomach, 

prostate, and breast, among others, harbor mutations in either KEAP1 or NFE2L2 , the 

vast majority of which are predicted to lead to hyperactivation of the NRF2 antioxidant 

pathway (Figure 5) (Nioi and Nguyen 2007, Shibata et al., 2008a, Shibata et al., 2008b, 

Kim et al., 2010, Zhang et al., 2010, Eichenmüller et al., 2014, Tanase et al., 2015, and 

others). Importantly, hyperactivation of the NRF2 antioxidant pathway can happen in the 

absence of somatic mutations in KEAP1 or NFE2L2. For example, multiple studies have 

shown NFE2L2 overexpression in many different types of cancers, such as endometrial 

cancer and lung cancer (Jiang et al., 2010, Solis et al., 2010). Moreover, pathway 

hyperactivation can also be achieved via somatic mutation of additional pathway 

components, such as CUL3. Indeed, loss of function mutations in CUL3 have been 

observed in ~ 3% of human lung adenocarcinomas and ~ 7% of squamous cell lung 

cancers (LUAD TCGA 2014, Hammerman et al., 2012). These and multiple other 

studies have sparked a great amount of interest in understanding the role of this 
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pathway during cancer initiation, progression, and therapeutic response. Below, I will 

describe a select few of these studies. For comprehensive cancer-centric reviews, see 

Hayes and McMahon 2009, Taguchi et al., 2011, Sporn and Liby 2012, Jaramillo and 

Zhang 2013, and Suzuki and Yamamoto 2015.

iii. Functional studies of the Keap1-Nrf2 pathway in cancer

In addition to the pioneering studies described above, multiple studies over the last few 

years have demonstrated the functional importance of the Keap1-Nrf2 pathway in 

several aspects of cancer biology. One notable study by David Tuveson and colleagues 

demonstrated that potent oncogenes can induce the transcription of NFE2L2 (DeNicola 

et al., 2011). By employing multiple GEMM-based models harboring either (1) Cre-

inducible alleles of oncogenic KrasG12D or BrafV619E, or (2) a hormone-inducible allele of 

Myc (MycERT2), they demonstrated that activation of these endogenous oncogenes led 

to a substantial transcriptional induction of the endogenous Nfe2l2 gene. Therefore, 

oncogene activation led to a significant, Nrf2-dependent decrease in the intracellular 

levels of ROS, which was accompanied by a high GSH/GSSG ratio indicative of a highly 

reduced intracellular environment. As expected, endogenous expression of these 

oncogenes led to Nrf2-mediated induction of the antioxidant program, as gauged by the 

transcriptional induction of multiple Nrf2 target genes, including Hmox1, Nqo1, Gclc, 

and Gclm. Mechanistically, they demonstrated that oncogenic KrasG12D activates the 

Raf-Mek-Erk arm of the MAPK signaling pathway, which in turn leads to the activation of 

the Jun and Myc transcription factors. Jun and Myc directly activate the transcription of 

Nrf2 by binding to a series of regulatory elements located in the Nrf2 promoter. 
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Therefore, the elegant studies of Tuveson and colleagues led to the elucidation of a 

novel oncogene-induced ROS detoxification pathway, which can be summarized as: 

Kras ➞ Braf ➞ Mek ➞ Erk ➞ Jun/Myc ➞ Nrf2 ➞ ROS detoxification. Furthermore, 

using well established pre-clinical GEMMs of cancer that were deficient for endogenous 

Nfe2l2 (germline knockout), they went on to demonstrate that both pancreatic and lung 

adenocarcinomas are highly dependent on this novel oncogene-induced Nrf2-mediated 

ROS detoxification pathway. Hyperactivation of the NRF2 antioxidant program was also 

observed in multiple human pancreatic cancer specimens, in the absence of any 

somatic mutations in NFE2L2 or KEAP1. That both of these aggressive human 

malignancies become highly dependent on NRF2-mediated ROS detoxification to 

survive in conditions of high oxidative stress strongly resonates with the concept of non-

oncogene addiction proposed by Stephen Elledge and colleagues (Luo et al., 2009). 

One very important methodological side-note is that these phenotypes were only seen 

when using GEMM-based models that are driven by activation of endogenous 

oncogenes. In fact, when they utilized overexpression constructs encoding each of 

these potent oncogenes, they obtained completely opposite results, presumably due to 

the supraphysiological levels of expression obtained when using exogenous retroviral 

constructs (DeNicola et al., 2011).

Another notable study that demonstrated the functional importance of the Nrf2 

antioxidant program in promoting several aspects of the cancer phenotype was 

published by the Yamamoto group (Mitsuishi et al., 2012b). By employing a combination 

of gene expression profiling, chromatin immunoprecipitation followed by high-throughput 

sequencing (ChIP-Seq), and extensive metabolomic profiling using mass spectrometry, 
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Yamamoto and colleagues demonstrated that NRF2 plays a critical role in promoting 

multiple anabolic pathways by transcriptionally activating a repertoire of genes involved 

in the PPP pathway (G6PD, PGD, TKT, and TALDO1), de novo nucleotide biosynthesis 

pathway (PPAT and MTHFD2), and NADPH production (ME1 and IDH1). The net effect 

of this NRF2-dependent metabolic reprogramming is an increase in the biosynthetic and 

proliferative capacities of cancer cells accompanied by redox homeostasis facilitated by 

the NADPH-dependent regeneration of GSH (and TXN) (Mitsuishi et al., 2012b).

Recently, Tak Mak and colleagues demonstrated that the GSH and TXN arms of the 

Nrf2 antioxidant program strongly cooperate to drive tumor initiation and progression in 

multiple GEMMs of cancer (Harris et al., 2015). By employing the well-established 

MMTV-PyMT and KP mouse models of breast cancer and sarcoma, respectively, Tak 

Mak and colleagues demonstrated that genetic deletion of Gclm (which led to a ~ 75% 

reduction in GSH levels) markedly impaired tumor initiation, presumably because the 

cells were experiencing lethal conditions of high oxidative stress. Similarly, 

pharmacological inhibition of GSH synthesis also impaired tumor initiation, underscoring 

the cancer promoting role of this potent cellular antioxidant. In addition to demonstrating 

the pro-tumorigenic role of GSH-mediated ROS detoxification in vivo, Tak Mak and 

colleagues also showed that the cellular antioxidant TXN is able to compensate for loss 

of GSH in cancer cells. Indeed, combined pharmacological inhibition of GSH and TXN 

synthesis exhibited strong synergistic effects in blocking tumor growth, underscoring the 

importance of these two major antioxidant pathways in promoting multiple aspects of 

the cancer phenotype and lending support for novel therapeutic strategies aimed at 

simultaneously targeting these two potent cellular antioxidants. Notably, the authors 
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found evidence of GCLM overexpression in multiple breast cancer patient cohorts, 

underscoring the importance of this antioxidant pathway in promoting tumorigenesis.

D. Synopsis and outlook

Collectively, the studies described above (as well as other contemporaneous studies, 

such as Sayin et al., 2014, DeNicola et al., 2015, and Piskounova et al., 2015) have 

convincingly demonstrated that the Nrf2 antioxidant program and cellular antioxidants in 

general can play a major role in promoting several aspects of the cancer phenotype. 

These studies have sparked a great amount of interest in understanding the 

contributions of the Keap1-Nrf2 pathway during carcinogenesis, tumor progression, and 

therapeutic response. A multitude of outstanding questions in the field remain 

unanswered, such as the ones listed below:

1) At which stage(s) of tumor progression is Nrf2 hyperactivation critical?

2) Similarly, what is the stage(s) of tumor progression that Keap1 suppresses?

3) Are any of the above situations context-specific? In other words, are there situations 

where Nrf2 suppresses or Keap1 promotes certain aspects of tumorigenesis?

4) Does hyperactivation of the Nrf2 antioxidant pathway represent an Achilles heel that 

can be exploited for therapeutic purposes?

In Chapter III of this thesis, I present evidence that suggests that hyperactivation of the 

Nrf2 antioxidant pathway in cancer cells does indeed create an Achilles heel that might 

be exploited therapeutically for selectively targeting tumors that are highly dependent on 

this antioxidant pathway.
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ABSTRACT 

Cancer is thought to arise through the sequential acquisition of both genetic and 

epigenetic alterations in oncogenes and tumor suppressor genes. Large-scale efforts to 

re-sequence protein-coding genes from human cancer cell lines and biopsy samples 

have begun to catalog the spectrum of mutations existing in human tumors. One major 

limitation of these studies has been the inability to rapidly and systematically determine 

which of these mutations are causally related to tumorigenesis, particularly in the 

context of in vivo models of the disease. Although existing genetically engineered 

mouse models have led to critical insights into the initiation and progression of human 

cancer, their use for rapid functional characterization of new cancer genes is currently 

lacking, partly due to the cost and time required to generate appropriate murine models. 

Here, we describe a novel CRISPR-Cas9-based approach for rapid functional 

investigation of candidate genes in well-established autochthonous mouse models of 

cancer. Using a KrasG12D-driven lung cancer model, we performed functional 

characterization of a panel of tumor suppressor genes with known loss of function 

alterations in human lung cancer. Cre-dependent somatic activation of oncogenic 

KrasG12D combined with CRISPR-Cas9-mediated genome editing of tumor suppressor 

genes resulted in lung adenocarcinomas with distinct histopathological and molecular 

features. This rapid somatic genome engineering approach enables functional 

characterization of putative cancer genes in the lung and other tissues using 

autochthonous mouse models. We anticipate that this approach can be used to 

systematically dissect the complex catalog of mutations identified in cancer genome 

sequencing studies.
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INTRODUCTION 

Large-scale multi-institutional cancer genome sequencing studies have revealed a 

multitude of recurrent mutations and copy number alterations in several types of human 

cancer, including colorectal cancer (CRC TCGA 2012), breast cancer (Breast TCGA 

2012), pancreatic cancer (Waddell et al., 2015), gastric adenocarcinoma (Gastric TCGA 

2014), ovarian carcinoma (Patch et al., 2015), prostate adenocarcinoma (Abeshouse et 

al., 2015, Robinson et al., 2015), melanoma (Akbani et al., 2015), glioma (Glioma TCGA 

2015), squamous cell carcinoma of the lung (Hammerman et al., 2012), small cell lung 

cancer (George et al., 2015) and lung adenocarcinoma (LUAD TCGA 2014), as well as 

several types of hematological cancers, including acute myeloid leukemia (AML TCGA 

2013), acute lymphoblastic leukemia (Andersson et al., 2015), multiple myeloma (Lohr 

et al., 2014) and diffuse large B-cell lymphoma (Pasqualucci et al., 2011), among many 

others. However, the determination of which mutations are causally related to 

tumorigenesis (particularly in the context of in vivo models of the disease) remains a 

major challenge. This challenge is even greater for lung cancer due to the fact that lung 

tumors (as is also the case for melanomas (Akbani et al., 2015)) have substantially high 

mutation frequencies, which represents a major obstacle when trying to distinguish 

bona fide driver events from mere passenger events. 

Genetically engineered mouse models (GEMMs) of lung cancer have greatly assisted in 

the functional characterization of putative driver events identified in human lung tumors 

(reviewed in Frese and Tuveson 2007, Kwon and Berns 2013, and Farago et al., 2012). 

However, such approaches typically require modification of the germline, which is both 

expensive and time consuming. Therefore, these methods cannot be performed in a 
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highly parallel manner. The Jacks laboratory has established GEMMs of human lung 

adenoma and adenocarcinoma that faithfully mimic human lung tumors in their 

progression (Feldser et al., 2010, Jackson et al., 2005, Jackson et al., 2001, Sweet-

Cordero et al., 2005, Sweet-Cordero et al., 2006, Winslow et al., 2011), showing 

similarities both at the molecular and histopathological levels. In these models, lung 

tumors are induced in KrasLSL-G12D/+ (K) (Jackson et al., 2001) or KrasLSL-G12D/+; p53flox/flox 

(KP) (Jackson et al., 2005) mice after intratracheal administration of viral vectors 

expressing Cre-recombinase (DuPage et al., 2009), which activates a oncogenic 

KrasG12D allele with or without concomitant deletion of the tumor suppressor p53 in the 

murine lung epithelium. 

The combination of emerging CRISPR-Cas9 approaches with faithful GEMMs of human 

cancer has the potential to fulfill the immediate need for the rapid and efficient 

systematic interrogation of the complex catalog of mutations obtained from large-scale 

cancer genome sequencing studies (reviewed in Sánchez-Rivera and Jacks 2015). 

Towards that goal, we developed and applied a novel CRISPR-Cas9-based lentiviral 

platform for rapidly interrogating putative cancer genes using pre-clinical GEMMs of 

lung adenocarcinoma. Our data demonstrate the feasibility of this approach and 

suggests that it can be readily adapted to many existing Cre/loxP-based GEMMs of 

several cancer types to facilitate the rapid functional assessment of new hypotheses 

generated by cancer genome studies.
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RESULTS

Design, construction and characterization of the pSECC lentiviral platform

Recent work from the Jacks laboratory has demonstrated the feasibility of using the 

CRISPR-Cas9 system to directly mutate cancer genes in the liver following 

hydrodynamic delivery of plasmids carrying the CRISPR components (Xue et al., 2014), 

which relies on the efficient transfection of hepatocytes. To rapidly interrogate cancer 

genes in the lung and other tissues, we developed pSECC (Figure 1), a lentiviral-based 

system that delivers both the CRISPR system and Cre recombinase. In this setting, 

CRISPR-induced mutation of genes can be examined in the context of several of the 

well-studied conditional Cre/loxP mouse models of lung cancer and other cancer types.

To validate pSECC, we developed the Green-Go (GG) reporter cell line, which 

expresses GFP following exposure to Cre (Figure 2a). To assess the efficiency of Cas9 

in tumors in vivo, we targeted a Cre-activatable tdTomato knock-in reporter allele 

(Madisen et al., 2010) with pSECC lentiviruses expressing an sgRNA against tdTomato 

(sgTom) or an empty vector control (Figure 2d-e). At 10 weeks post-infection, we 

assessed knockdown of tdTomato expression by immunohistochemistry (IHC). We 

observed that 28% of tumors lacked tdTomato expression, suggesting that the system 

was functional in vivo by editing an endogenous allele in the context of a lung tumor 

(Figure 3a-e). Importantly, animals infected with empty pSECC rarely contained non-

tumor Tomato-expressing cells (data not shown), indicating that there is minimal 

infection of non-epithelial cells when using a low lentiviral titer.
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Figure 1

Figure 1: CRISPR-Cas9-mediated somatic genome editing in autochthonous mouse models of 

lung adenocarcinoma. The pSECC (U6-sgRNA-EFS-Cas9-2A-Cre) lentiviral platform allows for 

simultaneous delivery of both the CRISPR system and Cre recombinase. Lentiviral constructs 

expressing sgRNAs of interest are intratracheally delivered into the lungs of Cre/loxP-based mouse 

models (such as the KrasLSL-G12D/+; p53flox/flox  mouse model shown here (Jackson et al., 2005)). In this 

context, tumor induction is dependent on Cre, which is co-expressed with Cas9, thus allowing for tumor-

specific deletion of any gene of interest with concomitant activation of oncogenic KrasG12D and deletion 

of both copies of the p53 tumor suppressor.
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Figure 2

Extended Data Figure 1
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Figure 2: In vitro validation of pSECC. (a) The Green-Go Cre-reporter cell line used to 

validate pSECC lentiviruses in vitro. Upon infection with a Cre-containing lentivirus, such as 

pSECC, cells become GFP+, allowing for purification of pSECC-containing cells by FACS. Red 

and blue triangles denote pairs of loxP sites, with red loxP sites being able to recombine only 

with other red loxP sites and blue loxP sites being able to recombine only with other blue loxP 

sites. (b) Validation of sgPten-pSECC. Numbers below the bands denote quantitation of protein 

level relative to empty vector control. (c) Validation of sgNkx2.1-pSECC in a cell line that 

expresses Nkx2.1. (d-e) Validation of sgTom-pSECC by Fluorescence Activated Cell Sorting 

(FACS). Briefly, a cell line obtained from a KrasLSL-G12D/+; p53flox/flox;Rosa26LSL-tdTomato/LSL-tdTomato 

(KPT) mouse was infected with either Empty-pSECC (d) or sgTom-pSECC (e) and cultured for 

10 days post-infection, after which the cells were harvested and analyzed by FACS.

208



Figure 3: In vivo validation of pSECC. (a) Representative H&E and tdTomato IHC staining of 

serial sections from lung tumors of KPT mice infected with Empty-pSECC. (b-d) Representative 

H&E and IHC staining of serial sections from (b) negative, (c) mixed and (d) positive lung 

tumors of KPT mice infected with sgTom-pSECC (n=6). (e) Distribution of lung tumors from all 

mice infected with sgTom-pSECC (n=6) that were scored as negative, mixed or positive based 

on tdTomato IHC.
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pSECC-mediated gene disruption in vivo is highly efficient and mimics Cre/loxP 

approaches

We then proceeded to functionally characterize tumor suppressor genes using this 

approach. Loss of NK2 homeobox 1 (Nkx2.1), a master regulator of lung development 

(Rock & Hogan 2011), or Phosphatase and tensin homolog (Pten), a negative regulator 

of oncogenic PI3K/Akt signaling (Song et al., 2012), accelerates lung tumorigenesis in K 

and KP lung tumor models (Winslow et al., 2011, Curry et al., 2013, Snyder et al., 

2013). We infected K and KP animals with pSECC vectors expressing validated sgPten, 

sgNkx2.1 and controls (sgTom and empty vector) to induce lung tumors. Ten weeks 

post-infection, we sacrificed animals to assess the effects of CRISPR-Cas9-mediated 

gene editing in tumors by histopathology, surveyor assays and deep sequencing of the 

targeted alleles (Figure 4a). All animals expressing sgRNAs targeting Pten or Nkx2.1 

contained tumors with marked histopathological differences compared to controls 

(Figure 4b,d and Figure 5a-d). 

Animals infected with sgNkx2.1-pSECC developed mucinous adenocarcinomas (MA) 

typified by the presence of elongated cells, mucin production and glandular 

rearrangements, in agreement with previous Cre/loxP-based (Nkx2.1flox/flox) data 

(Snyder et al., 2013) (Figure 4b). The majority of tumors (61%, 54/88 tumors) from 

sgNkx2.1-pSECC animals lacked Nkx2.1 expression (compared to 0/33 tumors from 

controls) (Figure 4b-c). Importantly, 85% (46/54 tumors) of these Nkx2.1-negative 

tumors stained positively for mucin (Figure 4c), a biomarker of mucinous 

adenocarcinomas (Snyder et al., 2013). Thus, although a subset of tumors appeared to 

partially or fully escape CRISPR-mediated deletion of Nkx2.1, we were able to observe 
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clear phenotypes by examining the full spectrum of tumors generated by sgNkx2.1-

pSECC. 

Animals infected with sgPten-pSECC demonstrated complete loss of Pten protein in 

74% of tumors (40/54 tumors), which was accompanied by a concomitant increase in 

pAkt (S473), a downstream biomarker of increased PI3-kinase pathway activity (Figure 

4d-e). These results mimic previously published data using a Ptenflox/flox allele in K mice 

(Curry et al., 2013). Collectively, these data indicate that CRISPR-Cas9-based gene 

editing leads to loss of function mutations in this model and closely parallels what is 

seen with the use of traditional conditional alleles.

Apc is a potent lung adenocarcinoma tumor suppressor

We next utilized this system to study adenomatous polyposis coli (Apc), a tumor 

suppressor whose functional role in lung adenocarcinoma has not been characterized. 

Of note, Apc is mutated in ~4% of human lung adenocarcinomas and is also found in a 

region that frequently undergoes copy number loss in human lung cancer (LUAD TCGA 

2014, Cerami et al., 2012, Gao et al., 2013). We infected animals with pSECC 

lentiviruses expressing a validated sgRNA (Schwank et al., 2013) targeting Apc. At 10 

weeks post-infection, we observed a dramatic difference in the histopathology of sgApc 

tumors compared to controls (Figure 4f and Figure 5e). Importantly, tumors from 

KrasLSL-G12D/+; Apcflox/flox mice, which express a conditional allele of Apc (Cheung et al., 

2010), exhibited identical histopathology (Figure 4f). Tumors with Cas9-mediated 

deletion of Apc were highly de-differentiated, invasive and had a significant stromal 

component (Figure 4f). The majority of these tumors (78%, 91/117) stained strongly for 

nuclear β-catenin, a marker of Apc mutation in colon cancer and other settings (Moon et  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Figure 4: CRISPR-Cas9-mediated disruption of a panel of tumor suppressor genes in an 

autochthonous mouse model of lung adenocarcinoma. (a) pSECC lentiviruses are 

intratracheally delivered into the lungs of mice to delete genes of interest. DNA extracted from 

tumor-bearing lungs is analyzed by high-throughput sequencing and surveyor assays to identify 

gene-editing events. The remaining tissue is analyzed by histopathology. (b) Representative 

H&E and IHC stainings of serial sections from lung tumors of mice 10 weeks after infection with 

sgTom-pSECC (left panel) or sgNkx2.1-pSECC (right panel). Alcian Blue/PAS (Periodic Acid-

Schiff) stain for mucin. Note the accumulation of mucin only in tumors from sgNkx2.1-pSECC 

mice. (c) Contingency tables demonstrating anti-correlation between Nkx2.1 expression and 

mucin production (PAS stain) (two-sided Fisher’s exact test, p<0.0001). (d) Representative H&E 

and IHC stainings of serial sections from lung tumors of mice 10 weeks after infection with 

sgTom-pSECC (left panel) or sgPten-pSECC (right panel). Note: dashed lines demarcate tumor 

boundaries on each consecutive histological section. (e) Contingency tables demonstrating 

anti-correlation between Pten expression and Akt phosphorylation (two-sided Fisher’s exact 

test, p<0.0001). (f) Representative H&E and IHC stainings of serial sections from lung tumors of 

mice 10 weeks after infection with sgTom-pSECC (left panel) or sgApc-pSECC (middle panel). 

The far right panel corresponds to serial sections from lung tumors of KrasLSL-G12D/+; Apcflox/flox 

mice 18 weeks after infection with Adeno-Cre. (g) Contingency tables demonstrating positive 

correlation between β-Catenin expression and Sox9 expression (two-sided Fisher’s exact test, 

p<0.0001). These data are representative of at least 3 independent K or KP mice infected with 

each pSECC sgRNA. See Methods section for more details
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al., 2004) (Figure 4f-g). Furthermore, 77% (70/91) of tumors with nuclear β-catenin 

stained positive for the transcription factor Sox9, which might reflect a distal embryonic 

differentiation state (Kormish et al., 2010, Pacheco-Pinedo et al., 2011). Of note, we 

observed a statistically significantly higher number of Sox9-positive tumors in KP-sgApc 

(29/33, or 88%) than in K-sgApc mice (41/58 tumors, or 71%), suggesting a possible 

role for p53 in regulating this change in differentiation (Figure 6b-c).

To further characterize the differentiation state of sgApc tumors, we stained serial 

sections for lung differentiation markers, including Sox2, Clara Cell Secretory Protein 

(CCSP), Surfactant Protein C (SP-C), p63, Nkx2.1 and Sox9 (Figure 6a) (Hogan et al.,

2014). Tumors from KP-sgTom mice stained positively for CCSP, SP-C and Nkx2.1 and 

negatively for Sox2, p63 and Sox9. In contrast, tumors from sgApc mice frequently 

stained positively for SP-C, Nkx2.1 and Sox9 and negatively for CCSP, Sox2 and p63. A 

large number of tumors from sgApc mice had areas with low levels or complete 

absence of Nkx2.1, which correlated with the levels of the Nkx2.1 transcriptional target 

SP-C (Hogan et al., 2014) (16/52 tumors, or 31%) (Figure 6d). These data indicate that 

these tumors are poorly differentiated and that hyperactivation of the canonical Wnt 

signaling pathway through loss of Apc in Kras-driven lung adenocarcinomas results in 

tumors with varying degrees of differentiation. These results also mimic what we 

observed in tumors from Apc conditional mice (Figure 4f and Figure 6e) and 

recapitulate recent observations in a BrafV600E-driven mouse model of lung 

adenocarcinoma upon Wnt pathway hyperactivation (Juan et al., 2014).
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Figure 5: Histological analysis of lung tumors obtained from mice infected with pSECC 

lentiviruses. Representative H&E images of lung tumors from K and KP mice 10 weeks after 

infection with (a) Empty-pSECC, (b) sgTom-pSECC, (c) sgNkx2.1-pSECC, (d) sgPten-pSECC 

and (e) sgApc-pSECC.
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Figure 6: IHC-based analysis of K- and KP-sgApc tumors. (a) Representative H&E and IHC 

staining of serial sections from KP-sgTom (control), K-sgApc and KP-sgApc lung tumors. CCSP 

= Clara Cell Secretory Protein, SP-C = Surfactant Protein C. (b) Contingency table 

demonstrating a statistically significantly higher number of β-catenin/Sox9 double-positive 

tumors in KP-sgApc mice (29/33 tumors, 88%) vs K-sgApc mice (41/58 tumors, 71%) (one-

sided Chi-square test, p<0.05). (c) Percentage of all tumors that stained positive for nuclear β-

catenin that stained positive or negative for Sox9 in K- and KP-sgApc mice. (d) Contingency 

table demonstrating a statistically significantly higher number of tumors with Nkx2.1 Low/

Negative areas (which are also SP-C Low/Negative) in sgApc-pSECC animals compared to 

sgTom-pSECC control animals (two-sided Fisher’s exact test, p<0.0001). (e) Representative 

IHC staining of serial sections from an Nkx2.1 Low/Neg lung tumor obtained from a KrasLSL-G12D/

+; Apcflox/flox mouse 18 weeks after infection with Adeno-Cre. Inset shows Sox9 staining. Low/

Neg = tumor that had areas with clear downregulation or complete loss of Nkx2.1 or SP-C as 

assessed by IHC staining.
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Disruption of Nkx2.1, Pten and Apc accelerates lung adenocarcinoma initiation 

and progression

Our initial analysis demonstrated significant histological and pathway-specific 

differences upon deletion of these tumor suppressors in lung tumors. To assess the 

overall impact of these alterations on tumorigenesis, we measured tumor burden and 

grade in both K and KP animals. Deletion of Pten and Apc significantly increased overall 

tumor burden, which correlated with higher tumor grades (Grade 3 and 4) (Figure 7a-c). 

Nkx2.1 deletion had a significant effect on overall tumor burden only in KP animals; 

however, we observed a striking transition to highly dedifferentiated MA tumors in both 

K and KP mice (Figure 7a-c and Figure 8). Conversely, Apc deletion had a significant 

effect on tumor burden only in K mice (Figure 7a). Deletion of all three genes led to 

increased BrdU incorporation, suggesting that the increased tumor burden is partly due 

to increased proliferation (Figure 7f). These data demonstrate the tumor suppressive 

role of Nkx2.1, Pten, and Apc in the context of oncogenic Kras. Furthermore, the unique 

histopathology observed for each targeted tumor suppressor gene in this Kras-driven 

model illustrates the potential of this approach to rapidly model the effects of 

cooperative genetic events in lung tumorigenesis and progression.

CRISPR-based somatic genome editing results in inter- and intra-tumoral 

heterogeneity

Using this in vivo somatic genome editing approach, we observed inter- and intra-

tumoral heterogeneity in terms of CRISPR-based loss of function of Pten in sgPten 

animals (Figure 7d-e and Figure 9). Clones that acquired loss of Pten had increased 
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Figure 7: Histopathological characterization of tumors from pSECC infected animals. (a) 

Combined quantitation of tumor burden (total tumor area/total lung area) in both K and KP 

animals 10 weeks after infection with pSECC lentiviruses expressing: control (empty or sgTom, 

n=4 K and 7 KP), sgNkx2.1 (n=2 K and 6 KP), sgApc (n=3 K and 6 KP) and sgPten (n=4 K and 

3 KP). The asterisks indicate statistical significance obtained from comparing K-sgTarget 

samples to K-Control samples or KP-sgTarget samples to KP-Control samples using Student’s 

t-test (two-sided). (b-c) Distribution of tumor grades in the K (b) or KP (c) animals shown in (a). 

G1: grade 1, G2: grade 2, G3: grade 3, G4: grade 4, MA: mucinous adenocarcinoma. (d) 

Distribution of Pten IHC staining status in all sgPten-pSECC infected animals (n=9) represented 

as percent of negative, mixed and positive tumors. (e) Quantitation of average tumor area (μm2) 

of tumors staining negative, mixed or positive in all sgPten-pSECC infected animals (n=9). 

Positive tumor = ~100% of the tumor cells stained positive for Pten. Mixed tumor = at least 

~30% of tumor cells stained positive for Pten. Negative tumor = <25% of the tumor cells stained 

positive for Pten. (f) Quantitation of BrdU incorporation (BrdU+ cells/mm2) to assess 

proliferation of tumor cells from lung tumors in KP animals 10 weeks after infection with pSECC 

lentiviruses expressing: control (empty or sgTom, n=2), sgNkx2.1 (n=3), sgApc (n=3) and 

sgPten (n=2). Note: n.s. = not significant, * = p<0.05, ** = p<0.01, *** = p< 0.001 obtained from 

two-sided Student’s t-test. All error bars denote s.e.m.
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Figure 8: IHC-based analysis of mice infected with sgNkx2.1-pSECC. (a) Negative, (b) 

mixed and (c) positive lung tumors of mice infected with sgNkx2.1-pSECC. (d) Distribution of 

Nkx2.1 IHC staining status in all sgNkx2.1-pSECC infected animals (n=8) represented as 

percent of negative, mixed and positive tumors (staining classification was done identically as 

described in Figure 7).
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Figure 9: IHC-based analysis of mice infected with sgPten-pSECC. (a) Negative, (b) mixed 

and (c) positive lung tumors of mice infected with sgPten-pSECC (n=9).
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PI3K/Akt signaling and may, therefore, have had a selective advantage over tumors that 

retained wild-type Pten within the same animal. Notably, we observed that tumors with 

complete or sub-clonal loss of Pten were significantly larger than tumors that retained 

Pten (Figure 7d-e). 

The pSECC platform efficiently generates insertions and deletions in vivo

The histopathological and IHC analyses indicate that the pSECC system is highly 

efficient in vivo, leading to robust target-specific phenotypic differences in lung tumors. 

To confirm Cas9-mediated editing of the alleles and precisely characterize the events at 

single-nucleotide resolution, we performed deep sequencing of target loci from whole 

lung and tumor DNA. Within a 23bp window (± 10bp flanking the Protospacer Adjacent 

Motif [PAM] sequence at each locus), the rate of mutations observed in sgTarget 

samples was significantly greater than in the control samples (Figure 10a-c). Using the 

control samples as a background model to analyze the mutational rate revealed that 

sgTarget samples were enriched for mutations within 7bp upstream of the PAM 

sequences in predicted cutting sites, strongly suggesting that they are not secondary 

consequences of tumor progression (Figure 10d-f). The maximum per-base mutation 

frequency observed in sgTarget samples was 71.7% in Nkx2.1, 66.06% in Pten and 

39.91% in Apc (in contrast to control samples: 0.11%, 0.73% and 0.14%, respectively). 

On average, 27.48% ± 10.3 (Nkx2.1), 44.64% ± 5.3 (Pten) and 13.54% ± 5.3 (Apc) read 

fragments covering this 7bp locus harbored indels in sgTarget samples. Across all 

sgTarget samples, > 94% of observed indels constituted nonsynonymous frame-altering 

events (Figure 10e).
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Figure 10: The pSECC system efficiently generates indels in autochthonous tumors. (a-c) 

Fraction of bases mutated per position in 10bp flanks on either side of the Protospacer Adjacent 

Motif (PAM) sequence (highlighted in red). Samples were obtained from entire lobes (L) or 

microdissected tumors (T) from mice 10 weeks after infection with pSECC lentiviruses targeting 

(a) Nkx2.1, (b) Pten or (c) Apc. P-values denote enrichment of mutation rate in sgTarget-

pSECC samples compared to sgTom-pSECC control samples (Wilcoxon rank sum test). Insets 

depict surveyor assays for each of the targets from either entire lobes (L) or microdissected 

tumors (T) from mice. Samples obtained from mice infected with sgTom-pSECC were used as 

controls. (d) Positional enrichment of mutations in sgTarget-pSECC samples compared to 

sgTom-pSECC control samples based on all mutations considered at a given position (SNPs, 

indels). Each row represents a different sgRNA Lung (L) or Tumor (T) sample. Each cell 

represents the row-normalized (z-score) odds ratio estimate of mutational enrichment over an 

associated control sample (Fisher’s exact test) upstream (+) or downstream (-) of the PAM 

sequence. (e) Distribution of indels (in-frame insertions, frameshift insertions, in-frame deletions 

and frameshift deletions) observed in samples from mice infected with sgNkx2.1-pSECC, 

sgPten-pSECC and sgApc-pSECC. Amp: mutations across whole PCR amplicon, PAM: 

Mutations 7 base pairs upstream of PAM sequence.
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The pSECC platform shows negligible off-target activity

Several studies have reported that Cas9 can bind to sites in the genome other than the 

intended target site (Wu et al., 2014, Kuscu et al., 2014, Fu et al., 2013, Hsu et al., 

2013), which could result in unintended editing at an off-target (OT) site. To assess OT 

editing, we analyzed the top three predicted (Hsu et al., 2013) loci (Supplementary 

Tables 3-5) for each sgRNA by deep sequencing. We observed negligible OT editing 

(Figure 11). On average, 0.048% ± 0.031 (for sgNkx2.1), 0.26% ± 0.096 (for sgPten) 

and 0.051% ± 0.027 (for sgApc) of read fragments harbored indels in the OT sites. This 

data suggests that the observations reported for each of the sgRNAs arise from deletion 

of the intended target and not from editing of another gene.

DISCUSSION

As discussed extensively in Part III of the introduction to this thesis, the goal of cancer 

genomics is to identify genetic events that underlie cancer initiation and progression. 

The functional interrogation of putative cancer genes in appropriate experimental 

models will elucidate which mutations identify bona fide cancer genes. This study 

presents a novel approach to rapidly evaluate human cancer genome candidates and 

assess cooperativity between genetic events in the context of well-established mouse 

models of lung cancer. Moreover, our ability to model different lung adenocarcinoma 

subtypes allows for the detailed study of subtype-specific molecular mechanisms 

controlling disease initiation and progression. We anticipate that this approach can be 

readily adapted to many existing Cre/loxP-based GEMMs of several cancer types to 

facilitate the rapid functional assessment of new hypotheses generated by cancer 

genome studies. These and other implications are discussed extensively in Chapter 4.

226



Figure 11: Off-target analysis. Analysis of off-target editing for (a-c) sgNkx2.1, (d-f) sgPten and (g-i) 

sgApc. Briefly, potential off-target cutting at the top three predicted off-target sites (obtained from http://

crispr.mit.edu/; see Supplementary Tables 3-5) for each sgRNA was assayed by Illumina MiSeq. Each 

plot corresponds to the fraction of bases mutated per position in 10bp flanks on either side of the PAM 

sequence (highlighted in red). Samples were obtained from entire lobes (L) from mice 10 weeks after 

infection with pSECC lentiviruses expressing sgNkx2.1, sgPten, sgApc or sgTom (control).
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MATERIALS AND METHODS

Lentiviral vectors and sgRNA cloning

The U6-sgRNA-EFS-Cas9-2A-Cre (pSECC) lentiviral vector was constructed by 

assembling four parts with overlapping DNA ends using Gibson assembly. Briefly, a 

2.2kb part (corresponding to the U6-Filler fragment from LentiCRISPR (Shalem et al., 

2014)), a 0.3kb part (corresponding to the EFS promoter from LentiCRISPR (Shalem et 

al., 2014)), a 5.3kb part (corresponding to a Cas9-2A-Cre fragment, which was 

generated by assembly PCR) and a 5.7kb lentiviral backbone were assembled using 

Gibson assembly following manufacturer guidelines. For sgRNA cloning, the pSECC 

vector was digested with BsmBI and ligated with BsmBI-compatible annealed oligos 

(Supplementary Table 1). sgRNAs were designed using CRISPR Design (Hsu et al., 

2013) (which was also used to predict potential off-target sites; see Figure 11 and 

Supplementary Tables 3-5) or E-CRISP (Heigwer et al., 2014), except for sgApc, 

which was previously reported (Schwank et al., 2013). An extra G (required for U6 

transcriptional initiation) was added to the 5' end of sgRNAs that lacked it.

Lentiviral production

Lentiviruses were produced by co-transfection of 293T cells with lentiviral backbone 

constructs and packaging vectors (delta8.2 and VSV-G) using TransIT-LT1 (Mirus Bio). 

Supernatant was collected 48 and 72 hours post-transfection, concentrated by 

ultracentrifugation at 25,000 RPM for 90 minutes and resuspended in an appropriate 

volume of OptiMEM (Gibco).
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Cell culture and generation of Green-Go cells

Cells were maintained in DMEM supplemented with 10% Fetal Bovine Serum and 

gentamicin. Green-Go cells were generated by transducing 3TZ cells (Psarras et al., 

2004) with a bicistronic retrovirus containing an LTR promoter-driven inverted GFP 

(flanked by two sets of incompatible loxP sites) and a PGK-driven puromycin resistance 

cassette. Transduced cells were selected with puromycin and a single cell clone that 

expressed high levels of GFP 2-3 days after infection with a lentivirus expressing Cre 

recombinase was chosen.

Immunobloting

Cells were lysed with ice-cold RIPA buffer (Pierce, #89900) supplemented with 1× 

Complete Mini inhibitor mixture (Roche, #11 836 153 001) and mixed on a rotator at 4° 

C for 30 minutes. Protein concentration of the cell lysates was quantified using the Bio-

Rad DC Protein Assay (Catalog #500-0114). 50-80 μg of total protein was separated on 

4-12% Bis-Tris gradient gels (Life Technologies) by SDS-PAGE and then transferred to 

nitrocellulose membranes. The following antibodies were used for immunoblotting: anti-

FLAG (Sigma, F1804, 1:1,000), anti-Hsp90 (BD, #610418, 1:10,000), anti-Pten (Cell 

Signaling, 9188, 1:1,000), anti-TTF1 / Nkx-2.1 (Epitomics, EP1584Y, 1:1,000).

Mice

All animal studies described in this study were approved by the MIT Institutional Animal 

Care and Use Committee. All animals were maintained on a mixed C57BL/6J x 129SvJ 

genetic background. KrasLSL-G12D/+ and p53flox/flox mice have already been described 

(Jackson et al., 2005; Jackson et al., 2001). Mice were infected intratracheally with 

lentiviruses as described (Dupage et al., 2009). We infected a total of 7 mice with 
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Empty-pSECC and 6 mice with sgTom-pSECC (for a total of 13 control mice), as well as 

8 mice with sgNkx2.1-pSECC, 9 mice with Pten-pSECC and 9 mice with Apc-pSECC. 

No randomization or blinding was used. Total lung area occupied by tumor was 

measured on hematoxylin and eosin (H&E) stained slides using NIS-elements software.

Immunohistochemistry

Mice were euthanized by carbon dioxide asphyxiation. Lungs were perfused through the 

trachea with 4% paraformaldehyde (PFA), fixed overnight, transferred to 70% ethanol 

and subsequently embedded in paraffin. Sections were cut at a thickness of four 

micrometers and stained with H&E for pathological examination. Immunohistochemistry 

(IHC) was performed on a Thermo Autostainer 360 machine. Slides were antigen 

retrieved using Thermo citrate buffer, pH 6.0 in the Pretreatment Module. Sections were 

treated with Biocare rodent block, primary antibody, and anti-Mouse (Biocare) or anti-

Rabbit (Vector Labs) HRP-polymer. The slides were developed with Thermo Ultra DAB 

and counterstained with hematoxylin in a Thermo Gemini stainer and coverslipped 

using the Thermo Consul cover slipper. The following antibodies were used for IHC: 

anti-TTF1 / Nkx-2.1 (Epitomics, EP1584Y, 1:1,200), anti-Pten (Cell Signaling, 9559, 

1:100), anti-pAkt S473 (Cell Signaling, 4060, 1:100), anti-BrdU (Abcam, 6326, 1:100), 

anti-β-catenin (BD, 610154, 1:100), anti-Sox9 (Millipore, AB5535, 1:500), anti-RFP 

(Rockland, 600-401-379, 1:400), anti-Sox2 (Cell Signaling, 3728, 1:250), anti-CCSP 

(Millipore, 07-623, 1:2,000), anti-SP-C (Chemicon, AB3786, 1:1,000) and anti-p63 

(Neomarkers, MS-1081, 1:200). To detect mucin, sections were stained with 1% Alcian 

Blue pH 2.5 and Periodic Acid-Schiff reagent. All pictures were obtained using a Nikon 

80i microscope with a DS-U3 camera and NIS-elements software.
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Genomic DNA isolation and Surveyor assay

Genomic DNA from entire snap-frozen left lung lobes or microdissected tumors was 

isolated using the High Pure PCR Template Preparation Kit (Roche) following 

manufacturer guidelines. PCR products for surveyor assay were amplified using 

Herculase II Fusion DNA polymerase (Agilent) (see Supplementary Table 2 for primers 

used for surveyor assay), gel purified and subsequently assayed with the Surveyor 

Mutation Detection Kit (Transgenomic). DNA was separated on 4-20% Novex TBE Gels 

(Life Technologies) and stained with ethidium bromide.

Deep sequencing and bioinformatic analysis of Cas9 target loci

For each target gene or potential off-target site, a genomic region containing the target 

sequence was amplified using Herculase II Fusion DNA polymerase and gel purified 

(primer sequences are shown in Supplementary Table 2). Sequencing libraries were 

prepared from 50ng of PCR product using the Nextera DNA Sample Preparation Kit 

(Illumina) and sequenced on Illumina MiSeq machines. In order to retain high quality 

sequence for mutation analysis, Illumina MiSeq reads (150bp paired-end) were trimmed 

to 100mer paired end reads to drop lower quality 3' ends of reads. Traces of Nextera 

adapters were clipped from PE1 and PE2 100mer reads using the FASTX toolkit 

(Hannon Lab, CSHL). Reads greater than 15 nucleotides in length were retained. 

Additionally, reads with 50% or more bases below a base quality threshold of Q30 were 

dropped from subsequent analysis. Reference sequences with 10bp genomic flanks 

were indexed using the Burrows-Wheeler Aligner (BWA) IS linear time algorithm (Li & 

Durbin 2010) and reads were aligned using the BWA aligner. Reads with mapping 

quality greater than zero were retained. Overlapping alignments of paired end reads 
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due to short inserts were resolved in order to avoid double counting of coverage and/or 

mutations observed in a single fragment. In order to minimize alignment ambiguity in the 

presence of mutations (including indels), the GATK Toolkit (McKenna et al., 2010) was 

used to realign pooled cohorts mapping to a given locus. Mutations (base substitutions, 

insertions and deletions) were assessed using a combination of Samtools (Li et al., 

2009) and Annovar (Wang et al., 2010) (indel quantification and annotation), NGSUtils/

BAMutils software suite (Breese & Liu 2013) (total mutations per position), and custom 

scripts. Mutation frequencies were adjusted for sample purity (see next section) and per 

base substitution, insertion, and deletion frequencies were determined. Significance of 

overall mutation rates across 10bp flanking the target locus was assessed using the 

Wilcoxon rank sum test comparing control and sgTarget sample events. Positional 

enrichment for mutation frequency compared to control samples was assessed using 

the conditional maximum likelihood odds ratio estimate (Fisher's exact test) and was 

mean centered and scaled (z-scores) across a 10bp flank on either side of the PAM 

sequence in each sample. A number of other utilities/tools were used to enable various 

parts of the analysis, including: BEDTools (Quinlan & Hall 2010), the Integrated 

Genome Viewer (IGV) (Thorvaldsdottir et al., 2013), and Picard (http://

picard.sourceforge.net/). Statistical analyses and sequence enrichment plots were 

implemented in R (http://www.R-project.org). Illumina MiSeq sequence datasets have 

been deposited into the NCBI repository under BioProjectID PRJNA256245.

Tumor purity correction

Lung lobe and microdissected tumor genomic DNA was used to perform real-time PCR 

based analysis to detect the relative levels of the un-recombined KrasLSL-G12D allele 
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(from non-tumor tissue) using forward primer 5'- CTCTTGCCTACGCCACCAGCTC -3' 

and reverse primer 5'- AGCTAGCCACCATGGCTTGAGTAAGTCTGCA -3'. To correct 

for DNA loading of each sample, we amplified the chr5:10054507-10054621 region 

using forward primer 5'- GAAGAAATTAGAGGGCATGCTTC -3' and reverse primer 5'-  

CTTCTCCCAGTGACCTTATGTA -3'. Real-time PCR reactions were performed using 

KAPA Fast SYBR master mix in a Roche LightCycler Real-Time PCR instrument. To 

calculate percent purity we performed the following calculations for each sample: ∆Cp 

tumorX = CpChr5-CpK-rasLSL-G12D/+ to normalize for sample loading followed by 1/∆∆Cp = 1/

(∆CptumorX-∆CpLungControl) for each sample to compare relative purity to lung tissue from 

KrasLSL-G12D/+ animals that were not infected with Cre. To validate the assay, we 

generated mouse embryonic fibroblasts from KrasLSL-G12D/+ mice treated with Cre 

recombinase (or control FlpO recombinase). 

Statistics

P-values were determined by Student's t-test for all measurements of tumor burden and 

IHC quantifications except for contingency tables, in which Fisher's exact test or Chi-

square test were used. All error bars denote s.e.m.
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SUPPLEMENTARY TABLES

Supplementary Table 1. sgRNA sequences (PAM sequence is in bold)

Supplementary Table 2. Primer Sequences

Target gene sgRNA ID Target sequence (5’ to 3’) Strand Reference

tdTomato sgTom GGCCACGAGTTCGAGATCGAGGG + This thesis

Nkx2.1 sgNkx2.1 AAGAAAGTGGGCATGGAGGGCGG - This thesis

Pten sgPten GCTAACGATCTCTTTGATGATGG - Xue et al., 2014

Apc sgApc GTCTGCCATCCCTTCACGTTAGG + Schwank et al., 2013

Primer ID Sequence (5’ to 3’) Use

Nkx2.1-F CATCCAACAAGATCGGCGTT Amplify Nkx2.1 locus for 
Surveyor + MiSeqNkx2.1-R CTCATGTTGCCCAGGTTGC

Pten-F GAGCCATTTCCATCCTGCAG Amplify Pten locus for Surveyor 
+ MiSeqPten-R CTAGCCGAACACTCCCTAGG

Apc-F AAGACCAGGAAGCCTTGTGG Amplify Apc locus for Surveyor + 
MiSeqApc-R GCTTGTGTCTCTGCTTACTCC

Nkx2.1-OT.1-F AAGACAGGCTTCTGGCAACA

Amplify sgNkx2.1 top three off-
targets for MiSeq analysis

Nkx2.1-OT.1-R TTGGATCCTCTGCCCAGTCA

Nkx2.1-OT.2-F TGTTTTCCTGTCTGTGTGCAT

Nkx2.1-OT.2-R GTGAGCTTCGGATGAGAGCA

Nkx2.1-OT.3-F GTCCCCAGTGACATGCTGAA

Nkx2.1-OT.3-R AGGACAGCCAGGGCTACATA

Pten-OT.1-F CCTGGGAGTCACCATACCAT

Amplify sgPten top three off-
targets for MiSeq analysis

Pten-OT.1-R CCAGTGAGGCAAAAGGCAGA

Pten-OT.2-F AGATGAAACCCTGGAGCAGC

Pten-OT.2-R TGAAGGGATGGGGACTCCTT

Pten-OT.3-F GAAGCCCGGTCTTTGGTGTA

Pten-OT.3-R GGTGGCAGAACGGGTAACAT
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Supplementary Table 3. Top 25 predicted off-targets for sgNkx2.1

Apc-OT.1-F AGCTAAGCTGCTTCTGCTCC

Amplify sgApc top three off-
targets for MiSeq analysis

Apc-OT.1-R TCCCACGAGGAGTCAGAGTT

Apc-OT.2-F GCTTTACATGAGGGTGGCCT

Apc-OT.2-R TGCTCATTGGAAGTGGCTCC

Apc-OT.3-F GATGCTACTTGCCGATGGGA

Apc-OT.3-R ACTCTGCAGTCCCTACGCTA

Off Target I.D. Sequence (20nt + PAM) Score Mismatches UCSC Gene Locus

1 CTTAAAGTGGGCATGGAGGGCGG 2.3     3MMs [1:2:3]                chrX:-131618288  

2 AAGAAAGTGGCCATGGAGGTGGG 1.9     2MMs [11:20]                chr4:+89481909   

3 ATGAAAATGTGCATGGAGGGAGG 1.7    3MMs [2:7:10]                chr9:-63652289   

4 CATAAAGTTGGCATGGAGGGAGG 1.6     3MMs [1:3:9]                chr4:+74763097   

5 TGGAAAGTGGCCATGGAGGGGGG 1.6    3MMs [1:2:11]                chr9:-96847779   

6 CAGAAAGGGGACATGGAGGGTGG 1.6    3MMs [1:8:11]                chr18:-82166127  

7 AGGAAGGAGGGCATGGAGGGTGG 1.5     3MMs [2:6:8]                chr3:+86355463   

8 AACAAAGATGGCATGGAGGGAAG 1.5     3MMs [3:8:9]                chr6:+86507745   

9 ATGAGAGTGGGCATGGAGGTGGG 1.5    3MMs [2:5:20]                chr12:-58293995  

10 AGTAAAGTGGGCATGGAGGTAGG 1.5    3MMs [2:3:20]                chr11:+84599012  

11 AAACAAGTGGGCATGGAGGTCAG 1.4    3MMs [3:4:20]                chr5:+39006974   

12 GAGAGAGTGGGAATGGAGGGGGG 1.4    3MMs [1:5:12]                chr2:+35910920   

13 GTGAGAGGGGGCATGGAGGGAGG 1.4    4MMs [1:2:5:8]               chr5:-121237232  

14 GTGAGAGGGGGCATGGAGGGAGG 1.4    4MMs [1:2:5:8]               chr5:-121251360  

15 AGGTGAGGGGGCATGGAGGGGGG 1.4    4MMs [2:4:5:8]               chr1:-40351347   

16 AAGGAAGTGAACATGGAGGGTGG 1.3    3MMs [4:10:11]               chr11:-121735416 

17 AAACCAGAGGGCATGGAGGGTGG 1.3    4MMs [3:4:5:8]               chr16:+24461138  

18 AAGAAAGTGGTCATGGAGTGAGG 1.3     2MMs [11:19]                chr4:+126181104  

19 CAGAGAGCGAGCATGGAGGGCGG 1.3   4MMs [1:5:8:10]    NM_001004362 chr10:-78560360  

20 GAGTGAGTGAGCATGGAGGGGGG 1.3   4MMs [1:4:5:10]               chr8:+91567771   

21 AGGATAGAGAGCATGGAGGGCAG 1.3   4MMs [2:5:8:10]               chr5:+132505599  

22 AGAAAAGGGAGCATGGAGGGCAG 1.3   4MMs [2:3:8:10]               chr14:-122320136 

23 AAGAAAGGGCACATGGAGGGTGG 1.2    3MMs [8:10:11]               chr16:+5095317   

24 AAGAAAGTGAGCATGAAGGGGGG 1.1     2MMs [10:16]                chr11:-63441016  

25 AAGTAAGTGTGCCTGGAGGGGGG 1    3MMs [4:10:13]    NM_023739  chr4:+40924376   
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Supplementary Table 4. Top 25 predicted off-targets for sgPten

Supplementary Table 5. Top 25 predicted off-targets for sgApc

Off Target I.D. Sequence (20nt + PAM) Score Mismatches UCSC Gene Locus

1 CCTATCGATTTCTTTGATGATGG 2.5    3MMs [1:5:10]                chr1:-98296786   

2 AATACCGGTCTCTTTGATGATGG 1.4    4MMs [1:2:5:8]               chr10:+11506619  

3 TGTCACGATGTCTTTGATGAAGG 1.3   4MMs [1:2:4:10]               chr6:+110090640  

4 GCTTACGATGTATTTGATGATGG 1.2    3MMs [4:10:12]               chr1:-148546226  

5 GGTGACTTTCTCTTTGATGACAG 0.9    4MMs [2:4:7:8]               chr2:-42473425   

6 AGTAGCTATCTCTTTGATGAGAG 0.9    4MMs [1:2:5:7]               chr12:-8417198   

7 TGTAACAATGTCTTTGATGAAAG 0.9   4MMs [1:2:7:10]    NM_146253  chr2:+37283154   

8 ACTAACAATCTCTTTGGTGAGAG 0.9    3MMs [1:7:17]                chrX:-95318736   

9 GCTGACACTGTCTTTGATGATAG 0.9   4MMs [4:7:8:10]    NM_007410  chr3:+138114183  

10 ACTCATGTTCTCTTTGATGAAGG 0.8    4MMs [1:4:6:8]               chr17:-72348052  

11 AATACTGATCTCTTTGATGAAAG 0.8    4MMs [1:2:5:6]               chr4:+144606221  

12 AGTCATGATCTCTTTGATGATAG 0.8    4MMs [1:2:4:6]               chr13:-86124974  

13 TCTATGGATTTCTTTGATGAAAG 0.8   4MMs [1:5:6:10]               chr14:+120287042 

14 GCTAGAGCTATCTTTGATGACAG 0.7   4MMs [5:6:8:10]               chr12:+72133526  

15 GGAAACGATGGCTTTGATGACAG 0.7   4MMs [2:3:10:11]   NM_001079824 chr10:-62480284  

16 ACTCACGTTCTCTTTGGTGACAG 0.6   4MMs [1:4:8:17]               chr11:+23874780  

17 GGTTACGTTCTCTTTGCTGAGAG 0.6   4MMs [2:4:8:17]               chr11:+87251302  

18 CATAACGATTTCTTTGTTGAAAG 0.6   4MMs [1:2:10:17]              chr7:+68979715   

19 AATAACGGTCTCTTTGATCAGGG 0.5   4MMs [1:2:8:19]               chr18:+58177529  

20 GCTTAGTATATCTTTGATGAGGG 0.5   4MMs [4:6:7:10]               chr19:+29505877  

21 GCTAAAGACCACTTTGATGAAGG 0.5    3MMs [6:9:11]     NM_001170912 chr7:+116618495  

22 GCTAACTATCCCTTTGATGCTGG 0.5    3MMs [7:11:20]               chr3:-56236438   

23 GGTAATGAGATCTTTGATGATGG 0.5   4MMs [2:6:9:10]               chr10:-70527111  

24 GATAGCCATCTCTTTGATGTGAG 0.5   4MMs [2:5:7:20]               chr8:+45776715   

25 GCTACCAGTCTCTTTGATGGGAG 0.5   4MMs [5:7:8:20]               chr5:+51728529   

Off Target I.D. Sequence (20nt + PAM) Score Mismatches UCSC Gene Locus

1 GTCTTACCTCCCTTCACGTTCAG 1.4     3MMs [5:6:8]                chr10:-60270239  

2 GTCTGCCATGCCTTCACTTTGGG 1.4     2MMs [10:18]                chr8:+44149079   

3 GTCAGCATTTCCTTCACGTTGAG 0.9   4MMs [4:7:8:10]    NM_027493  chr14:+30797330  

4 TTCTCTGATCCCTTCACGTTCAG 0.6    4MMs [1:5:6:7]               chr4:-64804834   

5 GAGTGCCATACCTTCAGGTTGGG 0.6   4MMs [2:3:10:17]              chr5:+39162358   

6 CTCATCCATCCCTTCACGCTAGG 0.5   4MMs [1:4:5:19]               chr1:+92135983   

7 GGCTAGCATCCTTTCACGTTTGG 0.4   4MMs [2:5:6:12]    NM_028325  chrX:+33737427   
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Supplementary sequences

Reference sequences used for MiSeq Analysis of Nkx2.1, Pten, Apc and the top three 
predicted off-targets for each sgRNA. gRNA sequence and PAM sequence (or potential 
off-target 20bp sequence and potential PAM sequence) are highlighted in yellow and 
red, respectively.

> Nkx2.1 Reference Sequence (chr12:57635764-57636182) (419bp)

CATCCAACAAGATCGGCGTTAAGGTAACACCAGAATATTTGGCAAAGGGAGAAAAAA
AAAGTAGCGAGGCTTCGCCTTCCCCCTCTCCCTTTTTTTTTTCCTCCTCTTCCTTCC
TCCTCCAGCCGACGCCGAATCATGTCGATGAGTCCAAAGCACACGACTCCGTTCTC
AGTGTCTGACATCTTGAGTCCCCTGGAGGAAAGCTACAAGAAAGTGGGCATGGAG
GGCGGCGGCCTCGGGGCTCCGCTCGCAGCGTACAGACAGGGCCAGGCGGCCCC
ACCGGCCGCGGCCATGCAGCAGCACGCCGTGGGGCACCACGGCGCCGTCACCG
CCGCCTACCACATGACGGCGGCGGGGGTGCCCCAGCTCTCGCACTCCGCCGTGG
GGGGCTACTGCAACGGCAACCTGGGCAACATGAG 

> Pten Reference Sequence (chr19:32832846+32833190) (345bp)

GAGCCATTTCCATCCTGCAGAAGAAGCCTCGCCACCAGCAGCTTCTGCCATCTCTC
TCCTCCTTTTTCTTCAGCCACAGGCTCCCAGACATGACAGCCATCATCAAAGAGATC
GTTAGCAGAAACAAAAGGAGATATCAAGAGGATGGATTCGACTTAGACTTGACCTGT
ATCCATTTCTGCGGCTGTTCCTCTTTGCTTTTCTGTCACTCTGATAACGTGGGAGTA

8 GTTTGACATTACTTCACGTTAAG 0.4   4MMs [3:6:10:11]              chr8:+39623910   

9 GCCTGGCATTCCTTCATGTTAGG 0.3   4MMs [2:6:10:17]   NM_001033293 chr2:-25217737   

10 GTTTGGCATTCCTTCATGTTGGG 0.3   4MMs [3:6:10:17]   NM_133167  chr15:-84101558  

11 TTCTGCCATGTCTTCAAGTTGGG 0.3  4MMs [1:10:11:17]              chr11:-22688151  

12 ATATGCCATCGCTTCACGATCAG 0.3   4MMs [1:3:11:19]              chr10:-117471455 

13 GTCTGCCAGCCCTTCAGGTAGAG 0.3    3MMs [9:17:20]               chr11:-22189861  

14 ATCTGCCTTCCCTTCAAGTACAG 0.3   4MMs [1:8:17:20]              chr12:-10429050  

15 GTCTGTACTCCCTTCACGTGGGG 0.3   4MMs [6:7:8:20]               chr11:+10271639  

16 GTATGCCATACTTTCATGTTGAG 0.3  4MMs [3:10:12:17]              chr8:-111960439  

17 GCCTGTTATCCCTTCAAGTTTAG 0.3   4MMs [2:6:7:17]               chr10:+122298126 

18 ATCTGTGATCCCATCACGTTTGG 0.2   4MMs [1:6:7:13]               chr5:+130464081  

19 GACTGCAGTCCCTTCACCTTTGG 0.2   4MMs [2:7:8:18]               chr12:-70637219  

20 GGCTGCTTTCCCTTCACTTTCAG 0.2   4MMs [2:7:8:18]               chr9:-45088057   

21 TTCTGACATCTCTTCAGGTTTAG 0.2   4MMs [1:6:11:17]              chr8:-92427843   

22 GTCTCCCATGCCATCAAGTTAGG 0.2  4MMs [5:10:13:17]              chr6:-16030290   

23 CTCTTCCATCCCTTCATGGTGGG 0.2   4MMs [1:5:17:19]              chr15:+75367728  

24 CTCTTCCATCCCTTCATGGTGGG 0.2   4MMs [1:5:17:19]              chr15:+75295342  

25 GGCTTCCATCCCTTCAGGGTGAG 0.2   4MMs [2:5:17:19]              chr12:-5215121   
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GACGGATGCGAAAAATTTCTGTAGTTGGGGTGACTATAACGTTTAATTCTGGGCGCA
TTTCTAGATCGTGCATATTGTGTCTCTTCCAGTGTATTCAACCTAGGGAGTGTTCGG
CTAG 

> Apc Reference Sequence (chr18:34471778+34472077) (300bp)

AAGACCAGGAAGCCTTGTGGGACATGGGGGCAGTGAGCATGCTCAAGAACCTCAT
TCATTCCAAGCACAAAATGATTGCCATGGGAAGTGCAGCAGCTTTAAGGAATCTCAT
GGCAAACAGACCTGCAAAGTATAAGGATGCCAATATCATGTCTCCCGGCTCAAGTCT
GCCATCCCTTCACGTTAGGAAACAGAAAGCTCTAGAAGCTGAGCTAGATGCTCAGC
ATTTATCAGAAACCTTCGACAACATTGACAACCTAAGTCCCAAGGCCTCTCACCGGA
GTAAGCAGAGACACAAGC 

> Nkx2.1-OT.1 (chrX:131618130+131618500) (371bp)

AAGACAGGCTTCTGGCAACAGCCTCGTGGACTGATCTGGAGAACTCAGATATTTCA
AGAAGCTACTAGTGGTGCCTGGCACAGAACAATTCCTCCGTGTGTATGCTTGCAAA
GATGACAAGCATTGTCCTCCCAAACATCAAACAACATACAGTCATCAAATCCCGCCC
TCCATGCCCACTTTAAGGACAGAGGTGAAGTAGCCTGCCCAGGACACCATAGCAG
GTCAAAACCAGAGCCTCATTCATGGCTTTGTTCTCCACAAACAGTGGCTTTCTCCTA
TAGAGCATGGACTTAGTTTGGTTAGAGTGACGTCACAGTATTCGCTGAAGCTCAGG
GACCAGCCAGGATCTGACTGGGCAGAGGATCCAA 

> Nkx2.1-OT.2 (chr4:89481779+89482228) (450bp)

TGTTTTCCTGTCTGTGTGCATAGTAAAACGACATATTCAATAACAAAAGCCAATTGTAT
CCCAAGTATGCTTATCCAATTATGCATACATCTATACAATTTGCATTATATTGATGATCA
TAATGTGCTATTTAAGAAAGTGGCCATGGAGGTGGGATTGCTTGCCCCCATCAGCCA
TCTTTGATCCAAGTATGCTTCTTTTAGTGTCCTCCAAGATCACTTGTATTAGAATAGGT
TGGCTCTGATAACTGCTAAATAGGAGGGAAGAAAACAAGAAAACAAAGTCAAATCAA
CACCACTGTGTCCTTGAGACTAGCTAGCTGGTAAACCATTTCTGATAGATATTATTGT
TTATCCTGTGATATAAATGTCTTTGTAGTGAGGGATGGGAGTTAACAGTTCAACCCCA
GAAAGCTCATCCATGGTGGAGCTGCTCTCATCCGAAGCTCAC 

> Nkx2.1-OT.3 (chr9:63652050+63652590) (541bp)

GTCCCCAGTGACATGCTGAAGGCACAGCAAGAGAATGGTCTGTCATCCAGTCAGC
AGAGCAGGTACCAACCACATGGACTAGGTCCAGTCAAAGCACCTTGCCTCTCAACT
AATATGTTTATGTCAACCCAGCAAGAGGAGACCATGGCTCAGGCAAGGAAGGAAAG
AACTAAGAAAATGTATACATGCTCACAAGACATGAGGAAGACAGACAGACAGACAGA
TAGATGTTATTATTGCTGCCCCTCCCTCCATGCACATTTTCATCAATATCAGTTATGAA
CACAGCACATGGGCACAGGGCTCTAACCCATGTCTTCCAGTCCATGTGGTGTTCCT
TTTATGTCACATGCATTCTATGAGGCTGAGTTGTGAACACCAGGAGTCACAGTCTGT
CTGTCTGTCTGTTACCTGTCTGTCTGCCCACTCCCCTTTCTCTGAGACAAGGTCTG
TGTGTGTCTCTCTGTGTCTCTGTCTCTTGATCTCTGTCTTTCTCTCATTCTCTAAGAC
AAGGGCCTCACTATGTAGCCCTGGCTGTCCT 
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> Pten-OT.1 (chr1:98296490+98297140) (651bp)

CCTGGGAGTCACCATACCATGTGCATAATAGAATCGAAATGAATCATTTTCAAGTGAC
ACAAAAGACAATCGTATGTGGATATTGATGATTAAAACATAATAATAATAGCTAACTAGT
TTTCCTAAGCAAATAGAATAATGAGATTTCAAGAGAAAGACAAGGCATGGTAAAAAAC
ATTTTCCTAAATTTATATGTTCTTAATTCCAAACAAAACTCTAGAAAATCTTTAAGGGAA
ACTAATATTTAATTTAGTTAGTTAGTTTGTTTGTTTGTAAATGAAAATATTGAGATAGTG
GTTGACCATCATCAAAGAAATCGATAGGCTCATCTTTTATTTTCTCCGTTAATTTAATT
ATTATTTTGACATCCCAATCTTTGCCCTCCCCCCAGTCTCCCTCCTTGCCAGAGTCC
CTCCTTTTAGCCTTCCCCCATATCTCCCCATAAGATAACTTAGCCACTGTCTTTTGTC
CTGTCTCTTTTTTTCTTTCTTTTATATCTCTTTCTTTCAATCTCTCATTTTCCTTTCTTC
CTTCCCTCCTCCCTTCTTTCTTTTCTGCTTCCTTTTATTTTGTGGATTTAGCGTGTCT
GAAACTCTCTATTAAGACAAGATTGGTCTCAAGTCTACAGAGATCTGCCTTTTGCCT
CACTGG 

> Pten-OT.2 (chr10:11506417+11506902) (486bp)

AGATGAAACCCTGGAGCAGCTTGGAGTCTGATTGAAGAGCCAAGATAATGAAAATG
ACTCTGCTTTTATTGGTCCCTGTAGGGCATGATCATGTGGTGGGAAATCCTGCCTGA
GGTCTAAGGAGAAGAACTAAGGGATAATTGAATTGCCCTTGACAGTAGCTTTAGAAA
ACCTGAATAGATCTTCCACATATAGCCATCTAAAAATACCGGTCTCTTTGATGATGGA
GGGCCCAATGTTAATTGTTTCCTATCTAGTCATTTCATTTATTAGTTCTTAGTAAAACC
AAAGAGCTGTCATACAATCAAATTTGTATGAAGGGCTCCTATCAGGCACCGAAGTCA
CTGCCTTTTTGAGCTCTAAATGAAAAATAAACTGTCTTCAAGACCCTTTGCAGTGAG
AACTGTGCTGGCAATGGAGCTTATTTTATGAAAACATCTACTCAGAGAAATGCTATTT
CTTTTATAAGGAGTCCCCATCCCTTCA

> Pten-OT.3 (chr6:110090414+110090889) (476bp)

GAAGCCCGGTCTTTGGTGTAGAGGTATTGATGATATAGGAACATTAAGAGTGAAACA
GCTTAGCTGGAAAAATTAAGCCTTTGTAGGTAGTGATGTTTAAAGGGATTAAAGCTTC
TCTTCTAACATCAGATCTTTCAAGTACAAGTTGTCATCAAAGAGGGAACCAGTTCCT
CCATAGTCTCTGCCTTGTCATCTCACTGTGAGATCCTCCCTTCTTCCTTGTATCCCT
GTCACGATGTCTTTGATGAAGGTAAAATGCAGATGGGAGGACCCTCATCAAAGGCT
GTGCAGTGAAACTACACAACCTTACCTTGGAGTTTCATTATCCAGAATGGTTAGGAA
ATAAACTCTTTTTAAATGATTATTATTGGTAAAACCACAGATTTAAATATTTAGTTAGCA
ACAGAAAATGTAATTATGCATTAACCTATTAAAATGATTTTGTTATAAGTACATATGTTA
CCCGTTCTGCCACC

> Apc-OT.1 (chr10:60270103+60270580) (478bp)

AGCTAAGCTGCTTCTGCTCCAGACCACCCAGAAGGACAACTCAAACCCCCCAAGC
TTCTGTGTCCTGCCTACGCCCAGGCTGATGCTGCAAGGCTCTGCCCCACTGGGCT
CCTGGTTCCATCCACAAGGCAGAGCTGAGCTCTGAACGTGAAGGGAGGTAAGACC
GTCTGGGAGCTTCTGGCTTGAGTCTGGGTAGCACTGGGAATCCACACTGTGAAAA
AGCTTACAGGTGACAAGGACAGAGATGCTCTAAGGAGGTCCCAGCTGAATTCCAGC
GTCCCTCCGCTTTCCCAAGCACCAGCTTCCCAGAGAGCTAGAGTCCTGGACCGCA
AGCACATACACACCATGTGGTATAAAAAGAACTCTTTTCAAAAGCAGTCCCCAAGGG
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TGGGGGGAAGGGAGGTCGATGAGAAAGGAGCCAGGGGGACAATAGTGAATAGAG
TTAGGATTATTTCCTGAACTCTGACTCCTCGTGGGA

> Apc-OT.2 (chr8:44148887+44149371) (485bp)

GCTTTACATGAGGGTGGCCTCCAGGTTCCTTCCCTGTGTGAGTTCCTGTCCCGACT
TCCTTCAATGATGAACTGTGATGTGAAAGCATAAGCCACATAAACCCTTTCCTCTCC
GAGTTGGTTTGTTTGGTCATGGTGCTTCATCAGAGCAATATTAACCCTAACTCAGATA
AGACCCAATCAATATGCAAAAAAGTCTGCCATGCCTTCACTTTGGGATTTGAAAACA
GGGTAAACTAGCATACTACATGGCTTGATATCCTAGCCCAGAGCAATTTCAAATGTAA
TCATTCTTCATTCATAAAGAAAATATTATATTGAATTTTATTAAGTATTGCTATTTCATCA
TGTTTGACCTATTAAAATAGCTATTTCTAAGATTTACCCTTATGACTCTGTGTTTCTACA
AAGCCATGGCAAATATATTAATAAATAACTTTGTACTGCATAGTATTTGTGGCGAAATG
GAGCCACTTCCAATGAGCA

> Apc-OT.3 (chr14:30797100+30797625) (526bp)

GATGCTACTTGCCGATGGGAGCTATCTATCCATTGATGGATGCATTGTAGCATGCCTT
GTTGGTTTCTCTTTTCACTAAATAGTTTGTACTAATGATCTCTCATTTCTCTCTCCAGA
AACCTGAAAGTAATGAACAAAGACAAAATGGCCTTAAAATGGTGGACCAGGCAATAT
GGTCTAAAAAGATGTCAAACGGTACAAGGCGGATCCCTGTGTCACCAGAACAGGTT
CGGTCAGCATTTCCTTCACGTTGAGTATTTTTCCACTTCTCTCGATATAGCTGTGTGT
TGCGTGATGATGGGATGTGTCATACATCCCTGGAGGAGTTTGTGGTCCATACAGTA
GTGCCTATGACAGAAGACAAACTACTGCATCTTCTGCACACCTGGGCTCTATGGCCT
AGCCCTATTGCTCCAGCCTCCACAAGTAAACAGTATGTCACTATGCAGAATTCTGTA
CCCAGCATTGTCACAAATATGTTCGTATACGTAACACTTAAAACAAAATAGCGTAGGG
ACTGCAGAGT
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ABSTRACT

The goal of precision oncology is to tailor present and future cancer therapies to specific 

patients based on the systematic genomic assessment of their tumors. Therefore, large-

scale cancer genome sequencing efforts represent an important first step towards 

achieving this goal. Such studies have unveiled recurrent mutations in KEAP1 - the 

main negative regulator of the NRF2 transcription factor - in approximately 20-30% of all 

lung cancer patients, and in ~ 20% of KRAS-mutant lung adenocarcinoma patients. 

Despite the fact that there is ample evidence suggesting that hyperactivation of the 

NRF2 pathway plays an important tumor-supporting role in multiple cancer types, 

including lung cancer and pancreatic cancer, targeted therapies that specifically target 

this patient subpopulation are currently lacking. To discover novel genetic dependencies 

that are uniquely essential for cancers harboring Keap1 mutations, we established and 

employed a novel CRISPR-Cas9-based experimental pipeline that allows for the 

systematic interrogation of cancer cell lines harboring mutations frequently observed in 

human cancer. These studies have led to the identification of multiple Keap1-mutant 

synthetic lethal candidates, including several canonical transcriptional targets of NRF2 

and multiple genes involved in glutathione synthesis and utilization, as well as NADPH 

production. Our results demonstrate the power of CRISPR-based genetic screens for 

uncovering novel genetic dependencies, such as synthetic lethal interactions, in the 

context of clinically relevant cancer-associated genotypes. Furthermore, our data lends 

strong support to efforts aimed at directly or indirectly targeting the NRF2 antioxidant 

pathway in the context of KRAS-mutant lung adenocarcinoma - a lethal subtype for 

which new targeted therapies are desperately needed.
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INTRODUCTION

The goal of precision oncology is to tailor present and future cancer therapies to specific 

patients based on the systematic genomic assessment of their tumors (Roychowdhury 

and Chinnaiyan 2014). Therefore, large-scale cancer genome sequencing efforts, such 

as the ones described extensively in Part III of the introduction, represent an important 

first step towards achieving this goal. Such studies have identified KEAP1, the main 

negative regulator of NFE2L2 (which encodes for the NRF2 transcription factor), to be 

mutated in approximately 20-30% of all lung cancers, with loss of function mutations 

located predominantly within the NRF2 binding domains (see Figures 3 and 5 of Part 

IV of the introduction) (LUAD TCGA 2014, Hammerman et al., 2012). The pleiotropic 

NRF2 transcription factor is the master regulator of the cellular antioxidant response, 

regulating a large repertoire of genes that coordinate multiple cytoprotective pathways, 

including glutathione (GSH) synthesis and conjugation, thioredoxin (TXN) synthesis and 

utilization, drug detoxification, and NADPH synthesis, among others (reviewed in Suzuki 

and Yamamoto 2015). Inactivating mutations in KEAP1 have been shown to result in 

constitutive NRF2 activity and activation of the oxidative stress response pathway in 

cancer cells (Padmanabhan et al., 2006, Singh et al., 2006, Ohta et al., 2008, LUAD 

TCGA 2014, Hammerman et al., 2012). In addition to KEAP1 mutations, NFE2L2 has 

been shown to be mutated in a significant fraction of all lung cancers, including 

squamous cancers of the lung (~ 19%) and lung adenocarcinomas (~ 3%) (LUAD TCGA 

2014, Hammerman et al., 2012). Remarkably, these mutations are almost invariably 

found in functionally important domains of the NRF2 protein, including the KEAP1-

interacting DLG and ETGE domains, through which KEAP1 exerts its negative 
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regulation (see Figures 3-5 of Part IV of the introduction) (Shibata et al., 2008a, LUAD 

TCGA 2014, Hammerman et al., 2012). These studies strongly suggest that 

hyperactivation of the NRF2 antioxidant program via loss of function mutations in 

KEAP1 or gain of function mutations in NFE2L2 can have major oncogenic properties in 

the context of lung cancer tumorigenesis and progression. Indeed, multiple studies over 

the last few years have demonstrated that hyperactivation of the NRF2 antioxidant 

program (in the presence or absence of somatic mutations) can promote several 

aspects of the cancer phenotype. For example, DeNicola et al. recently demonstrated 

that potent oncogenes, including KrasG12D, BrafV619E, and Myc can trigger a substantial 

transcriptional induction of the Nfe2l2 gene, which in turn promotes ROS detoxification 

and cellular survival in conditions of high oxidative stress (DeNicola et al., 2011). 

Furthermore, DeNicola et al. demonstrated that genetic inactivation of Nfe2l2 in GEMMs 

of pancreatic adenocarcinoma and lung adenocarcinoma substantially impairs the 

malignant phenotype (DeNicola et al., 2011). NRF2 was also recently shown to play a 

critical role in promoting multiple anabolic pathways in cancer cells by transcriptionally 

activating a repertoire of genes involved in the pentose phosphate pathway (PPP), de 

novo nucleotide biosynthesis pathway, and NADPH production (Mitsuishi et al., 2012b). 

In addition, recent evidence indicates that the GSH and TXN antioxidant pathways 

(which are controlled by NRF2) play a critical role in supporting tumor initiation and 

progression in GEMMs of breast cancer and sarcoma (Harris et al., 2015). Collectively, 

these and other contemporary studies (Sayin et al., 2014, DeNicola et al., 2015, and 

Piskounova et al., 2015) have convincingly demonstrated that the NRF2 antioxidant 

program and cellular antioxidants in general can play a major role in promoting several 
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aspects of the cancer phenotype. Of direct relevance to this thesis, approximately 20% 

of lung adenocarcinoma patients that harbor oncogenic KRAS mutations concomitantly 

harbor loss of function mutations in KEAP1, implicating the importance of the oxidative 

stress response pathway in the initiation and/or maintenance of this tumor type (see 

Figure 2 of Part III of the introduction) (LUAD TCGA 2014). The high frequency of 

mutation of genes in the Keap1-Nrf2 pathway makes it an attractive target for therapy in 

lung cancer and other cancer types that exhibit hyperactivation of NRF2. Despite the 

fact that this is well acknowledged by the cancer research community, effective 

therapies that specifically target the subpopulation of human patients whose tumors 

harbor hyperactivation of the NRF2 pathway are currently lacking.

To functionally discover novel genetic dependencies that are uniquely important for 

cancers harboring hyperactivation of the NRF2 pathway, we have established a novel 

CRISPR-Cas9-based experimental pipeline that allows for the systematic interrogation 

of cancer cell lines harboring mutations frequently observed in human cancer (Figure 

1A). We have employed this pipeline for the discovery of novel genetic dependencies in 

KEAP1-mutant lung adenocarcinoma by performing focused CRISPR-based synthetic 

lethal screens in murine isogenic KrasG12D/+;p53∆/∆ (KP) and KrasG12D/+;p53∆/∆ ;Keap1∆/∆ 

(KPK) cell lines. These studies have led to the identification of multiple Keap1-mutant 

synthetic lethal candidates, including several bona fide transcriptional targets of Nrf2 

and genes involved in glutathione synthesis and utilization, as well as NADPH 

production. Our results demonstrate the power of CRISPR-based genetic screens for 

uncovering novel genetic dependencies, such as synthetic lethal interactions, in the 

context of clinically relevant cancer-associated genotypes. Furthermore, our data lends 
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Figure 1: Uncovering genotype-specific vulnerabilities using CRISPR-Cas9. (a) Scheme for our 

experimental approach. Isogenic KP cell lines engineered to contain clinically-relevant mutations are 

systematically interrogated using CRISPR-Cas9 to uncover genotype-specific vulnerabilities, which can 

subsequently be validated in vivo using pre-clinical GEMMs of lung adenocarcinoma. (b) Generation of 

isogenic KP and KPK cell lines using CRISPR-Cas9. Engineered isogenic cell lines were subsequently 

transduced with a lentiviral vector that expresses Cas9. (c-e) Validation of KPK cell lines. KPK cell lines 

show evidence of hyperactivation of the Nrf2 pathway, as gauged by the substantial transcriptional 

induction of (c) Gclc, (d) Nqo1, and (e) Hmox1. Data represent the mean ± S.E.M, n=3. Statistics were 

calculated with two-sided Student’s t-test: ***P < 0.001, ****P < 0.0001.
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strong support to efforts aimed at directly or indirectly targeting the Nrf2 antioxidant 

pathway in the context of Kras-mutant lung adenocarcinoma - a lethal subtype for which 

new targeted therapies are desperately needed.

RESULTS

Uncovering genotype-specific vulnerabilities using CRISPR-Cas9

We have taken a two-tiered CRISPR-based approach for systematically identifying 

genes that are selectively required for the proliferation and survival of Keap1-mutant 

lung adenocarcinoma cell lines (Figure 1A). Building on cell lines derived from the well 

studied KP GEMM of lung adenocarcinoma, we have engineered a panel of isogenic 

tumor cell lines harboring either KrasG12D/+;p53∆/∆ (KP) or KrasG12D/+;p53∆/∆ ;Keap1∆/∆ 

(KPK) mutant genotypes using the CRISPR-Cas9 system (Figure 1B). Importantly, we 

have demonstrated that the Nrf2 pathway is hyperactivated in these cells, as gauged by 

the substantial transcriptional induction of Gclc, Nqo1, and Hmox1 - all of which are 

canonical Nrf2 transcriptional targets (Suzuki and Yamamoto 2015) (Figure 1C-E). In 

addition, these KPK cell lines have increased Nrf2 levels and are highly resistant to 

multiple inducers of oxidative stress, including dimethyl fumarate (DMF) (R.R., 

unpublished observations). Collectively, these results indicate that this pair of KP and 

KPK isogenic cell lines represent an excellent model in which to study the 

consequences of hyperactivation of the Nrf2 pathway, as well as to uncover potential 

unique vulnerabilities in this biological setting.
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A novel sgRNA library targeting the Druggable Genome

To identify potential genetic dependencies in KPK cell lines, we designed a custom 

library of ~ 12,000 sgRNAs targeting ~ 2,000 “druggable” genes (at ~ 6 sgRNAs/gene), 

as well as 500 non-targeting control sgRNAs, which we refer to as the “Druggable 

Genome” library (Figure 2A). This library was designed by implementing the recently 

described Broad Institute sgRNA Designer algorithm (Doench et al., 2014; also refer to 

the Methods section). We employed Gibson cloning to assemble the pool of ~ 12,500 

sgRNAs into pUSCG, a novel lentiviral vector developed in-house that co-expresses an 

sgRNA and GFP (Figure 2B). To ensure that our batch-cloning protocol of sgRNAs into 

pUSCG was efficient, we performed high-throughput sequencing of the plasmid libraries 

(Figure 2C). Notably, 100% of the sgRNA sequences were present at an adequate 

representation, and > 98% of the sgRNAs were within a 5-fold range of the mean (log2 

counts), demonstrating that the ~ 12,000 sgRNAs were similarly represented in the 

library (Figure 2C). To carry out CRISPR-based screens in isogenic KP and KPK cell 

lines, we infected Cas9-expressing cells with the Druggable Genome library at a low 

MOI (~ 0.3; titrated using the GFP reporter built into pUSCG; see Methods) to ensure a 

single viral integration per cell (Figure 2D). 

CRISPR screens to uncover novel drug targets in Keap1-mutant lung 

adenocarcinoma

To ensure that our screening conditions would allow for accurate detection of 

consistently depleted sgRNAs over time with high sensitivity, we maintained an optimal 

coverage of ~ 1,000X at every step of the screen. Therefore, each replicate of the 
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Figure 2: A novel sgRNA library targeting the Druggable Genome. (a) Left: sgRNA content and 

coverage of the Druggable Genome library. Right: Distribution of protein categories within the 

Druggable Genome library. (b) Top: pUSCG (U6-sgRNA-CMV-GFP) lentiviral vector. Bottom: Strategy of 

sgRNA library construction and cloning into pUSCG. (c) Histogram of sgRNA representation in the 
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(log2 counts). (d) Representative example of flow cytometric analysis of cells infected with the 

Druggable Genome sgRNA library.

254



screen consisted of a minimum of ~ 12 million cells at every step of the screen (12,000 

sgRNAs vs 1,000X coverage). Importantly, to address the possibility that a subset of 

targets could be selectively required in the context of whole organism physiology and 

the presence of an intact immune system, we also carried out pooled screens in vivo 

utilizing subcutaneous transplantation into immunocompetent C57BL/6JN mice. 

Therefore, the Druggable Genome screens presented here consisted of a total of 18 

samples: 6 early in vitro samples (3 independent infections per isogenic cell line), 6 final 

in vitro samples (harvested after ~ 20 cumulative population doublings), and 6 final in 

vivo samples (3 per isogenic cell line, subcutaneously injected on Day 0 of the screen 

and harvested on the same day as the late/final in vitro samples) (see Figure 3A for 

experimental scheme of the screen). For screen deconvolution by high-throughput 

sequencing, we employed a nested-PCR strategy to amplify the integrated sgRNAs 

from the genomic DNA isolated from all samples (Figure 3B and Methods section). 

Independent screen replicates are very well correlated

To assess the quality of the screens and determine whether any sgRNAs were enriching 

or depleting throughout the screen, we analyzed the correlation between the log2 

normalized sequencing counts among all independent replicate samples from both in 

vitro and in vivo screens (Figures 4-5). Importantly, the correlation between multiple 

independent early/input in vitro replicates was excellent, with correlation values ranging 

from r = 0.94 - 0.96 (Figure 4). This indicates that all independent viral transductions 

were highly consistent, which suggests that the sgRNA library was consistently and 

appropriately represented among all independent technical replicates from both KP and 
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Figure 4: Early independent technical replicates are very well correlated. Top: Scatter plots of log2 

normalized read counts between multiple independent early/input KP infection replicates. Bottom: 

Scatter plots of log2 normalized read counts between multiple independent early/input KPK infection 

replicates. This data suggests that the Druggable Genome library was equally and consistently 

represented among multiple independent infection replicates. Red dots correspond to the internal set of 

500 control sgRNAs.
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KPK arms of the screen. Similarly, the correlation between multiple independent late/

final in vitro samples was very good, with correlation values ranging from r = 0.67 - 0.76 

(Figure 5A-B). Perhaps not surprisingly, the correlation between multiple independent 

final in vivo samples was lower than their in vitro counterparts, with correlation values 

ranging from r = 0.52 - 0.71 (Figure 5C-D). Nevertheless, the fact that some of the in 

vivo replicates had correlation values in a similar range to their in vitro counterparts 

suggests that complex libraries of up to ~ 12,000 reagents can be moderately 

represented in the in vivo setting. 

Interestingly, when we compared multiple early/input in vitro replicates with their 

corresponding late/final replicates, we observed that the correlation values were 

remarkably decent (but still markedly lower than the early/input vs early/input correlation 

values), with values ranging from r = 0.81 - 0.84 (Figure 6A-B), which suggests at least 

four things: 1) the experimental variability within a given technical replicate set was 

lower than between different technical replicates; 2) sgRNA molecules did not just 

randomly drift throughout the screen (if this was the case, the correlation values would 

be very poor); 3) the Druggable Genome library does not merely consist of sgRNAs 

targeting essential genes; and 4) a relatively small number of sgRNAs are undergoing 

enrichment or depletion during the course of the experiment. Evidence for the latter 

comes from the fact that the set of 500 internal control sgRNAs remained tightly 

correlated (red dots in Figures 4-6), demonstrating that the changes observed in the 

distribution of non-control sgRNAs were not due to random sgRNA fluctuations due to 

experimental artifacts (such as improper passaging of the cells in vitro). Indeed, 

populations of cells from both arms of the screen proliferated identically within technical 

258



0 5 10 15 20
0

5

10

15

20

KPK-1 vs KPK-2

KPK-1 In Vitro Final

K
P

K
-2

 In
 V

itr
o 

Fi
na

l

r=0.67

0 5 10 15 20
0

5

10

15

20

KPK-1 vs KPK-3

KPK-1 In Vitro Final

K
P

K
-3

 In
 V

itr
o 

Fi
na

l
r=0.68

0 5 10 15 20
0

5

10

15

20

KPK-2 vs KPK-3

KPK-2 In Vitro Final

K
P

K
-3

 In
 V

itr
o 

Fi
na

l

r=0.70

0 5 10 15 20
0

5

10

15

20

KP-1 vs KP-2

KP-1 In Vitro Final

K
P

-2
 In

 V
itr

o 
Fi

na
l

r=0.74

0 5 10 15 20
0

5

10

15

20

KP-1 vs KP-3

KP-1 In Vitro Final

K
P

-3
 In

 V
itr

o 
Fi

na
l

r=0.73

0 5 10 15 20
0

5

10

15

20

KP-2 vs KP-3

KP-2 In Vitro Final

K
P

-3
 In

 V
itr

o 
Fi

na
l

r=0.76

a

b

0 5 10 15 20 25
0

5

10

15

20

KPK-1 In Vivo vs KPK-2 In Vivo

KPK-1 in vivo

K
P

K
-2

 in
 v

iv
o

0 5 10 15 20 25
0

5

10

15

20

KPK-1 In Vivo vs KPK-3 In Vivo

KPK-1 in vivo

K
P

K
-3

 in
 v

iv
o

0 5 10 15 20
0

5

10

15

20

KPK-2 In Vivo vs KPK-3 In Vivo

KPK-2 in vivo

K
P

K
-3

 in
 v

iv
o

r=0.60 r=0.64 r=0.71

0 5 10 15 20
0

5

10

15

20

25

KP-1 In Vivo vs KP-2 In Vivo

KP-1 in vivo

K
P

-2
 in

 v
iv

o

0 5 10 15 20
0

5

10

15

20

KP-1 In Vivo vs KP-3 In Vivo

KP-1 in vivo

K
P

-3
 in

 v
iv

o

0 5 10 15 20 25
0

5

10

15

20

KP-2 In Vivo vs KP-3 In Vivo

KP-2 in vivo

K
P

-3
 in

 v
iv

o
r=0.53 r=0.52 r=0.52

c

d

Figure 5: Late/final in vitro samples and in vivo samples are very well correlated. (a-b) Scatter 

plots of log2 normalized read counts between multiple independent late/final KP (a) and KPK (b) in vitro 

samples. (c-d) Scatter plots of log2 normalized read counts between multiple independent KP (c) and 

KPK (d) in vivo samples. Red dots correspond to the internal set of 500 control sgRNAs.
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Figure 6: Control sgRNAs remain largely unchanged throughout the screens. (a-b) Scatter plots of 

log2 normalized read counts between matched (Final vs Early) KP (a) and KPK (b) in vitro samples. (c-

d) Scatter plots of log2 normalized read counts between matched (Final in vivo vs Early) KP (c) and KPK 

(d) in vivo samples. Red dots correspond to the internal set of 500 control sgRNAs.
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replicates (see Methods). Similarly, when we compared multiple in vivo replicates with 

their corresponding early/input in vitro replicates, we observed that the correlation 

values were also decent, with values ranging from r = 0.66 - 0.81, suggesting, again, 

that intra-replicate variability was significantly lower than inter-replicate variability 

(Figure 6C-D). Remarkably, control sgRNAs also remained largely unchanged in the in 

vivo setting, confirming once again that complex libraries can be represented in this in 

vivo context. As an additional quality control metric, correlation plots generated using 

the median log2 sgRNA values calculated across independent technical replicates from 

both KP and KPK in vitro screens have excellent correlation values (r = 0.88 and 0.89, 

respectively) and clearly show minimal variation of all 500 control sgRNAs (Figure 7). 

Collectively, this data indicates that the technical quality of these genetic screens was 

excellent.

CRISPR screens reveal multiple known tumor suppressor genes and growth 

promoting genes

We employed a multi-pronged bioinformatic approach to identify gene candidates that 

were acting as tumor suppressors or growth promoters in both KP and KPK cells. To 

account for any possible biological noise inherent to these CRISPR screens, we utilized 

a form of Blind-Source Separation commonly known as Independent Component 

Analysis (ICA) (Bhutkar et al., 2015). The main advantage of this analysis is that it has 

the ability to distinguish the true signal among the noise, and it can also isolate gene 

signatures that reflect significant changes between conditions. When we applied ICA to 
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Figure 7: A subset of sgRNAs enrich or deplete throughout the course of the screen. Scatter plots 

of median log2 normalized read counts between Final and Early time points from KP (a) and KPK (b) 

screens demonstrate that control sgRNAs (red dots) remain largely unchanged throughout the screen 

whereas a subset of sgRNAs (black dots) appear to enrich or deplete throughout the screen. This data 

suggests that the technical quality of the screens was excellent, and that there is a small subset of 

potential biologically-relevant sgRNAs that are enriching or depleting during the course of both KP and 

KPK screens.
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the in vitro screens (by comparing the final representation of sgRNAs with the initial 

representation in the early/input samples), we uncovered one major independent 

component (IC1) for each independent screen that effectively separated the early/input 

samples from the final in vitro samples (Figure 8A, C). Remarkably, plotting the IC1 

signature z-scores derived from either KP or KPK screens (which reflects the extent of 

enrichment and depletion for all sgRNAs targeting a given gene when compared to its 

respective early/input time points) readily identified multiple known tumor suppressor 

genes and growth promoters (Figure 8B, D). sgRNAs targeting Ephrin type-A receptor 

2 (Epha2) and Tyrosine-protein phosphatase non-receptor type 12 (Ptpn12) were 

consistently enriched across multiple independent technical replicates in both KP and 

KPK screens (Figure 8E-F). On the other hand, sgRNAs targeting the mechanistic 

target of rapamycin (mTOR) serine/threonine-protein kinase were consistently depleted 

across multiple independent replicates in both KP and KPK screens (Figure 8G). 

Interestingly, Epha2 was recently demonstrated to be a potent tumor suppressor gene 

in vivo in KrasG12D-driven lung adenocarcinoma mouse models by Inder Verma’s group 

(Yeddula et al., 2015). Similarly, Ptpn12 was demonstrated to be a potent tumor 

suppressor gene in triple negative breast cancer by Thomas Westbrook, Stephen 

Elledge, and colleagues back in 2011 (Sun et al., 2011). On the other hand, mTOR is a 

well established positive regulator of cellular growth and it is known to play a major 

tumor supporting role across multiple types of human cancers (reviewed in Zoncu et al., 

2010). As an additional set of quality control metrics for each independent CRISPR 

screen, we performed gene set enrichment analysis (GSEA) (Subramanian et al., 2005) 

on both KP and KPK IC1 signatures and observed that gene sets composed of well 
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Figure 8: CRISPR screens reveal multiple known tumor suppressor genes and growth promoting 

genes. (a) Hinton diagram representation of ICA-derived signatures from the KP DNA sequencing 

dataset comprised of late/final in vitro and early/input samples. Columns denote signatures and rows 

denote samples. Colors denote relative directionality of gene representation (red = enrichment, green = 

depletion) and the size of each square represents the magnitude of the contribution of each sample to 

the respective individual component (IC). Each signature is two-sided. Vertical boxes denote statistically 

significant (p=0.01, Mann-Whitney test) ICs. IC1 identified a gene signature that significantly 

distinguishes the early/input samples from the final in vitro samples. (b) Waterfall plot of IC1 z-scores. 

Blue = significantly enriched genes. Red = significantly depleted genes. (c) Hinton diagram 

representation of ICA-derived signatures from the KPK DNA sequencing dataset comprised of late/final 

in vitro and early/input samples. IC1 identified a gene signature that significantly distinguishes the early/

input samples from the final in vitro samples. (d) Waterfall plot of IC1 z-scores. Blue = significantly 

enriched genes. Red = significantly depleted genes. (e-g) Bar graphs denoting the change in the 

abundance of individual sgRNAs targeting (e) Epha2, (f) Ptpn12, and (g) Mtor in both KP and KPK 

screens.
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described essential genes, such as those involved in tRNA biosynthesis, tRNA 

aminoacylation, and other classes of essential genes, were significantly down-regulated 

in both datasets (Figure 9). The fact that we successfully identified a number of well 

described tumor suppressor genes and growth promoters in a relatively unbiased way, 

and that they scored among the top gene candidates in both screens strongly supports 

the validity of our platform for uncovering novel cancer-associated genes, including 

those that counteract or promote multiple hallmarks of the cancer phenotype.

CRISPR screens uncover multiple putative Keap1-mutant synthetic lethal 

candidates

We employed two bioinformatic approaches - one at the level of individual genes and 

one at the level of gene sets - to determine whether our screens had uncovered any 

putative Keap1 mutant-specific genetic vulnerabilities. 

For gene-level analyses, we first computed a gene-level score (which we refer to as the 

Gene Score) by calculating the median log2 fold change in the abundance of all sgRNAs 

targeting a given gene during the culture period (early/input samples vs final samples) 

(Wang et al., 2014). We then computed a delta gene-level score between KPK and KP 

samples (which we refer to as the Differential Gene Score) by subtracting the KP Gene 

Score from the KPK Gene Score (Birsoy et al., 2015). A negative Differential Gene 

Score for a given gene suggests that the gene is a potential Keap1 mutant-specific 

genetic dependency. In other words, a negative KPK-KP Differential Gene Score would 

predict that genetic or pharmacological inactivation of the gene candidate would 

preferentially decrease the fitness of KPK cells. On the other hand, a positive 
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Figure 9: Gene set enrichment analysis (GSEA) of IC1 signatures from both KP and KPK screens 

corroborate the role of multiple known essential gene sets in both settings. (a-b) Multiple gene 

sets corresponding to (a) tRNA-related genes (n=3) and (b) house keeping genes (n=1) are 

substantially and equally depleted in both KP and KPK screens. The plot represents the normalized 

enrichment score (NES) against nominal p values (log) and the red line denotes threshold for 

significantly (p < 0.05) depleted gene sets. (c-j) Individual gene sets corresponding to tRNA-related 

gene sets (n=3) and house keeping genes (n=1) from KP (c-f) and KPK (g-j) screens used for 

generating the plots above. NES: normalized enrichment score. FDR: false discovery rate. 
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Differential Gene Score for a given gene suggests that the gene acts as a potential 

Keap1 mutant-specific tumor suppressor gene. In other words, a positive KPK-KP 

Differential Gene Score would predict that genetic or pharmacological inactivation of the 

gene candidate would preferentially increase the fitness of KPK cells. Neutral 

Differential Gene Scores suggest that the gene plays a similar role in both KP and KPK 

cells. To maximize the chances of identifying true synthetic lethal interactions with 

Keap1 mutation, we performed an additional filtering step to exclusively focus on genes 

for which the distribution of sgRNAs remained highly constant throughout the screen 

(see Methods). This analysis revealed multiple putative Keap1 mutant-specific genetic 

vulnerabilities (Figure 10-11). Remarkably, our gene-level approach identified at least 

two direct Nrf2 transcriptional targets (Fth1 and Gstp2) and at least two genes involved 

in the synthesis and utilization of glutathione (Gstp2 and Slc13a3) (Pietsch et al., 2003, 

Chanas et al., 2002, and Schorbach et al., 2013). In addition to these candidates, our 

analysis uncovered at least one protein tyrosine phosphatase (Ptprh) that is known to 

undergo oxidation-dependent conformational changes via reactive cysteine residues, as 

well as a metabolic enzyme (Pcx) whose suppression has been demonstrated to result 

in markedly reduced intracellular NADPH levels (Wälchli et al., 2005, Xu et al., 2008, 

Singh et al., 2008). Collectively, these results indicate that multiple putative Keap1 

mutant synthetic lethal candidates directly or indirectly converge on the Nrf2 antioxidant 

program and cellular antioxidant pathways in general, underscoring the validity of our 

approach for uncovering Keap1 mutant-specific genetic vulnerabilities. 

For gene set-level analyses, we performed GSEA on both KP and KPK IC1 signatures 

in order to determine whether any gene sets were preferentially depleted in one 
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particular genotype. Strikingly, while gene sets related to mTOR and cell cycle/

proliferation were equally depleted in both settings, as expected (Figure 12A-B), gene 

sets related to amino acid metabolism and the oncogenic Myc transcriptional network 

were significantly more depleted in KPK cells (Figure 12C-D). Notably, multiple studies 

over the last few years have demonstrated that the Nrf2 transcription factor can promote 

metabolic reprogramming to support anabolic pathways by redirecting glucose and 

glutamine metabolism via the concerted action of multiple direct Nrf2 transcriptional 

targets (Mitsuishi et al., 2012, Singh et al., 2013). Moreover, a recent study 

demonstrated that Nrf2 regulates genes encoding for key serine and glycine 

biosynthesis enzymes to support GSH and nucleotide biosynthesis (DeNicola., 2015). 

On the other hand, multiple studies have implicated the Myc transcription factor in 

promoting de novo synthesis of GSH and indirectly contributing to NADPH generation 

(David et al., 2010, Le et al., 2010). These results indicate that multiple gene sets, 

including those that contain genes involved in amino acid metabolism, as well as direct 

and indirect Myc transcriptional targets, might be highly informative for uncovering 

additional putative Keap1 mutant synthetic lethal candidates.

DISCUSSION

By employing a novel CRISPR-Cas9-based experimental pipeline that allows for the 

systematic interrogation of cancer cell lines harboring clinically relevant mutations, we 

have uncovered multiple putative Keap1-mutant synthetic lethal candidates and 

candidate gene sets, including multiple canonical transcriptional targets of Nrf2, as well 

as genes involved in glutathione synthesis and utilization, NADPH production, amino 
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Figure 11: Fth1 and Gstp2 are two Keap1-mutant synthetic lethal candidates. (a-b) Bar graphs 

denoting the change in the abundance of individual sgRNAs targeting (a) Fth1 and (b) Gstp2 in both KP 

and KPK screens.
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mTOR loss is analogous to Rapamycin treatment at the transcriptional level. Thus, genes 
repressed by mTOR loss are also repressed by Rapamycin. Elimination  of any of the core 
transcriptional targets can recapitulate certain aspects of the mTOR loss/Rapa treatment.
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mTOR loss is analogous to Rapamycin treatment at the transcriptional level. Thus, genes 
repressed by mTOR loss are also repressed by Rapamycin. Elimination  of any of the core 
transcriptional targets can recapitulate certain aspects of the mTOR loss/Rapa treatment.
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Figure 12: Gene set enrichment analysis (GSEA) of IC1 signatures from both KP and KPK 

screens uncovers multiple gene sets with Keap1-mutant synthetic lethal potential. (a-b) Gene 

sets corresponding to (a) mTOR-related genes (n=1) and (b) cell cycle/proliferation (n=1) are equally 

depleted in both KP and KPK screens. The plots on the left represent the normalized enrichment score 

(NES) against nominal p values (log) and the red line denotes threshold for significantly (p < 0.05) 

depleted gene sets. The plots on the right denote the individual gene sets used for the plots on the left 

(c-d) Multiple gene sets related to (c) amino acid metabolism (n=4) and (d) the oncogenic Myc 

transcriptional network (n=1) are significantly more depleted in KPK cells. The plots on the left represent 

the normalized enrichment score (NES) against nominal p values (log) and the red line denotes 

threshold for significantly (p < 0.05) depleted gene sets. The plots on the right denote representative 

examples of the individual gene sets used for the plots on the left. NES: normalized enrichment score. 

FDR: false discovery rate.
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acid metabolism, and the Myc transcriptional network. I will describe below the 

therapeutic implications of a select few of these gene candidates, emphasizing any 

known connections to the Nrf2 antioxidant program and cellular antioxidant pathways in 

general. 

Gstp2 and glutathione-mediated ROS detoxification

As discussed in Part IV of the introduction, GSH-mediated ROS detoxification plays a 

very important cytoprotective role in conditions of high oxidative stress. Gstp2, which is 

also a direct transcriptional target of Nrf2, encodes for glutathione S-transferase, pi 2 

(Chanas et al., 2002). GSTs play a critical role in this pathway by means of directly 

conjugating GSH to ROS for the purposes of ROS detoxification (see Figure 1 from 

Part IV of the introduction). Therefore, loss of function of a critical GST is expected to 

have a negative impact in GSH-mediated ROS detoxification and the overall ability of a 

cell to deal with high levels of oxidative stress. That Gstp2 is within the top 20 Keap1-

mutant synthetic lethal candidates certainly warrants further investigation, given recent 

work from Tak Mak’s group demonstrating the importance of the GSH antioxidant 

pathway in the initiation of breast and sarcoma tumors in vivo (Harris et al., 2015).

Fth1, the ferritin complex, and iron sequestration

As discussed in Part IV of the introduction, the ferritin complex plays a critical 

cytoprotective role in conditions of high oxidative stress. Fth1, which is a direct 

transcriptional target of Nrf2, encodes for the ferritin heavy chain of the ferritin complex 

(Pietsch et al., 2003). The ferritin complex catalyzes the conversion of highly reactive 

Fe(II) molecules into non-reactive Fe(III) molecules accompanied by the incorporation of 
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Fe(III) molecules within its own protein structure (Gozzelino et al., 2010). Under 

homeostatic conditions, Fe(II)-containing molecules are inserted into the heme pockets 

of hemoproteins; however, in conditions of high oxidative stress, hemoproteins release 

these Fe(II)-containing molecules, which are subsequently broken down by another 

direct transcriptional target of Nrf2 - heme oxygenase (HMOX, also called HO-1) 

(Gozzelino et al., 2010). Unabated HMOX-mediated release of highly reactive Fe(II) 

molecules is highly dangerous to the cell, as these molecules catalyze the production of 

highly reactive hydroxyl free radicals, which can trigger massive cellular toxicity by 

directly damaging multiple organelles and macromolecules, such as DNA, proteins, and 

lipids (Gutteridge 1986, Gozzelino et al., 2010). Remarkably, cells have evolved a tightly 

regulated built-in cytoprotective mechanism, whereby HMOX-mediated release of highly 

reactive Fe(II) molecules is coupled to ferritin complex-mediated Fe(II) ➞ Fe(III) 

detoxification (Gozzelino et al., 2010, Gorrini et al., 2013). Therefore, Nrf2 appears to 

orchestrate what looks to be a futile cycle during conditions of high oxidative stress. 

How does this connect to our finding that Fth1 appears to play a critical supporting role 

in the survival of Keap1-mutant cell lines? Keap1 mutation triggers constitutive 

activation of the Nrf2 transcription factor, which in turn leads to a substantial 

transcriptional induction of a large repertoire of genes, including Hmox1 and Fth1. 

Consequently, Keap1 mutant cells are constitutively releasing highly reactive Fe(II) 

molecules in an Hmox-dependent manner, which in turn get detoxified to Fe(III) 

molecules in an Fth1-dependent manner. In this scenario, genetic or pharmacological 

inactivation of Fth1 would lead to a substantial increase in the intracellular amount of 

Fe(II) molecules, which in turn would lead to a massive buildup of highly cytotoxic 
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hydroxyl free radicals. Therefore, hyperactivation of the Nrf2 transcription factor via 

Keap1 loss of function mutations, Nfe2l2 gain of function mutations, or other non-

mutational mechanisms, creates a unique Achilles heel in cells that are highly 

dependent on the Nrf2 antioxidant pathway, such as Keap1-mutant cells (Figure 13). 

Interestingly, Fth1 was recently implicated in the suppression of ferroptosis, which is a 

form of regulated cell death triggered by a massive, iron-dependent accumulation of 

lipid reactive oxygen species (Dixon et al., 2012, Sun et al., 2015). Whether Fth1 

inactivation in Keap1 mutant cells triggers ferroptosis remains to be determined. 

Mechanistically, this acquired dependency on Fth1 resonates with previous work from 

Eyal Gottlieb’s group, demonstrating that fumarate hydratase (FH) deficient murine 

kidney cells (which are characterized by the abnormal accumulation of the fumarate and 

succinate metabolites) are exquisitely sensitive to Hmox1 inactivation (Frezza et al., 

2011). In this context, FH-deficient cells become completely dependent on the heme 

biosynthesis and degradation pathway in order to regenerate NADH. Consequently, 

Hmox1 activity becomes critical in order for the cells to utilize the built up metabolites for 

subsequent NADH production (Frezza et al., 2011).

We believe that Fth1 represents a novel synthetic lethal interaction with Keap1 mutation 

(or otherwise constitutive Nrf2 activation) that offers a unique and attractive opportunity 

for selectively targeting tumors that are highly dependent on this antioxidant pathway. 

Indeed, successfully exploiting this synthetic lethal interaction has the potential to 

benefit over 30% of all lung cancer patients, and may even offer hope for other lethal 

cancers characterized by Nrf2 pathway hyperactivation, such as pancreatic 

adenocarcinoma and hepatocellular carcinoma (LUAD TCGA 2014, Hammerman et al.,  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Figure 13: A model explaining the potential synthetic lethal relationship between Keap1 mutation 

and Fth1 inactivation. Hyperactivation of the Nrf2 pathway concomitantly activates Fth1 and Hmox1. 

The Hmox1 enzyme catalyzes the production of highly reactive Fe(II) molecules, which can promote the 

generation of highly reactive hydroxyl free radicals from hydrogen peroxide (H2O2) through the Fenton 

reaction. Hydroxyl free radicals (OHᐧ) are highly cytotoxic. Fth1 - as part of the ferritin complex - 

promotes ferritin-mediated Fe(II) ➞ Fe(III) detoxification. In this scenario, pharmacological or genetic 

inactivation of Fth1 would result in the massive accumulation of highly reactive and cytotoxic hydroxyl 

free radicals. Therefore, hyperactivation of the Nrf2 pathway via loss of function mutations in Keap1 

creates a unique Achilles heel that could be exploited for the benefit of patients harboring these types of 

mutations. Refer to the text and Chapter 4 for more details.
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2012, DeNicola et al., 2011, Guichard et al., 2012, Totoki et al., 2014, Schulze et al., 

2015). 

Additional synthetic lethal candidates that impinge on antioxidant pathways

Beyond the two canonical Nrf2 transcriptional targets described above, our screen 

uncovered multiple other Keap1 mutant synthetic lethal candidates that might directly or 

indirectly impinge in one or more cellular antioxidant pathways. For example, the 

metabolic enzyme pyruvate carboxylase (encoded by the Pcx gene), which catalyzes 

the carboxylation of pyruvate to generate oxaloacetate, indirectly contributes to the 

generation of NADPH from malate (Sugden and Holness 2011). Interestingly, recent 

oxidative stress studies in Pseudomonas fluorescens have suggested the existence of 

alternative metabolic pathways that can convert NADH to NADPH, thereby contributing 

to one or more antioxidant pathways (Singh et al., 2008). Therefore, Pcx inactivation 

could conceivably lead to a marked selective decrease in the cellular fitness of Keap1-

mutant cells by lowering the levels of NADPH, which would in turn affect the 

regeneration of the GSH and TXN cellular antioxidants (discussed in Part IV of the 

introduction). On the other hand, the solute carrier family 13 member 3 (encoded by the 

Slc13a3 gene) was recently shown to be a low-affinity GSH transporter in the kidneys 

(Schorbach et al., 2013), suggesting a possible connection between Slc13a3 and the 

glutathione antioxidant pathway. 

Other synthetic lethal candidates

As shown in Figure 10A, our screen uncovered multiple Keap1 synthetic lethal 

candidates with unknown connections to antioxidant responses. One notable example 
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was C-terminal Src kinase (encoded by the Csk gene), which was the top synthetic 

lethal candidate (lowest KPK-KP Differential Gene Score) (Figure 10A-D). Interestingly, 

this non-receptor tyrosine kinase is known to phosphorylate and inactivate multiple Src-

family kinases, including c-Src, Fyn, c-Yes, Hck, c-Fgr, Blk, Lyn, and Lck (Okada et al., 

2012). The fact that Csk exerts an inhibitory effect over Src-family kinases, which are 

known to promote several aspects of the cancer phenotype (Yeatman 2004), presents a 

major scientific conundrum due to the fact that our genetic screen suggests that Csk is 

required for the growth of Keap1 mutant cells. Remarkably, a multitude of bioinformatic 

iterations accompanied by highly stringent data filtering approaches (data not shown) 

consistently unveiled Csk as the most significant Keap1 mutant synthetic lethal 

candidate gene. Despite the fact that the biological reason behind this particular result 

remains unknown, many genes are known to play context-specific roles. Indeed, the 

aforementioned Epha2 gene, which was recently determined to be a potent suppressor 

of KrasG12D-driven lung adenocarcinoma, is part of a family of receptor tyrosine kinases 

that are widely considered to be oncogenes in most biological contexts (Pasquale et al., 

2010, Yeddula et al., 2015). In this setting, Epha2 inactivation was shown to relieve 

feedback inhibition of Kras, which resulted in potent activation of the MAPK pathway 

and subsequent enhancement of cellular proliferation (Yeddula et al., 2015). Notably, 

the tumor suppressive function of Epha2 was unveiled via unbiased shRNA screening, 

underscoring the potential of genetic screens to identify context-specific tumor 

suppressor genes and growth promoters. Therefore, we hypothesize that Csk might be 

playing a potent growth promoting role exclusively in the context of Keap1 mutation/Nrf2 

pathway hyperactivation. Mechanistically, perhaps Csk is targeting a non-oncogenic 
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Src-related tyrosine kinase, such as Rak/Frk, which has been shown to have potent 

tumor suppressive activity in breast cancer through the phosphorylation-dependent 

activation of the Pten tumor suppressor gene (Yim et al., 2009), as well as antagonistic 

activity towards oncogenic EGFR mutant proteins (Jin and Craven 2014).

Our results underscore the power of CRISPR-based genetic screens for uncovering 

novel genetic dependencies in the context of clinically relevant cancer-associated 

genotypes. Furthermore, our data predicts multiple Keap1 mutant synthetic lethal 

interactions that, if validated, could be readily exploited for the benefit of a large 

percentage of cancer patients suffering from tumors characterized by hyperactivation of 

the Nrf2 pathway. Experimental approaches, such as the one described here, are 

essential in order to fulfill the promise of precision oncology.

MATERIALS AND METHODS

Vectors

Cas9-expressing cells were generated with lentiCas9-Blast (Zhang Lab, Addgene, 

52962). Gibson compatible parts used to assembled pUSCG were generated from 

lentiCRISPRv1 (Zhang lab, Addgene, 49535) and pCMV-GFP (unpublished; available 

upon request). Lentiviral packaging plasmids psPax2 (Addgene, 12260) and pMD2G 

(Addgene, 12259) were obtained from Addgene. 

The U6-sgRNA-CMV-EGFP (pUSCG) vector was generated by Gibson Assembly (GA) 

(NEB) of the following parts (modified to contain compatible Gibson overhangs): a 1.4 

kb part corresponding to the CMV promoter and E-GFP fluorescent protein, a 2.3 kb 
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part corresponding to the human U6 promoter and sgRNA scaffold, and a lentiviral 

backbone with compatible Gibson overhangs.

Antibodies

The following antibodies were used for western blotting experiments: anti-Cas9 (Clone 

7A9-3A3, Active Motif, 1:1000), anti-GAPDH (Santa Cruz, sc-25778, 1:500 dilution), and 

anti-Keap1 (CST, 8047S, 1:1000 dilution).

Quantitative PCR (qPCR)

RNA was prepared using TRIzol (Thermo Fisher Scientific, 15596-026). Synthesis of 

cDNA was performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher Scientific, 4368814). qPCR was performed in Roche Lightcycler 480 II. Data 

were analyzed using the comparative ΔCT method, and were normalized to the levels of 

Gapdh. 

Primers used were the following:

Generation of cell lines and cell culture

KPK cells (an isogenic derivative from a KP-derived cell line; Jackson et al., 2005) were 

generated using pX458 (Addgene, 48138) essentially as described in Ran et al., 2013 

Target Forward Oligo (5’ ➞ 3’) Reverse Oligo (5’ ➞ 3’)

Gapdh TTTGATGTTAGTGGGGTCTCG AGCTTGTCATCAACGGGAAG

Gclc AGATGATAGAACACGGGAGGAG TGATCCTAAAGCGATTGTTCTTC

Nqo1 AGCGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG

Hmox1 AGGCTAAGACCGCCTTCCT TGTGTTCCTCTGTCAGCATCA
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using sgKeap1.4 (5’ - GTGTTCCACGCGTGCATCGAC - 3’ ). All cells were maintained 

in DMEM supplemented with 10% Fetal Bovine Serum and gentamicin. Lentiviral 

particles were generated and packaged using HEK293T cells. Briefly, cells were plated 

the day before transfection. HEK293T cells were co-transfected with lentiviral constructs 

from sgRNA libraries and packaging plasmids (psPAX2 and pMD2.G) using TransIT-LT1 

(Mirus Bio LLC). Viral supernatant was collected 48 and 72 hours post-transfection. 

Cells infected with lentiCas9-Blast were allowed to recover for 48 hours post-infection 

and were subsequently selected with 20 μg/mL Blasticidin-S (Life Technologies) for a 

period of 5-7 days.

Animal experiments

All animal studies described in this study were approved by the MIT Institutional Animal 

Care and Use Committee. A total of 12 million cells (KP or KPK) divided over 4 

subcutaneous sites per mouse at 3 million cells/site were implanted in a 1:1(v/v) mixture 

with Matrigel (Corning) into syngeneic C57BL6/6J (The Jackson Laboratory) recipient 

mice at the age of 6-8 weeks (see below for more details). 

Western blotting

Cells were lysed with RIPA buffer (BP-115, Boston BioProducts) supplemented with 1X 

protease inhibitor solution (cOmplete EDTA-free, 11873580001, Roche). Protein 

concentration of cell lysates was determined by Pierce BCA protein assay (23225, 

Thermo Fisher Scientific). Total protein (50μg) was separated on 4-12% Bis-Tris 

gradient SDS-PAGE gels (Life Technologies) and then transferred to PVDF membranes 

(IPVH00010, EMD Millipore) for blotting. 
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sgRNA oligo design/structure/synthesis

Gene lists for each target library were translated to mouse gene symbols using HUGO 

gene nomenclature (http://www.genenames.org/) and Mouse Genome Informatics 

(http://www.informatics.jax.org/) orthology mapping resources. Transcript sequences for 

all isoforms of each gene were obtained from the UCSC mouse build mm9 annotation 

(https://genome.ucsc.edu/). Candidate 20mer guide RNA sequences upstream potential 

PAM sites ([20mer]NGG) were identified in sense and antisense directions for each 

transcript. Corresponding 30mer were also extracted (NNNN[20mer]NGGNNN) and 

scored using an implementation of the Doench et al. sgRNA scoring algorithm (Doench 

et al., 2014). For each gene, unique 20mer sgRNAs were retained across all isoforms 

and sequences disrupted by genomic splice sites were dropped from further 

consideration. The n top scoring sgRNAs (n=6, 10) were retained for each gene. A 5’-G 

(necessary for U6 transcriptional initiation) was added to any sequence that did not start 

with a G and adapter sequences (in Supplementary Tables Section below) were 

added to generate the final library sequences. Each library included 500 control 

sgRNAs, adapted from Shalem et al., 2014. DNA oligonucleotides in the form of [Pool F 

adapter – sgRNA (20-21 nt) – Pool R adapter], for a total length of 74-75nt, were 

synthesized on the CustomArray 12K (Epigenome library) and 90K (Druggable genome 

library) arrays (CustomArray, Inc.) as separate pools. 

Oligo pool PCR amplification strategy

Oligonucleotides were PCR amplified and GA-compatible overhangs were added using 

Herculase II Fusion DNA Polymerase (Agilent) and Array F and Array R primers. 
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Specifically, a 50μL reaction contained 5ng of template (oligo pool from array), 10μL of 

5X Herculase II reaction buffer, 0.25μM of each dNTP, 2mM of MgCl2, 0.25μM of each 

primer and 1μL of Herculase II Fusion DNA polymerase. For this PCR, the 

thermocycling parameters were: 95°C for 2 mins, 15 cycles of (95°C for 20 s, 55°C for 

30 s, 72°C for 30 s), and 72°C for 3 mins. PCR products were size selected (140 nt) 

using a 2% agarose gel (Affymetrix).

Gibson assembly into pUSCG and amplification of plasmid in bacteria 

The pUSCG vector was linearized with BsbmBI (NEB) at 55°C and gel purified on a 1% 

agarose gel (Affymetrix). A total of 10 x 20μL GA reactions (NEB) were performed per 

library using 1.66ng of insert (pooled sgRNA oligos) and 100ng of vector (pUSCG). 

Ligation reactions were combined, purified and 2.5μL were transformed into 25μL of 

electrocompetent cells (Endura Lucigen), according to manufacturer’s protocol using a 

MicroPulser Electroporator (BioRad). To maintain library representation, we performed 8 

bacterial transformations per library using the same ligation reaction, yielding 2,000X 

and 175X for Epigenome and Druggable genome library, respectively. All the 

transformations per library were pooled and entirely plated onto 10-cm Carbenicillin/LB 

plates (40 plates per library). Bacterial colonies were scraped off the plates and 

combined before plasmid isolation using PureLink HiPure Plasmid Maxiprep Kit 

(Invitrogen).

sgRNA plasmid library sequencing

sgRNA inserts were PCR amplified from plasmid library using Herculase II Fusion DNA 

Polymerase (Agilent) and Array F and Array R primers. Specifically, a 50μL reaction 
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contained 100ng of template (pooled sgRNA plasmid), 10μL of 5X Herculase II reaction 

buffer, 0.25μM of each dNTP, 2mM of MgCl2, 0.25μM of each primer and 1μL of 

Herculase II Fusion DNA polymerase. For this PCR, the thermocycling parameters 

were: 95°C for 2 mins, 15 cycles of (95°C for 20 s, 55°C for 30 s, 72°C for 30 s), and 

72°C for 3 mins. PCR products were size selected (140 nt) using a 2% agarose gel 

(Affymetrix).

MOI determination

To determine the optimal viral supernatant volume to achieve an MOI of 0.3-0.5 

(ensuring one integrant per cell), Cas9-expressing cells were tested by spin-infection. 

Briefly, a total of 12 million cells were seeded at 1 million cells / well in a 12-well plate in 

a final volume of 2mL of media / well with increasing volumes of viral supernatant (0, 25, 

50, 100, 250, 500, 750, 1000μL) and supplemented with polybrene (Millipore) at 10μg/

mL. Subsequently, cells were spin-infected at 1,500RPM for 2 hours at room 

temperature. After the spin-infection, we added 1mL of warm media and incubated the 

cells overnight at 37°C. Infection efficiency was determined by flow cytometric analysis 

at 24-48 hrs post infection. To calculate viral titer, we used the following equation: Titer 

= [(F x Cn) / V] x DF, where F, frequency of GFP+ cells determined by flow cytometry; 

Cn, number of target cells infected; V, volume of virus; DF, virus dilution factor.

Infection of target cells with Druggable Genome lentiviral library

To ensure a library representation of >1,000X at every step of the screen, we set up 

multiple large-scale spin-infections in both KP and KPK cells aimed at achieving very 

low transduction efficiencies (which are conditions that are predicted to predominantly 
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lead to a single lentiviral integration per cell; see above for MOI calculations) exactly as 

follows:

Subsequently, cells were spin-infected at 1,500RPM for 2 hours at room temperature. 

After the spin-infection, we added 1mL of warm media and incubated the cells overnight 

at 37°C. Next day, cells were trypsinized and corresponding wells from 12-well plates 

were pooled and re-plated in 15-cm plates (for a total of 48 independent 15-cm plates). 

The day after (48hrs post-infection), cells were sorted based on GFP expression and re-

plated appropriately. Importantly, we consistently kept the coverage at >1,000X during 

and after sorting. We expanded the sorted cells for a total of ~7 days post-sorting, 

ensuring, again, that we consistently maintained the coverage at >1,000X.

In vitro screen

After expanding the cells for ~7 days, we set up the in vitro screen as follows: for each 

in vitro replicate, we plated 2 independent 15-cm plates at 6 million cells per 15-cm 

plate for a total of 12 million cells per replicate at all times. This corresponds to a 

~1,000X coverage for the Druggable Genome library. At the time of plating, a total of 12 

million cells were collected as the early/input sample. To maintain a ~1,000X 

representation of the library during the extent of the screen, we trypsinized cells, 

8 x 12-well plates per independent infection replicate
x

3 replicates per cell line
x

2 cell lines (KP and KPK)
__________________________________________

Total: 48 x 12-well plates
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counted, and re-plated a minimum of 12 million cells every 2 days. Importantly, 

throughout the screen, both populations of cells from both arms of the screen 

proliferated identically within technical replicates (see below for cumulative population 

doublings; each individual line represents three independent KP or KPK replicates):

Cells were cultured for a total of 20 cumulative population doublings, after which 

genomic DNA (gDNA) was extracted.

In vivo screen

A total of 12 million KP or KPK cells transduced with the Druggable Genome library 

(same cells used for the in vitro screen - i.e. from the same transduced population 

described above), divided over 4 subcutaneous sites per mouse at 3 million cells/site 

were implanted in a 1:1 (v/v) mixture with Matrigel (Corning) into syngeneic C57BL6/6J 

(The Jackson Laboratory) recipient mice at the age of 6-8 weeks. We injected a total of 

6 mice per independent infection replicate (for a total of n = 36 mice for the KP-KPK 

Druggable Genome screen). Importantly, these injections were performed the same day 

as the initial day of the in vitro screen (therefore, the early/input sample taken at Day 0 
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of the in vitro screen corresponds to the early/input sample for both in vitro and in vivo 

screens). When the in vitro cells reached 20 cumulative population doublings, mice 

were sacrificed by CO2 asphyxiation and all 4 subcutaneous tumors per mouse were 

pooled, snap-frozen and considered a single technical replicate (i.e. 1 mouse = 1 

replicate within each independent technical replicate). Frozen subcutaneous tumors 

were finely grounded over liquid nitrogen and gDNA isolation was performed as 

described below.

Genomic DNA isolation 

gDNA was isolated using an already described salt precipitation method (Chen et al., 

2015). In a 15mL conical tube, 6mL of NK lysis buffer (50mM Tris, 50mM EDTA, 1% 

SDS, pH 8.0) supplemented with 30μL of 20mg/mL Proteinase K (19131, QIAGEN) 

were added to tissue (up to 200mg) or cells (up to 30 million cells) and was incubated at 

55°C overnight. Then, 30mL of RNAse A (19101, QIAGEN, resuspended in NK lysis 

buffer to 10mg/mL) was added to the lysate, inverted 25 times and incubated at 37°C 

for 30 minutes. Samples were cooled down on ice before addition of 2mL of pre-chilled 

7.5M ammonium acetate (NH4OAc) (A1542, Sigma-Aldrich) to precipitate proteins. After 

addition of NH4OAc, the samples were vortexed at high speed for 20s and then 

centrifuged at 4,000rpm for 10 minutes. After centrifugation, a white pellet was visible in 

the tube and supernatant was transferred to a new tube. Then 6mL of 100% isopropanol 

was added to the supernatant, tube was inverted 50 times and centrifuged at 4,000rpm 

for 10 minutes. At this stage, gDNA was visible as a small pellet. The supernatant was 

discarded, 6mL of 70% ethanol was added, tube was inverted 10 times, and then 
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centrifuged at 4,000rpm for 1 minute. Supernatant was discarded by pouring, tube was 

briefly spun down and remaining ethanol was remove by using a pipette. DNA was 

allowed to air-dry for approximately 30 minutes, and then resuspended in 200μL of 

water. Tube was incubated at 65°C for an hour and at room temperature overnight. 

gDNA concentration was determined by Nanodrop (Thermo Scientific). When 

processing higher amounts of tissue or cells, quantities were scaled up proportionally.

Deconvolution of genetic screen

High-throughput sequencing libraries were generated by PCR amplification of the 

integrated sgRNAs using a nested PCR strategy. For each in vitro sample, gDNA from 

at least 12.2 million cells (1000X) was used as a template in multiple parallel 50μL 

reactions (when assuming 6.6pg of gDNA per cell, this corresponded to ~ 80μg of 

gDNA; Chen et al., 2015). Similarly, for each in vivo sample, ~ 80μg of gDNA were used 

as a template. The first PCR reaction (PCR #1 – amplification of sgRNA from gDNA), 

sgRNA sequences were amplified by using Herculase II Fusion DNA Polymerase 

(Agilent) and F1 and F2 primers. Specifically, a 50μL reaction contained 2μg of template 

(gDNA), 10μL of 5X Herculase II reaction buffer, 0.25μM of each dNTP, 2mM of MgCl2, 

0.25μM of each primer and 1μL of Herculase II Fusion DNA polymerase. For this PCR, 

the thermocycling condition parameters were: 95°C for 2 mins, 25 cycles of (95°C for 30 

s, 65°C for 30 s, 72°C for 30 s), and 72°C for 3 mins. 

PCR products were combined for each sample and concentrated using 3M sodium 

acetate solution (NaOAc) (pH 5.5, Ambion). A NaOAc volume corresponding to 1/10 of 

the total volume of combined PCR products was added followed by 2 volumes of ice-
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cold 100% ethanol. Sample was incubated at -80°C for 10 minutes and subsequently 

centrifuged at 4°C at 3500rpm for 10 minutes. The DNA pellet was washed with 5mL of 

70% ethanol. Sample was centrifuged at room temperature at 3500rpm for 10 minutes. 

DNA was air-dried for approximately 30 minutes. Once completely dried, it was 

resuspended in water and size selected (215 nt) using a 2% agarose gel (Affymetrix). In 

the second PCR reaction (PCR #2 – barcoding and indexing), sgRNAs amplified in 

PCR#1 were barcoded and indexed by using Herculase II Fusion DNA Polymerase 

(Agilent) and F01-F12 and R01-R02 primers. Specifically, a 50μL reaction contained 

100ng of template (PCR#1 product), 10μL of 5X Herculase II reaction buffer, 0.25μM of 

each dNTP, 2mM of MgCl2, 0.25μM of each primer and 1μL of Herculase II Fusion DNA 

polymerase. For this PCR, the thermocycling condition parameters were: 95°C for 2 

mins, 25 cycles of (95°C for 30 s, 65°C for 30 s, 72°C for 30 s), and 72°C for 3 mins. 

PCR products were combined for each sample and concentrated using 3M sodium 

acetate solution (NaOAc) (pH 5.5, Ambion) as described above. Samples were sized 

selected (261-271nt) by 2% agarose gel (Affymetrix) electrophoresis. Libraries were 

quantified by qPCR using the Illumina Library Quantification Kit (KAPA Biosystems) 

according to manufacturer guidelines. Libraries were sequenced on the Illumina 

HiSeq2500 for 100-nt in single read mode (100 SE).

Data analysis and hit selection

Illumina 100mer single-ended reads were analyzed for 10mer adapter sequences 

flanking library-specific sgRNA sequences. Sequences with exact matches to sgRNA 

library sequences were tabulated to generate high confidence raw counts for each 
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sgRNA within each sample, using custom scripts. To reduce uncertainty introduced by 

off-target effects, sgRNAs with greater than 10 exact matches to the mouse genome 

sequence (mm9 build) were excluded from downstream analyses. Raw sgRNA counts 

per sample were upper-quartile normalized to a count of 2000 (Bullard et al., 2010) and 

normalized counts were log2 transformed. Fold changes for sgRNA representation (in 

log2 space) were calculated using these values for all required contrasts. For gene-level 

representation, the median normalized count of all sgRNAs targeting that gene was 

used for further analysis. Gene-level fold-changes between conditions were similarly 

derived. For all “treated” conditions (i.e., KPK cells when comparing KP vs KPK), fold-

change values with respect to corresponding basal conditions were compared to 

estimate depletion/enrichment of gene-level representation (Differential Gene Score 

analysis). 

Apart from ranking sgRNAs and genes based on fold-change values, unbiased 

signature analysis was performed to accommodate for noise and heterogeneity across 

conditions. Independent Component Analysis (ICA), an unsupervised blind source 

separation technique, was used on this discrete count-based expression dataset to 

elucidate statistically independent and biologically relevant signatures (Bhutkar et al., 

2015). ICA is a signal processing and multivariate data analysis technique in the 

category of unsupervised matrix factorization methods. Conceptually, ICA decomposes 

the overall count dataset into independent signals (sgRNA representation patterns) that 

represent distinct signatures. High-ranking positively and negatively correlated sgRNA 

levels in each signature represent sgRNA sets that drive the corresponding expression 

pattern (in either direction). Signatures were visualized using the sample-to-signature 
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correspondence schematic afforded by Hinton plots where colors represent 

directionality of sgRNA representation (red enriched, green depleted) and the size of 

each rectangle quantifies the strength of a signature (column) in a given sample (row). 

Each signature is two-sided, allowing for identification of enriched and depleted sgRNAs 

for each signature within each sample.

Formally, utilizing input data consisting of a genes-samples matrix, ICA uses higher 

order moments to characterize the dataset as a linear combination of statistically 

independent latent variables. These latent variables represent independent components 

based on maximizing non-gaussianity, and can be interpreted as independent source 

signals that have been mixed together to form the dataset under consideration. Each 

component includes a weight assignment to each gene that quantifies its contribution to 

that component. Additionally, ICA derives a mixing matrix that describes the contribution 

of each sample towards the signal embodied in each component. This mixing matrix 

can be used to select signatures among components with distinct sgRNA representation 

profiles across the set of samples. The R implementation of the core JADE algorithm 

(Joint Approximate Diagonalization of Eigenmatrices) (Nordhausen et al., 2015, 

Rutledge & Bouveresse, 2013, Biton et al., 2013) was used along with custom R 

utilities. 

All data analyses were conducted in the R Statistical Programming language (http://

www.r-project.org/). Heatmaps were generated using the Heatplus package in R. 
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SUPPLEMENTARY TABLES

Oligo pool adapters

Oligo pool PCR primers

PCR #1 primers

Sequence Name Sequence (5’ ➞ 3’)

Upstream TATATCTTGTGGAAAGGACGAAACACC

Downstream GTTTTAGAGCTAGAAATAGCAAGTTAA

Sequence 
Name Sequence (5’ ➞ 3’)

Array F GTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC
Array R ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Sequence Name Sequence (5’ ➞ 3’)

F1 PCR #1 AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG

R1 PCR #1 AGGCCTCGGGATTCCTAGGAACAGCGGTTTAAAAAAGCACC
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PCR #2 forward primers

PCR #2 reverse primers

Sequence Name Sequence (5’ ➞ 3’)

F01
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtA
AGTAGAGTCTTGTGGAAAGGACGAAACACCG

F02
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTat
ACACGATCTCTTGTGGAAAGGACGAAACACCG

F03
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTg
atCGCGCGGTTCTTGTGGAAAGGACGAAACACCG

F04
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcg
atCATGATCGTCTTGTGGAAAGGACGAAACACCG

F05
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtc
gatCGTTACCATCTTGTGGAAAGGACGAAACACCG

F06
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTat
cgatTCCTTGGTTCTTGTGGAAAGGACGAAACACCG

F07
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTg
atcgatAACGCATTTCTTGTGGAAAGGACGAAACACCG

F08
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcg
atcgatACAGGTATTCTTGTGGAAAGGACGAAACACCG

F09
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTac
gatcgatAGGTAAGGTCTTGTGGAAAGGACGAAACACCG

F10
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtA
ACAATGGTCTTGTGGAAAGGACGAAACACCG

F11
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTat
ACTGTATCTCTTGTGGAAAGGACGAAACACCG

F12
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTg
atAGGTCGCATCTTGTGGAAAGGACGAAACACCG

Sequence Name Sequence (5’ ➞ 3’)

R01
CAAGCAGAAGACGGCATACGAGATAAGTAGAGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTtGTTTAAAAAAGCACCGACTCGGTGC

R02
CAAGCAGAAGACGGCATACGAGATACACGATCGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTatGTTTAAAAAAGCACCGACTCGGTGC

R03
CAAGCAGAAGACGGCATACGAGATCGCGCGGTGTGACTGGAGTTCAGACGTGTGCTC
TTCCGATCTgatGTTTAAAAAAGCACCGACTCGGTGC

R04
CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTcgatGTTTAAAAAAGCACCGACTCGGTGC
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Illumina Sequencing primers

R05
CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTtcgatGTTTAAAAAAGCACCGACTCGGTGC

R06
CAAGCAGAAGACGGCATACGAGATTCCTTGGTGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTatcgatGTTTAAAAAAGCACCGACTCGGTGC

R07
CAAGCAGAAGACGGCATACGAGATAACGCATTGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTgatcgatGTTTAAAAAAGCACCGACTCGGTGC

R08
CAAGCAGAAGACGGCATACGAGATACAGGTATGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTcgatcgatGTTTAAAAAAGCACCGACTCGGTGC

R09
CAAGCAGAAGACGGCATACGAGATAGGTAAGGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTacgatcgatGTTTAAAAAAGCACCGACTCGGTGC

R10
CAAGCAGAAGACGGCATACGAGATAACAATGGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTtGTTTAAAAAAGCACCGACTCGGTGC

R11
CAAGCAGAAGACGGCATACGAGATACTGTATCGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTatGTTTAAAAAAGCACCGACTCGGTGC

R12
CAAGCAGAAGACGGCATACGAGATAGGTCGCAGTGACTGGAGTTCAGACGTGTGCTC
TTCCGATCTgatGTTTAAAAAAGCACCGACTCGGTGC

Sequence Name Sequence (5’ ➞ 3’)

Multiplexing Read 1 Sequencing Primer 5' ACACTCTTTCCCTACACGACGCTCTTCCGATCT

Multiplexing Index Read Sequencing Primer 5' GATCGGAAGAGCACACGTCTGAACTCCAGTCAC

Multiplexing Read 2 Sequencing Primer 5’ GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
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Chapter 4
Discussion and future directions

Part I - Constructing cancer using CRISPR-Cas9

The need for faithful experimental platforms to construct and deconstruct cancer

The motivation behind a large portion of the work that I have carried out throughout my 

PhD studies directly stems from the desire to model and study human cancer as 

faithfully as possible. Cancer is indeed a genetic disease defined by the sequential 

acquisition of mutations in tumor suppressor genes and oncogenes. However, cancer is 

also a highly heterogeneous disease at the genetic and epigenetic level. Cancers do not 

just evolve through a crystal clear genetic path, whereby all patients suffering from a 

given cancer harbor the same exact complement of mutations. It is just not that simple.

Despite the fact that multiple seminal studies over the last few decades have elucidated 

the main drivers (or so-called mountains) behind most cancer types, it is becoming 

increasingly clear that weaker drivers (or so-called hills) can also play fundamental roles 

in several aspects of the cancer phenotype. Indeed, the notion that no two cancer 

genomes are alike has sparked a scientific movement that aims to achieve a more 

comprehensive view of the cancer genomes of individual patients. This so-called 

personalized oncology approach aims to tailor present and future cancer therapies to 

specific patients based on the systematic and comprehensive genomic assessment of 

their tumors (Garraway et al., 2013). To this end, the creation of large, multi-institutional 
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consortia, such as The Cancer Genome Atlas, and the subsequent execution of large-

scale cancer genome sequencing studies, is an important first step towards achieving 

this goal. Nevertheless, these invaluable efforts, and the highly curated catalogs of 

recurrent and non-recurrent mutations they generate can only take the field of cancer 

research so far. We need more than just cataloguing.

Indeed, one of the main limitations of these studies has been the inability to rapidly and 

systematically determine which of these mutations play a fundamental role in the 

context of tumorigenesis, cancer progression, and/or therapeutic response. This 

limitation is more evident in the context of faithful GEMM-based models of the disease, 

due to the fact that genetically engineering novel mutations into these models has 

traditionally been very costly and time consuming. Nevertheless, I would argue that 

studying the role of novel mutations should employ appropriate models that closely 

recapitulate multiple aspects of the disease, including whole-organism physiology and 

metabolism, as well as the presence of an intact immune system. GEMMs and non-

germline GEMMs of cancer effectively fulfill all of these criteria and many others, which 

makes them an invaluable gold standard in the field of cancer genetics (for a recent 

excellent review, see Gould et al., 2015). Therefore, I would strongly argue that just as 

the enzymologist spends countless hours developing and benchmarking a highly 

sensitive and reproducible biochemical assay with which to dissect the role of a 

particular enzyme, the cancer biologist should also ensure that the experimental system 

employed to study the role of a putative cancer gene or to perform comprehensive pre-

clinical therapeutic studies is as faithful and physiologically relevant as possible. 
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Otherwise, are we actually studying relevant aspects of the disease? Will we achieve 

the required clinical impact?

Constructing cancer in vivo using CRISPR-Cas9

To tackle the aforementioned challenges, I have devoted a significant portion of my PhD 

career to developing, validating, and applying novel experimental approaches based on 

emerging genome engineering technologies for studying cancer in faithful GEMMs of 

the disease. In Chapter 2, I described the development and application of pSECC, a 

novel lentiviral platform that leverages the power of faithful pre-clinical GEMMs of 

cancer in combination with the highly precise and versatile CRISPR-Cas9 genome 

editing system. This novel platform allowed us to assess the molecular and phenotypic 

consequences of somatically mutating three tumor suppressor genes (Nkx2.1, Pten, 

and Apc) in vivo in the context of autochthonous, immunocompetent, Kras-driven 

GEMMs of lung adenocarcinoma, without having to generate additional mouse models 

expressing Cre/loxP-conditional alleles or perform extensive mouse husbandry to obtain 

compound mutant mice harboring conditional alleles in each of these three genes. The 

unmatched flexibility that this platform offers has already allowed our group and others 

to assess the consequences of mutating several putative cancer genes in vivo, all within 

the context of autochthonous, immunocompetent GEMMs of lung cancer (see Figure 1 

in the next page and Appendix 2; other data not shown). This platform has also been 

successfully adapted for generating novel GEMMs of other epithelial malignancies, 

including colorectal adenocarcinoma (data not shown) and pancreatic adenocarcinoma 

(Mazur et al., 2015). Therefore, this system has effectively filled a major gap between  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the identification of recurrent mutations from large-scale cancer genome sequencing 

studies and the streamlined validation and characterization of these putative cancer 

genes in vivo using well established GEMMs of cancer. We can now - for the first time - 

obviate the need for time consuming manipulations of the mouse germline and 

extensive mouse husbandry in order to generate appropriately sized cohorts for 

assessing whether a given putative cancer gene is indeed a driver (or a relevant genetic 

modifier of the cancer phenotype) or a mere passenger. I would argue that we have 

finally entered an era where cancer biologists can study the disease with 

unprecedented precision, and within the context of appropriate, physiologically relevant 

animal models. In addition to some of the broad cancer-centric applications of the 

CRISPR-Cas9 system for modeling and deconstructing cancer in vivo, which I 

extensively discussed in Part II of the introduction, what’s next?

uCT Volume
uCT volume 

sgTom.2 sgRbm10
0

10

20

30

40

50

To
ta

l T
um

or
 V

ol
um

e 
(m

m
3 )

pe
r 

an
im

al

sgTom sgRbm10

Tumor BurdenTumor Burden

sgTom.2 sgKeap1.2 sgNrf2.2
0

10

20

30

40

T
u

m
o

r B
u

rd
en

 (T
u

m
o

r a
re

a/
L

u
n

g
 A

re
a) *

**

sgTom sgKeap1

w/ Thales Papagiannakopoulos, Rodrigo Romero, Matt Bauer

pSECC-mediated disruption of Rbm10 and Keap1 
accelerates lung cancer progression in vivo

sgControl sgRbm10

uCT Volume
uCT volume 

sgTom.2 sgRbm10
0

10

20

30

40

50

To
ta

l T
um

or
 V

ol
um

e 
(m

m
3 )

pe
r 

an
im

al

sgTom sgRbm10

Tumor BurdenTumor Burden

sgTom.2 sgKeap1.2 sgNrf2.2
0

10

20

30

40

T
u

m
o

r B
u

rd
en

 (T
u

m
o

r a
re

a/
L

u
n

g
 A

re
a) *

**

sgTom sgKeap1

w/ Thales Papagiannakopoulos, Rodrigo Romero, Matt Bauer

pSECC-mediated disruption of Rbm10 and Keap1 
accelerates lung cancer progression in vivo

sgControl sgKeap1 sgTom.2 sgBrg1
0

10

20

30

40

50

%
 M

ic
e 

w
ith

 M
ac

ro
-M

et
s

~ 6-fold higher

sgTom.2 sgBrg1
0

10

20

30

40

50

%
 M

ic
e 

w
ith

 M
ac

ro
-M

et
s

~ 6-fold higher

sgControl sgBrg1

Figure 1

2AsgRNA Cas9 CreU6 EFS

Pten

Nkx2.1

Apc

a

b c

d e

pSECC

Figure 1

2AsgRNA Cas9 CreU6 EFS

Pten

Nkx2.1

Apc

a

b c

d e

pSECC

K-rasG12D/+; p53∆/∆; GeneA∆/∆K-rasLSL-G12D/+; p53fl/fl

pSECC

sgGeneA-pSECC Phenotypic

Assessment

~ 16-20 weeks

(or control)

Figure 1: pSECC-mediated validation of Rbm10, Keap1, and Brg1 as lung cancer tumor suppressor genes.
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Interrogating low frequency drivers - do they actually matter?

As briefly discussed in Part III of the introduction, the current consensus is that the 

cancer genome sequencing studies carried out so far have identified ~ 125 driver genes 

(of which ~ 71 appear to be tumor suppressor genes and ~ 54 appear to be oncogenes) 

(Vogelstein et al., 2013). Is the catalog of driver genes complete? Functionally and 

statistically speaking, the answer appears to be no. First, the identification of these 

genes has mostly relied on defining them based on mutation frequency, an approach 

that is inherently biased towards the identification of only the most potent driver genes 

(reviewed in Pon and Marra 2015). In fact, cancer genome mutational landscapes 

across different tumor types tend to be dominated by genes that are mutated in <5% of 

the samples (Wood et al., 2007). Moreover, there is solid experimental evidence 

suggesting that low-frequency drivers (such as CUX1, which is mutated only in ~ 1-5% 

of all cancers) can play important roles in multiple aspects of the cancer phenotype 

(Wong et al., 2014). Furthermore, recent stringent bioinformatic analyses have 

proposed that there are ~ 320 tumor suppressor genes and ~ 250 oncogenes, 

suggesting that many more drivers remain to be discovered (Davoli et al., 2013). The 

fact that some of these unidentified drivers may be weaker drivers than, say KRAS, 

PIK3CA, EGFR, RB, or TP53, does not necessarily mean that their mutation will not 

have profound consequences in the right context and, more importantly, in the right 

patient. Indeed, it is conceivable that mutation of these low frequency drivers might 

certainly modify certain aspects of the cancer phenotype independent of other potent 

drivers, including adaptation to certain metabolic conditions through the rewiring of 

metabolic pathways, adaptation to foreign tissue micro-environments during the 
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metastatic cascade, and perhaps even response and resistance to certain broad and 

targeted therapies, among others. The truth is that we will not know if any of these low 

frequency drivers are playing a functional role in cancer until they are rigorously tested 

in appropriate experimental models. CRISPR-based systems, such as pSECC, will play 

a very important role in the quest to interrogate these low-frequency drivers. 

Furthermore, multiplexable CRISPR-based approaches will allow for testing whether 

any of these low frequency drivers can functionally cooperate with other low or high 

frequency drivers in multiple aspects of cancer. For example, low-frequency drivers that 

are found to be co-mutated with oncogenic KRAS (see for example those in Figure 2A 

in Part III of the introduction) might functionally cooperate to promote certain aspects of 

the malignant phenotype. I expect that many more low-frequency drivers (both 

oncogenes and tumor suppressor genes) will be rigorously validated in the next several 

years, leading to a substantial expansion of the catalog of true cancer drivers across 

multiple types of cancers. Furthermore, I expect that many of these low-frequency 

drivers will bring unexpected surprises to the field of cancer genetics, just as the so-

called “exceptional responders” have brought to light fundamental aspects of the cancer 

phenotype that could only be elucidated when focusing on the smaller percentage of   

unusual cases (for example, EGFRL858R mutations and response to gefitinib (Lynch et 

al., 2004, Paez et al., 2004, Pao et al., 2004), MTOR mutations and response to 

everolimus (Wagle et al., 2014), and many others; for a review discussing exceptional 

responders, see Chau and Lorch 2015). This is an essential step to fulfill the promise of 

the post cancer-genome era and the promise of precision oncology approaches. 
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Somatic copy number alterations, haploinsufficiency, and triplosensitivity

Beyond somatic point mutations and indel mutations, cancer genomes are frequently 

characterized by harboring multiple somatic copy number alterations, including focal 

and large hemizygous deletions and amplifications (Beroukhim et al., 2010, Bignell et 

al., 2010, Zack et al., 2013). Mechanistically, hemizygous deletions can simultaneously 

inactivate multiple linked tumor suppressor genes, whereas amplifications can 

simultaneously lead to overexpression of multiple growth promoting genes, including  

many bona fide oncogenes. There is a substantial amount of functional evidence 

demonstrating that genomic regions that frequently undergo hemizygous deletions are 

enriched for linked tumor suppressor genes (Scuoppo et al., 2012, Xue et al., 2012, 

Solimini et al., 2012, Davoli et al., 2013, Chen et al., 2014, Zhao et al., 2015). However, 

beyond a handful of tumor suppressor genes present in commonly deleted regions, 

such as TP53 in 17p13.1 (Soenen et al., 1998), the precise location and identity of 

cooperating tumor suppressor genes in most of these genomic regions remain largely 

unknown. Traditional approaches for functionally studying large chromosomal regions 

have mainly relied on two methodologies: (1) chromosome engineering (Bagchi et al., 

2007, Barlow et al., 2009, and Wong et al., 2015) for deleting large genomic regions, or 

(2) RNAi-based interrogation of candidate genes within the genomic regions (Ebert et 

al., 2008, Scuoppo et al., 2012, Xue et al., 2012). Chromosome engineering, which 

allows for deletion of large genomic regions encompassing both protein-coding and 

non-protein coding genes, is costly and labor-intensive. RNAi-based approaches have 

inherent limitations with multiplexability, which usually restrains the methodology to the 

co-inactivation of a maximum of 2-3 genes and is mostly limited to protein coding 
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genes. As I extensively described in Part II of the introduction, the CRISPR-Cas9 

system readily overcomes these and other limitations associated with modeling and 

studying large cancer-associated genomic aberrations. Therefore, researchers are now 

finally able to properly interrogate these large genomic regions, which should lead to the 

identification and functional characterization of multiple haploinsufficient tumor 

suppressor genes whose combined inactivation via hemizygous deletions can have 

major consequences during tumorigenesis (Solimini et al., 2012, Davoli et al., 2013). 

Beyond tumor suppressor genes, the implementation of multiplexed CRISPR-based 

gene activation approaches (see Figure 8 in Part II of the introduction) should also 

allow for modeling and studying focal genomic amplifications, which are presumably 

enriched for growth promoting genes and oncogenes. It will be possible to 

systematically identify and characterize the specific protein and non-protein coding 

growth promoting genes (including oncogenes) within these recurrently amplified 

genomic regions, whose combined overrepresentation can have a major cumulative 

effect in the context of tumorigenesis through the phenomenon of triplosensitivity 

(Davoli et al., 2013). I expect that the next few years will witness multiple mechanistic 

studies involving the systematic dissection of genomic regions frequently lost in human 

cancers, such as 9p21.3 in lung adenocarcinoma (see Figure 1B in Part III of the 

introduction) and the 5q, 7q and 17p regions in karyotypically complex acute leukemias 

(Mrozek 2008), as well as those frequently gained in human cancers, such as 5p15.33 

in lung adenocarcinoma (see Figure 1C in Part III of the introduction). These 

systematic experiments were just not technically feasible 2 years ago. CRISPR-based 

308



systems, such as pSECC, will play a crucial role in dissecting these largely 

uncharacterized cancer-associated genomic regions.

Part II - Deconstructing cancer using CRISPR-Cas9

CRISPR screens for functionally deconstructing cancer

As I mentioned at the beginning of this chapter, one of the main motivations behind the 

work described in this thesis is the desire to develop and analyze models of cancer that 

recapitulate several important aspects of the disease. In addition to serving a critical 

role for studying some of the basic aspects of tumorigenesis, progression, and 

therapeutic response, these models can also be functionally deconstructed through 

genetic or small molecule screens in order to identify potential vulnerabilities that could 

be exploited for therapeutic purposes. Despite the fact that cell culture-based models do 

not fully recapitulate the organismal physiology of a sophisticated immunocompetent 

GEMM of cancer, and do not faithfully mimic the sporadic nature of human cancers, 

they have a proven track record for uncovering multiple genetic dependencies, some of 

which end up successfully validating in appropriate mouse models in vivo and are 

subsequently pursued for therapeutic purposes (see for example Zuber et al., 2011 and 

Crystal et al., 2014). The combination of GEMM-derived cell lines (such as those 

derived from the KP model of lung adenocarcinoma; Jackson et al., 2005) with 

CRISPR-Cas9 technologies allows one to create customized experimental platforms 

harboring one or more mutations of interest within the context of a relatively 

homogeneous genetic background. These experimental platforms offer a unique 

opportunity for engineering clinically relevant mutations with the goal of creating 
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isogenic cell lines carrying specific genotypes frequently observed in cancer patients, 

which can be subsequently deconstructed using multiple approaches, including 

CRISPR screens and small molecule screens. 

In Chapter 3, I described the generation of an isogenic pair of KrasG12D/+;p53∆/∆ (KP) 

and KrasG12D/+;p53∆/∆ ;Keap1∆/∆ (KPK) cell lines using CRISPR-Cas9. To discover novel 

genetic dependencies that are uniquely essential for cancers harboring Keap1 

mutations, I established and employed a novel CRISPR-Cas9-based experimental 

pipeline that allows for the systematic interrogation of cancer cell lines harboring 

clinically relevant mutations frequently observed in human cancers. I subjected the KP 

and KPK set of isogenic cell lines to a CRISPR-based genetic screen aimed at 

uncovering novel druggable genetic dependencies that are uniquely essential for 

cancers harboring Keap1 mutations. These studies led to the identification of multiple 

Keap1-mutant synthetic lethal candidates, including several well described canonical 

transcriptional targets of Nrf2, as well as genes involved in GSH synthesis and 

utilization, NADPH production, amino acid metabolism, and the oncogenic Myc 

transcriptional network. The data described and discussed extensively in Chapter 3 has 

multiple therapeutic implications, as there are currently no known synthetic lethal 

interactions with either Keap1 loss of function or Nrf2 gain of function mutations. Indeed, 

if any of these putative Keap1 mutant synthetic lethal interactions were to be extensively 

validated, they could be readily exploited for the benefit of a large percentage of cancer 

patients suffering from tumors characterized by hyperactivation of the Nrf2 pathway, 

including lung cancer patients, pancreatic cancer patients, and hepatocellular 

carcinoma patients (LUAD TCGA 2014, Hammerman et al., 2012, DeNicola et al., 2011, 
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Guichard et al., 2012, Totoki et al., 2014, Schulze et al., 2015). Experimental 

approaches, such as the one described in Chapter 3, are essential in order to fulfill the 

promise of precision oncology. I will discuss below the therapeutic implications of one of 

these genes and the future work that needs to be carried out to confirm and extend 

these screening results in multiple other settings.

Fth1 - a promising Keap1-mutant synthetic lethal target

As discussed in Part IV of the introduction and in Chapter 3, the ferritin complex plays a 

critical cytoprotective role in conditions of high oxidative stress via the conversion of 

highly reactive Fe(II) molecules into non-reactive Fe(III) molecules. Free Fe(II) 

molecules, which are released from Fe(II)-containing molecules via the action of 

Hmox1, promote the generation of highly reactive hydroxyl free radicals (OHᐧ) from 

hydrogen peroxide (H2O2) through the Fenton reaction (Gozzelino et al., 2010, Gorrini et 

al., 2013). Hydroxyl free radicals are highly cytotoxic, and can trigger massive cellular 

toxicity by directly damaging multiple organelles and macromolecules, such as DNA, 

proteins, and lipids (Gutteridge 1986, Gozzelino et al., 2010). Fth1 - as part of the 

ferritin complex - promotes ferritin-mediated Fe(II) ➞ Fe(III) detoxification. In this 

scenario, pharmacological or genetic inactivation of Fth1 would result in the massive 

accumulation of highly reactive and cytotoxic hydroxyl free radicals, which would result 

in cell death (Figure 2). Therefore, hyperactivation of the Nrf2 pathway via loss of 

function mutations in Keap1, which is accompanied by hyperactivation of both Hmox1 

and Fth1, potentially creates a unique Achilles heel that could be exploited for the 

benefit of patients harboring these types of mutations. I believe that Fth1 represents a 
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novel synthetic lethal interaction with Keap1 mutation (or otherwise constitutive Nrf2 

activation) that might offer a unique and attractive opportunity for selectively targeting 

tumors that are highly dependent on this antioxidant pathway. The fact that a large 

percentage of lung cancer, pancreatic cancer, and liver cancer patients might benefit 

from such a therapeutic strategy makes it warrant further investigation. 

Future work: validating and extending synthetic lethal screens

The work described in Chapter 3 and the identification of multiple putative Keap1-

mutant synthetic lethal targets, such as Fth1, has great potential to lead to the discovery 

of clinically actionable drug targets for this particular population of cancer patients. 

Nevertheless, these specific results, as well as the results from both KP and KPK 

CRISPR screens in general, need to be extensively validated by performing secondary 

screens in both murine and human cell lines. To do this, I would propose to perform 

secondary CRISPR-based screens focusing on the top 50 genes with the most negative 

KPK-KP Differential Gene Scores (for Keap1-mutant synthetic lethal screens) or the top 

Figure 2: Fth1 is a promising Keap1-mutant synthetic lethal target. See text for mechanistic details.
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50 genes that deplete the most in both KP and KPK cells. These secondary sgRNA 

libraries could consist of ~ 1,000 sgRNAs (at 20 sgRNAs/gene) targeting either mouse 

or human genes and could be screened across (1) a panel of murine KP and KPK cell 

lines, and (2) a panel composed of human lung cancer cell lines with known KEAP1 

mutational status (such as H460, A549, H1435, and H838) (Singh et al., 2006), as well 

as CRISPR-engineered isogenic human KEAP1 mutant lung adenocarcinoma cell lines. 

Importantly, the level of saturation obtained by testing 20 sgRNAs/gene will ensure that 

only the most promising gene candidates are pursued further. After identifying the most 

promising putative Keap1 mutant-specific drug targets, one could systematically test 

their requirement through a series of in vitro and in vivo experiments in both murine and 

human lung adenocarcinoma cell lines. To rapidly test the functional requirement of 

gene candidates for proliferation of KPK murine cell lines in vitro, one can carry out 

multi-color competition assays using Cas9-expressing cell populations partially 

transduced with either control vectors or vectors expressing sgRNAs targeting putative 

Keap1-mutant synthetic lethal targets. Importantly, to rule out the possibility that these 

synthetic lethal targets represent the idiosyncrasies of one or a few particular cell lines, 

one should seek to extend validation experiments beyond the aforementioned cell 

culture systems to include, if possible, primary patient-derived xenografts with known 

KEAP1 loss of function or NFE2L2 gain of function mutations.

Beyond these in vitro experiments, one should perform stringent validation of these 

putative synthetic lethal targets by testing the requirement of these candidate genes for  

tumor initiation and tumor maintenance in vivo. To do this, one could clone the most 

potent sgRNAs targeting the candidate gene into either constitutive or inducible sgRNA 
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Figure 3: Functional characterization of putative Keap1-mutant synthetic lethal targets in GEMMs of lung 

adenocarcinoma. (a) Intratracheal delivery of dual sgRNA-expressing vectors concomitantly expressing 

sgTomato-sgTarget (control arm) or sgKeap1-sgTarget (experimental arm) combinations and Cre recombinase into 

KP-Cas9 mice would allow for functional validation of candidate Keap1-mutant synthetic lethal targets in vivo. (b) 

Intratracheal delivery of inducible lentiviral vectors concomitantly expressing a doxycycline-inducible sgRNA 

(targeting either Tomato as control or Keap1), the Tet repressor, and Cre recombinase would allow for determining 

whether the candidate Keap1-mutant synthetic lethal target is required for tumor maintenance. See text for 

additional details. Figure 1b was generated with Chris Ellis.
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vectors, such as those based on the Tet-On system (Aubrey et al., 2015). The former 

would test whether the putative synthetic lethal interaction is functionally important in 

the context of transformation and tumor initiation, whereas the latter would test whether 

it is functionally important for tumor progression and tumor maintenance (see Figure 3). 

Similar experiments could also be performed with small molecule inhibitors of target 

proteins, where available. 

The studies described in Chapter 3 employed a custom sgRNA library targeting the 

Druggable Genome, which is of course a relatively biased approach if one were 

interested in thoroughly deconstructing the biology of the Keap1-Nrf2 pathway. To 

extend these efforts, one can perform genome-wide scale CRISPR screens in a 

collection of murine and human lines with known mutational alterations in the Keap1-

Nrf2 pathway (Wang et al., 2014, Shalem et al., 2014, Sanjana et al., 2014, Wang et al., 

2015). By employing genome-wide sgRNA libraries, one could unbiasedly and 

comprehensively identify additional novel genetic vulnerabilities in the context of Keap1-

mutant cancer, as well as potentially identify novel components of the Keap1-Nrf2 

pathway. Notably, the latter discoveries would contribute to a greater mechanistic 

understanding of this important antioxidant pathway. For example, given the fact that 

Keap1-mutant cells have increased Nrf2 levels compared to Keap1-wild type cells, 

disruption of a functionally important gene upstream or downstream of Nrf2 should 

sensitize the cells to conditions of high oxidative stress, such as those induce by 

dimethyl fumarate (DMF). Therefore, the significant expansion of the screening 

strategies described in Chapter 3 combined with the implementation of validation 

experiments beyond traditional in vitro proliferation assays and in vivo tumor growth and 
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tumor maintenance assays could allow one to achieve a deeper mechanistic 

understanding of the role of candidate genes in the biology of this pathway. It is also 

conceivable that genome-wide screens could lead to the discovery of novel direct Nrf2 

transcriptional targets. Beyond nuclease-based CRISPR screens, one could 

conceivably extend the spectrum of synthetic lethal targets (as well as the spectrum of 

genes directly involved in multiple mechanistic aspects of the biology of the Keap1-Nrf2 

pathway) by implementing complementary CRISPR-activator screens (described in Part 

II of the introduction; see Figures 8 and 9 in that specific section). Indeed, approaches 

based on CRISPR-Cas9 technologies offer an endless amount of experimental 

possibilities that can lead to the comprehensive deconstruction of biological pathways 

that are highly relevant to cancer biology, such as the Keap1-Nrf2 pathway. 

It is hard to believe that the Jinek et al. manuscript was published just a little over 3 

years ago (Jinek et al., 2012). Now in 2015, it is hard to imagine an area of cancer 

research - from basic biology to clinical oncology - that is not positively impacted by the 

CRISPR-Cas9 system. The next several years of cancer research will be truly 

transformative.
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ABSTRACT

Using genetically engineered mouse models of cancer, we and others have recently 

shown that a variety of established tumors require sustained inactivation of the p53 

pathway. Reactivation of p53 in established tumors typically results in one of two cell 

fate decisions: cell cycle arrest or cell death via apoptosis. Since p53 is a transcription 

factor, one hypothesis that may explain these tumor-specific outcomes is that p53 

transcriptionally activates a particular set of genes that is specific to each tumor type, in 

addition to genes involved in a core p53 pathway. Another possibility is that the level of 

mitochondrial apoptotic priming in a cell might dictate whether p53 activation promotes 

cell death or cell cycle arrest. To test this this hypothesis, we derived murine p53-

restorable cell lines from three different tumor types: lung adenocarcinoma, sarcoma, 

and lymphoma. Upon restoration of the endogenous Trp53 gene, these cell lines 

undergo cell cycle arrest (lung adenocarcinoma and sarcoma) or apoptosis (lymphoma). 

We hypothesized that this tumor-specific response to p53 restoration could be 

explained by the level of mitochondrial apoptotic priming on each specific tumor type, 

where lymphoma cell lines would be highly primed relative to the lung adenocarcinoma 

and sarcoma cell lines. Indeed, mitochondrial BH3 profiling demonstrated that 

lymphoma cell lines were highly primed and this correlated with their apoptotic response 

to p53 restoration. On the other hand, lung adenocarcinoma and sarcoma cell lines 

were poorly primed and this was consistent with their cell cycle arrest phenotype upon 

p53 restoration. Modulating the expression levels of Bcl2 family members to modulate 

mitochondrial apoptotic priming was sufficient to change the fate of these cells. 

Lymphoma cell lines were forced to undergo cell cycle arrest upon p53 restoration by 
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overexpression of the anti-apoptotic Bcl2 family member Bcl-xL. In contrast, CRISPR-

mediated genetic ablation of Bcl-xL, which increased the levels of mitochondrial 

apoptotic priming, forced lung adenocarcinoma and sarcoma cell lines to undergo cell 

death upon p53 restoration. Similarly, sarcoma cell lines were forced to undergo cell 

death upon p53 restoration when priming was increased by overexpression of the pro-

apoptotic Bcl2 family member Bad. Moreover, established tumors derived from Bad-

overexpressing cells were specifically sensitized to undergo cell death upon p53 

restoration in vivo, whereas cells expressing empty vector underwent cell cycle arrest. 

These findings indicate that the level of mitochondrial apoptotic priming is a critical 

determinant of cell fate upon p53 restoration. Moreover, our data suggests that the 

combination of a p53 restoring drug with an agent that increases mitochondrial 

apoptotic priming will strongly synergize and trigger cell death in tumors that commonly 

undergo cell cycle arrest upon p53 restoration.

INTRODUCTION

As described in Part III of the introduction to this thesis, TP53 is the most commonly 

mutated tumor suppressor gene, with approximately 50% of human cancers harboring 

mutations in this locus (Polager and Ginsberg 2009). The remaining 50% of human 

cancers typically harbor mutations that directly inactivate the p53 pathway, usually 

through downregulation or mutation of its main upstream activator p14Arf (p19Arf in 

mice), or genomic amplification and/or overexpression of its main negative regulator 

Mdm2 (Momand et al., 1998). As a consequence, great effort has been placed on 

elucidating p53’s tumor suppressive mechanisms. 
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Upon activation by a variety of stress signals, such as DNA damage, oncogenic stress, 

and hypoxia, p53 transcriptionally activates a large repertoire of genes (Figure 1). 

This can lead to a variety of outcomes, ranging from cell cycle arrest, senescence, or 

apoptosis, to changes in metabolism and/or autophagy (Lu, 2010; Lane and Levine, 

2010). Due to the prevalence of inactivating mutations in p53, recent efforts have 

focused on strategies to pharmacologically re-activate mutant p53 as a possible option 

for treating human cancers that harbor p53 mutations (reviewed in Khoo et al., 2014). 

This concept has been supported by experiments in GEMMs of cancer (Martins et al., 

2006, Ventura et al., 2007, Xue et al., 2007, Feldser et al., 2010). For example, our lab 

DNA Repair

Apoptosis

Cell Cycle Arrest

Senescence

DNA Damage

Metabolic 
Stress

Oncogenic 
Stress

Proteotoxic 
Stress

Hypoxia

p53
p53
p53

p53

Mdm2

Figure 1: The p53 pathway. Multiple cellular stresses, such as the ones listed on the left, can inhibit 

Mdm2-mediated negative regulation of p53, which leads to p53 activation and tumor suppression.
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constructed a mouse model that allows temporal control of p53 expression in 

established, autochthonous tumors (Figure 2A). This mouse model expresses a LSL-

p53 allele in the germline (Ventura et al., 2007). Homozygous mutant mice (p53LSL/LSL) 

are phenotypically identical to homozygous knockout mice (p53-/-) (Donehower et al., 

1992, Jacks et al., 1994). However, upon induction of Cre recombinase (which in this 

case is expressed from the ubiquitously expressed Rosa26 locus (Zambrowicz et al., 

1997) as an estrogen receptor fusion protein called Cre-ERT2) and excision of the LSL 

cassette, p53 transcription is restored. Utilizing this mouse model, our group 

demonstrated that established tumors that spontaneously arise in the context of p53 

deficiency (mostly soft tissue sarcomas and lymphomas) (Donehower et al., 1992, 

Jacks et al., 1994) remain exquisitely sensitive to the reactivation of p53 (Ventura et al., 

2007). Notably, two contemporaneous studies by the groups of Gerard Evan and Scott 

Lowe reached the same conclusion using estrogen receptor-regulatable systems and 

inducible-reversible RNAi technologies, respectively (Martins et al., 2006, Xue et al., 

2007). In a subsequent study, our group crossed the p53 restorable mouse to the 

KrasLA2 mouse model, which bears a latent allele of oncogenic KrasG12D that gets 

spontaneously activated in vivo (Johnson et al., 2001), for the purposes of studying the 

effects of p53 reactivation in established lung tumors (Feldser et al., 2010). Surprisingly, 

we found that the tumor suppressive effects of p53 reactivation in established lung 

tumors are stage-specific, whereby p53 triggers the elimination of highly advanced 

lesions but spares low grade lesions. Mechanistically, high grade lesions harbor 

hyperactive MAPK signaling, which in turn leads to potent induction of the p19Arf tumor 

suppressor gene, leading to stabilization and activation of the p53 tumor suppressor 
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(Feldser et al., 2010). A contemporaneous study by Gerard Evan and colleagues using 

an estrogen receptor-regulatable allele of p53 reached the same conclusion (Junttila et 

al., 2010). Collectively, these GEMM-based studies have convincingly demonstrated 

that p53 can mediate different tumor suppressive responses in different tumor types and 

even at different stages of tumor progression, and lend strong support to efforts aimed 

at pharmacologically reactivating p53 as a possible cancer therapeutic strategy (Khoo et 

al., 2014).

Despite the fact that p53 has been extensively studied for over 30 years, the molecular 

mechanisms behind its highly context-specific tumor suppressive responses remain 

widely unknown (Jackson et al., 2010). For example, it has been suggested that p53-

mediated induction of a particular tumor suppressive outcome depends on a 

combination of promoter selectivity mechanisms and the magnitude and duration of the 

particular response that induces p53 at that given time (Purvis et al., 2012, and others). 

Moreover, it has been suggested that the absolute levels of p53 or certain p53-

interacting proteins can dictate whether a given response will dominate over the other 

(Jackson et al., 2010). Another possibility is that the level of mitochondrial apoptotic 

priming in a cell dictates whether p53 activation promotes cell death or cell cycle arrest 

(Letai 2008, Ni Chonghaile et al., 2011). Here, I present data that support a model 

whereby the level of mitochondrial apoptotic priming is a critical determinant of cell fate 

upon p53 restoration.
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RESULTS

Tumor-specific responses to p53 restoration

We hypothesized that all tumor-specific responses to p53 restoration could be explained 

at least in part by the level of mitochondrial priming on each specific tumor type. If this 

were true, highly primed cells would readily undergo cell death upon p53 restoration, but 

poorly primed cells would instead undergo cell cycle arrest upon p53 restoration. To test 

this, we derived KrasLA2/+;Trp53LSL/LSL;Rosa26CreERT2/CreERT2 p53-restorable cell lines  

(hereafter referred to as just p53 restorable cell lines) from three different tumor types 

that arise in the background of spontaneous KrasLA2 mutation (G12D mutation) and p53 

deficiency: lung adenocarcinoma, sarcoma, and lymphoma. These cells experience 

markedly different tumor suppressive responses upon restoration of the endogenous 

p53 gene (Figure 2B-J). Lung adenocarcinoma and sarcoma cell lines predominantly 

undergo cell cycle arrest, as shown by the potent induction of p21 (Figure 2B, E), by 

the significant accumulation of p53-restored cells in the G0/G1 stage of the cell cycle 

(Figure 2C, F), by the pronounced tumor stasis observed upon restoration of p53 in 

established tumors in vivo (Figure D, G), and by the marked absence of cleaved 

caspase 3 (CC3), even after prolonged restoration of p53 for 72 hours (Figure 2B, E). 

On the other hand, lymphoma cell lines predominantly undergo apoptosis, as shown by 

a substantial increase in CC3 levels (Figure 2H), and by a significant increase in the 

percentage of Annexin V-7AAD double positive cells and a substantial increase in the 

percentage of cells that stain with propidium iodide over time (Figure 2I-J). Remarkably, 

p21 is also substantially induced upon p53 restoration in lymphoma cells, despite the  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Figure 1: Tumor-specific responses to p53 restoration
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Figure 2: The LSL-p53 allele and tumor-specific responses to p53 restoration. (a) LSL-p53 allele. 

Upon administration of tamoxifen, Cre is shuttled to the nucleus where it catalyzes the recombination 

between loxP sites, thereby restoring p53 expression from its endogenous locus. (b) p53 restoration 

time course in lung adenocarcinoma cell lines. (c) Cell cycle profiling of lung adenocarcinoma cell lines 

72hrs after p53 restoration. (d) Lung adenocarcinoma tumors arrest upon p53 restoration in vivo. (e) 

p53 restoration time course in sarcoma cell lines. (f) Cell cycle profiling of sarcoma cell lines 72hrs after 

p53 restoration. (g) Sarcoma tumors arrest upon p53 restoration in vivo. (h) p53 restoration time course 

in lymphoma cell lines. (i) Percentage of Annexin V-7AAD double positive lymphoma cells 72hrs after 

p53 restoration. (j) Viability of two independent lymphoma cell lines 72hrs after p53 restoration 

measured using propidium iodide. Data in (c), (f) and (i) represent the mean ± S.E.M, n=3. Statistics 

were calculated with two-sided Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

CC3=cleaved caspase 3
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fact that these cells are readily undergoing apoptosis (Figure 2H). The importance of 

this observation is two-fold. First, it rules out a potential promoter selectivity-based 

mechanism that suggests that p53 is preferentially (or exclusively) inducing the 

expression of pro-apoptotic genes in lymphomas, since p21 is also being substantially 

induced upon restoration of p53. Therefore, both tumor suppressive programs are being 

concomitantly activated upon restoration of p53 in lymphomas. Regarding the latter 

point, these data suggests that the cell death pathway is overriding the cell cycle arrest 

pathway in lymphomas, due to the fact that p53 restoration readily induces cell death in 

these cells. 

The level of mitochondrial apoptotic priming explains tumor-specific responses

To test whether these tumor-specific responses to p53 restoration are dictated by the 

level of basal mitochondrial apoptotic priming in each of these different tumor types, we 

employed a technique known as BH3 profiling, which measures the mitochondrial 

response to peptides derived from the BH3 domains of pro-apoptotic BH3-only proteins 

of the Bcl2 family (Ni Chonghaile et al., 2011). In this assay (Figure 3A), cells are 

exposed to BH3 peptides and the resulting mitochondrial outer membrane 

permeabilization (MOMP) is indirectly measured using the potential-sensitive 

fluorescent dye JC-1 (Ryan and Letai 2013). This indirect MOMP measurement serves 

as a readout that describes the proximity of the cells to the apoptotic threshold. 

Therefore, high MOMP, or mitochondrial depolarization values, indicate that cells are 

highly primed. Conversely, low values indicate that cells are poorly primed (Ni 

Chonghaile et al., 2011). Strikingly, BH3 profiling performed on p53-restorable lung  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Figure 2: Differential mitochondrial priming
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Figure 3: The level of mitochondrial apoptotic priming explains tumor-specific responses. (a) 

Schematic of the BH3 profiling assay (refer to Ni Chonghaile et al., 2011 and the text for more details). 

(b) Individual BIM-only BH3 profile of lung adenocarcinoma (n=4), sarcoma (n=2), and lymphoma (n=3) 

cell lines, demonstrating that lung adenocarcinoma and sarcoma cell lines are poorly primed whereas 

lymphoma cell lines are highly primed. (c) Full BH3 profile of cell lines from (b) represented in heatmap 

form (note scale on the right). (d) BH3 profile of a lung adenocarcinoma cell line, demonstrating that p53 

restoration slightly increases mitochondrial apoptotic priming. (e) BH3 profile of a sarcoma cell line, 

demonstrating that p53 restoration slightly increases mitochondrial apoptotic priming. Data in (b) 

represent the mean ± S.E.M, n=3 or more. Statistics were calculated with two-sided Student’s t-test: *P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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adenocarcinoma, sarcoma, and lymphoma cell lines unveiled that lung adenocarcinoma 

and sarcoma cell lines are poorly primed, whereas lymphoma cell lines are highly 

primed (Figure 3B-C). As shown in Figure 3B, lung adenocarcinoma cell lines tend to 

exhibit the lowest mitochondrial depolarization values when compared to sarcoma cell 

lines and lymphoma cell lines. Perhaps not surprisingly, p53 restoration by itself was 

sufficient to cause a minor increase in the levels of mitochondrial apoptotic priming in 

both lung adenocarcinoma and sarcoma cell lines (Figure 3D-E). This result is 

consistent with the fact that p53 transcriptionally activates multiple pro-apoptotic genes, 

including the BH3-only proteins Puma and Noxa (Hemann and Lowe 2006). 

Nevertheless, it appears that this minor increase in the levels of mitochondrial apoptotic 

priming is not enough to induce cell death in this context, as demonstrated by the lack 

of cell death in both lung adenocarcinoma and sarcoma cell lines upon p53 restoration 

(Figure 2B, E). 

Genetic manipulation of mitochondrial apoptotic priming levels changes cell fate

The results described above prompted us to test the hypothesis that manipulating the 

levels of mitochondrial apoptotic priming would be sufficient to switch the observed 

tumor-specific responses to p53 restoration. We tackled this hypothesis in a few 

different ways. First, we genetically ablated Bcl-xL in both lung adenocarcinoma and 

sarcoma cell lines using CRISPR-Cas9 to test whether its deletion would increase the 

basal level of mitochondrial apoptotic priming in these poorly primed cells (Figure 4A, 

5A). Remarkably, CRISPR-mediated deletion of Bcl-xL in either lung adenocarcinoma 

(Figure 4B-C) or sarcoma (Figure 5B-C) cell lines substantially increased the basal  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Figure 4: Genetic deletion of Bcl-xL increases mitochondrial apoptotic priming in lung 

adenocarcinoma cell lines and is sufficient to trigger cell death in the context of p53 restoration.

(a) CRISPR-mediated deletion of Bcl-xL in lung adenocarcinoma cell lines. (b) BH3 profile of four Bcl-xL 

knockout lung adenocarcinoma cell lines, demonstrating that Bcl-xL deletion increases mitochondrial 

apoptotic priming. (c) Individual BIM-only BH3 profile of four Bcl-xL knockout lung adenocarcinoma cell 

lines. (d) Bcl-xL deletion increases mitochondrial apoptotic priming and this is sufficient to sensitize lung 

adenocarcinoma cells to undergo cell death upon restoration of p53. Data shown is from cells harvested 

72hrs after p53 restoration. (e) Percentage of Annexin V-7AAD double positive Bcl-xL knockout cells 

72hrs after p53 restoration. Data in (c) and (e) represent the mean ± S.E.M, n=3 or more. Statistics 

were calculated with two-sided Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5: Genetic deletion of Bcl-xL increases mitochondrial apoptotic priming in sarcoma cell 

lines. (a) CRISPR-mediated deletion of Bcl-xL in sarcoma cell lines. (b) BH3 profile of one Bcl-xL 

knockout sarcoma cell line, demonstrating that Bcl-xL deletion increases mitochondrial apoptotic 

priming. (c) Individual BIM-only BH3 profile of one Bcl-xL knockout sarcoma cell line, demonstrating 

increased mitochondrial apoptotic priming. Data in (c) represent the mean ± S.E.M, n=3 or more. 

Statistics were calculated with two-sided Student’s t-test: *P < 0.05
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levels of mitochondrial apoptotic priming. This increase in mitochondrial apoptotic 

priming was sufficient to switch the fate of lung adenocarcinoma cells upon p53 

restoration. Notably, restoration of p53 in lung adenocarcinoma Bcl-xL knockout cells 

triggered a substantial increase in the levels of CC3 (Figure 4D) and in the percentage 

of Annexin V-7AAD double positive cells (Figure 4E). To test whether decreasing the 

level of mitochondrial apoptotic priming in lymphoma cells would switch their tumor-

specific response from apoptosis to cell cycle arrest, we overexpressed Bcl-xL using a 

retrovirus (Figure 6A). Remarkably, Bcl-xL overexpression led to a significant decrease 

in the level of mitochondrial apoptotic priming (Figure 6B-C). This decrease in 

mitochondrial apoptotic priming was sufficient to switch the fate of lymphoma cells upon 

p53 restoration. Notably, Bcl-xL-overexpression was able to block p53-mediated cell 

death, as demonstrated by the absence of CC3 (Figure 6A) and a significant decrease 

in the percentage of Annexin V-7AAD double positive cells (Figure 6D). This Bcl-xL-

overexpression-mediated decrease in mitochondrial apoptotic priming triggered a 

change in cell fate - from cell death to cell cycle arrest - in the context of p53 restoration, 

as demonstrated by the significant accumulation of lymphoma cells in the G0/G1 stage 

of the cell cycle (Figure 6E).

To assess whether increasing mitochondrial apoptotic priming would be sufficient to 

trigger p53-dependent apoptosis in established tumors in vivo, we overexpressed the 

BH3-only sensitizer protein Bad in sarcoma cells using a retrovirus (Figure 7A). 

Importantly, Bad overexpression by itself was insufficient to cause cell death, despite 

the fact that its overexpression led to a measurable increase in the levels of 

mitochondrial apoptotic priming (Figure 7B). Remarkably, restoration of p53 in Bad- 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Figure 6: Bcl-xL overexpression decreases mitochondrial apoptotic priming in lymphoma cell 

lines and is sufficient to trigger cell cycle arrest in the context of p53 restoration. (a) Bcl-xL 

overexpression blocks p53-mediated cell death. (b) BH3 profile of either control or Bcl-xL 

overexpressing lymphoma cells, demonstrating that Bcl-xL overexpression decreases mitochondrial 

apoptotic priming. (c) Individual BIM-only BH3 profile of Bcl-xL overexpressing lymphoma cells. (d) 

Percentage of Annexin V-7AAD double positive Bcl-xL overexpressing lymphoma cells 72hrs after p53 

restoration. (e) Cell cycle profiling of Bcl-xL overexpressing lymphoma cells 72hrs after p53 restoration.

Data in (c-e) represent the mean ± S.E.M, n=3 or more. Statistics were calculated with two-sided 

Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7: Bad overexpression in sarcoma cell lines increases mitochondrial apoptotic priming 

and is sufficient to trigger cell death in vitro and in vivo in the context of p53 restoration. (a) 

Western blot showing Bad overexpression. (b) Viability analysis using propidium iodide incorporation. 

Note that Bad overexpressing cells are as viable as empty-vector cells before p53 restoration, but that 

their viability substantially decreases upon p53 restoration, as demonstrated by an increase in the 

percentage of cells incorporating propidium iodide. (c) Bad overexpression sensitize sarcoma tumors to 

p53-mediated cell death in vivo. CC3=cleaved caspase 3.
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overexpressing cells resulted in a substantial increase in the level of cell death in vitro 

(Figure 7B), as well as in established sarcoma tumors in vivo (Figure 7C). 

Pharmacological manipulation of mitochondrial apoptotic priming levels changes 

cell fate

The data above convincingly demonstrated that genetic inactivation of Bcl-xL or 

overexpression of Bad leads to a substantial increase in mitochondrial apoptotic 

priming, which consequently synergizes with p53 restoration to induce cell death in lung 

adenocarcinoma and sarcoma cell lines. To determine whether pharmacological 

manipulation of mitochondrial apoptotic priming could trigger a similar synergistic effect 

in the context of p53 restoration, we treated lung adenocarcinoma and sarcoma cells 

with the BH3 mimetic ABT-263, which is a potent inhibitor of Bcl-xL (as well as Bcl-2 and 

Bcl-w) (Tse et al., 2008, Lessene et al., 2008). Remarkably, treatment with ABT-263 

strongly synergized with p53 restoration and induced a substantial amount of cell death 

in both lung adenocarcinoma and sarcoma cell lines, as demonstrated by a significant 

increase in the percentage of Annexin V-7AAD double positive cells (Figure 8). These 

results strongly suggest that pharmacological induction of mitochondrial priming via the 

use of BH3 mimetic compounds could strongly synergize with drugs that restore p53, 

such as PRIMA-1 (Lambert et al., 2009), Nutlin-3 (Vassilev et al., 2004), and others 

(Khoo et al., 2014). 
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Figure 8: Pharmacological manipulation of mitochondrial apoptotic priming levels using BH3 

mimetic compounds sensitizes cells to undergo cell death upon p53 restoration. These graphs 

represent the mean ± S.E.M, n=3 or more technical replicates. Statistics were calculated with two-sided 

Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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DISCUSSION

Using a set of defined GEMM-derived p53 restorable lung adenocarcinoma, sarcoma, 

and lymphoma cell lines in combination with BH3 profiling, we have demonstrated that 

the level of mitochondrial apoptotic priming is a critical determinant of cell fate in the 

context of p53 restoration. We discovered that lung adenocarcinoma and sarcoma 

tumors - which normally undergo cell cycle arrest upon p53 restoration - are poorly 

primed. Consequently, reactivation of the p53 tumor suppressor gene in this context is 

unable to trigger cell death, presumably because the cells are below a certain apoptotic 

threshold that needs to be overcome in order to elicit MOMP and subsequent cell death. 

Interestingly, we demonstrated that p53 by itself is able to increase the level of 

mitochondrial apoptotic priming, presumably via the transcriptional activation of pro-

apoptotic BH3-family members, including Noxa and Puma. However, p53 by itself is 

unable to trigger cell death in these two tumor types; therefore, the p53-dependent 

increase in mitochondrial apoptotic priming does not appear to be sufficient to bring the 

cells over the apoptotic threshold. On the other hand, we discovered that lymphoma cell 

lines - which normally undergo cell death upon p53 restoration - are highly primed. 

Consequently, reactivation of the p53 tumor suppressor gene in this context readily 

triggers cell death, presumably because the cells are very close to the apoptotic 

threshold. In this context, p53 by itself is able to overcome the apoptotic threshold; 

perhaps in this setting, the slight aforementioned p53-dependent increase in 

mitochondrial priming is enough to overcome the apoptotic threshold and elicit MOMP 

and subsequent cell death. 
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By employing a combination of CRISPR-based loss of function approaches and cDNA-

based gain of function approaches, we demonstrated that genetic manipulation of 

mitochondrial apoptotic priming levels is sufficient to change cell fate upon p53 

restoration. We demonstrated that CRISPR-mediated deletion of Bcl-xL triggers a 

substantial increase in the levels of mitochondrial apoptotic priming, which are 

measurable via BH3 profiling. The fact that we could measure this dynamic property in a 

highly sensitive way allowed us to functionally explain how a single genetic manipulation 

could cooperate with p53 reactivation to induce cell death in otherwise recalcitrant 

tumor type. Indeed, Bcl-xL inactivation by itself did not trigger any detectable cell death; 

nevertheless, we were able to conclude that it was having a major functional effect in 

the levels of mitochondrial apoptotic priming through the use of BH3 profiling. This 

increase in mitochondrial apoptotic priming synergized with p53 reactivation to induce 

cell death. Similarly, increasing the levels of mitochondrial apoptotic priming via 

overexpression of the BH3-only sensitizer Bad also synergized with p53 reactivation to 

induce cell death. On the other hand, Bcl-xL overexpression triggered a substantial 

decrease in the levels of mitochondrial apoptotic priming, as measured by BH3 profiling. 

This increase in mitochondrial apoptotic priming completely blocked p53-mediated cell 

death and instead allowed for cell cycle arrest. Importantly, Bcl-xL overexpression by 

itself did not trigger any significant cell cycle arrest; nevertheless, we were able to 

conclude that it was having a major functional effect in the levels of mitochondrial 

apoptotic priming through the use of BH3 profiling.  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Our results support a model whereby lung and sarcoma cell lines are far from the 

apoptotic threshold due to the fact that they have inherently low levels of mitochondrial 

apoptotic priming, whereas lymphoma cell lines are close to the apoptotic threshold due 

to the fact that they have inherently high levels of mitochondrial apoptotic priming 

(Figure 9).
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Figure 9: The apoptotic threshold model. Lung adenocarcinoma and sarcoma cell lines are far from the 
apoptotic threshold due to the fact that they have low levels of mitochondrial apoptotic priming. Despite the fact that 

p53 brings them closer to the apoptotic threshold, their inherently low level of basal mitochondrial apoptotic priming 
does not allow them to cross through the apoptotic threshold. On the other hand, lymphoma cell lines are highly 

primed, and p53 restoration readily triggers their passage through the apoptotic threshold. Manipulating the levels 
of mitochondrial apoptotic priming through genetic deletion of Bcl-xL or Bad overexpression (shown here), as well 

as through the use of BH3 mimetic drugs (such as ABT-263), can dramatically increase the levels of mitochondrial 
priming and strongly synergize with p53 to induce cell death in poorly primed tumor types, such as lung 

adenocarcinoma and sarcoma. Adapted from Lowe et al., 2004.
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Remarkably, we were also able to mimic our genetic results using the ABT-263 BH3 

mimetic compound, suggesting that the combination of a p53 restoring drug with an 

agent that increases mitochondrial apoptotic priming could strongly synergize and 

trigger cell death in tumors that commonly undergo cell cycle arrest upon therapeutic 

p53 reactivation.

MATERIALS AND METHODS

Generation of cell lines and cell culture

Bcl-xL knockout cells were generated by transient transfection using the pX458 vector 

(Addgene, 48138) essentially as described in the protocol by Ran et al., 2013 using 

sgBcl-xL.2 (5’ - G CCCAGCTTCACATAACCCCA - 3’), where the G in bold was added 

for ensuring appropriate U6 transcription. Bcl-xL overexpressing cell lines were 

generated using the pMIG Bcl-XL retroviral construct (Addgene, 3541). The pMIG-

Empty retroviral construct (Addgene, 9044) was used as control. Retroviral particles 

were generated and packaged using Phoenix cell system (G. Nolan, Stanford 

University). Cells were maintained in DMEM (lung adenocarcinoma and sarcoma cell 

lines) or IMDM (lymphoma cell lines) supplemented with 10% Fetal Bovine Serum and 

gentamicin. For p53 restoration experiments, 4-hydroxy-tamoxifen was added at a final 

concentration of 250-500nM for a total of 72hrs.

Antibodies

The following antibodies were used for western blotting experiments: anti-Bcl-xL (CST, 

#2764, 1:1000), anti-p53 (Novocastra, NCL-p53-505 1:1000), anti-Hsp90 (BD, 610418, 
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1:10000 to 1:15000), anti-cleaved caspase 3 (CST, #9661, 1:1000), anti-Bad (CST, 

#9292, 1:1000), and anti-p21 (Santa Cruz, sc-6246).

Western blotting

Cells were lysed with RIPA buffer (BP-115, Boston BioProducts) supplemented with 1X 

protease inhibitor solution (cOmplete EDTA-free, 11873580001, Roche). Protein 

concentration of cell lysates was determined by Pierce BCA protein assay (23225, 

Thermo Fisher Scientific). Total protein (50μg) was separated on 4-12% Bis-Tris 

gradient SDS-PAGE gels (Life Technologies) and then transferred to PVDF membranes 

(IPVH00010, EMD Millipore) for blotting. 

Cell cycle analysis

For cell cycle analysis, we used a FITC BrdU Flow Kit (559619, BD Biosciences). 

Briefly, 1 million cells were plated in triplicate with or without p53 restoration for a total of 

72 hrs. Cells were then labeled with 10μM BrdU for 30-60 minutes, and subsequently 

fixed and stained with anti-BrdU and 7-AAD and analyzed by flow cytometry.

Annexin V - 7AAD analysis

Cells were cultured identically as described for cell cycle experiments. 72 hrs after p53 

restoration, cells were analyzed using the BioLegend assay kit (640919) following 

manufacturer guidelines.

BH3 profiling

BH3 profiling was performed essentially as described in Ryan and Letai 2013.
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Animal experiments

All animal studies described in this study were approved by the MIT Institutional Animal 

Care and Use Committee. A total of 500,000 sarcoma cells were injected 

subcutaneously into Nude mice from Taconic at the age of 6-8 weeks. Tamoxifen 

(Sigma) was dissolved in corn oil (Sigma) and a single injection was administered 

intraperitoneally at 200 μg per gram of total body weight. 

Immunohistochemistry

Immunohistochemistry was performed identically as described in Chapter 2 of this 

thesis, using anti-cleaved caspase 3 (CST, #9661, 1:1000).
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INTRODUCTION

A unifying theme throughout this thesis has been the motivation to fill the gap between 

cancer genomics and functional cancer genetics in vivo. This motivation partially stems 

from a desire to achieve a better mechanistic understanding of the biological role that 

putative cancer drivers (including low frequency drivers) are playing in several aspects 

of this disease. Large-scale cancer genome sequencing studies have identified loss of 

function mutations in the SMARCA4 gene (hereafter referred to as BRG1/Brg1), which 

encodes for the BRG1 chromatin remodeling enzyme, in up to 20% of non-small cell 

lung cancer patients (Imielinski et al., 2012, LUAD TCGA 2014, and others). In addition, 

~ 5% of KRAS mutant lung adenocarcinoma patients concomitantly harbor SMARCA4 

mutations (LUAD TCGA 2014), supporting efforts aimed towards the better 

understanding of the basic biology behind this particular cancer genotype, as well as the 

potential identification of genetic dependencies that could be pursued for targeting this 

population of patients. 

Despite the fact that there is a significant amount of functional and mutational evidence 

suggesting that BRG1 is a tumor suppressor in lung cancer (Medina et al., 2008, Glaros 

et al., 2008, Orvis et al., 2014), the exact role it is playing and the stage of cancer at 

which it is acting remains largely unknown. Moreover, in vivo studies that have 

examined the role of Brg1 in the initiation and progression of other tumor types (such as 

pancreatic adenocarcinoma) have reported complex context-specific roles (von Figura 

et al., 2014, Roy et al., 2015). Indeed, studies by the group of Matthias Hebrok have 

suggested that Brg1 can have both oncogenic and tumor suppressive properties 
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depending on the stage of tumor progression, at least in the context of cancers of the 

pancreas (Roy et al., 2015). Whether Brg1 acts as a tumor suppressor in lung 

adenocarcinoma in vivo, and whether it has any context- or stage-specific roles remains 

largely unknown. Moreover, whether Brg1 mutations result in unique genetic 

dependencies that could be exploited for therapeutically targeting this specific patient 

population also remains widely unknown. 

Intriguingly, recent data from Christine Fillmore and Carla Kim has demonstrated that 

Brg1 mutations can create unique dependencies that can be exploited for 

therapeutically targeting this patient population (Fillmore et al., 2015). By examining a 

large panel of human non-small cell lung cancer cell lines, they demonstrated that Brg1 

mutation conferred exquisite sensitivity to combined EZH2 inhibition and etoposide. 

Whether this combination therapy would hold for KRAS-mutant lung cancer patients 

harboring BRG1 mutations remains to be seen. Moreover, whether BRG1 mutations 

create additional genetic dependencies that could be uncovered using focused or 

unbiased approaches also remains to be seen.

To begin to tackle this problem, we decided to construct Kras-driven GEMMs of lung 

adenocarcinoma with concomitant mutation in Brg1 using the pSECC system described 

in Chapter 2. In addition to in vivo models, we also decided to generate isogenic in vitro 

models using the strategies described in Chapter 3. In this Appendix, I will briefly 

describe a few of these efforts and discuss future directions. 
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RESULTS AND DISCUSSION

pSECC-mediated disruption of Brg1 in vivo

To dissect the role that Brg1 might be playing in lung adenocarcinoma initiation, 

progression, and/or therapeutic response, we took the two-tiered approach presented 

below in Figure 1: 

To generate Kras-driven GEMMs of lung adenocarcinoma, we employed the pSECC 

system described in Chapter 2 (see below for experimental scheme; Figure 2). We 

intratracheally infected a cohort composed of 30 KP mice, of which 15 mice were 

infected with pSECC-Control and the remaining 15 were infected with a pre-validated 

c
CRISPR-based genome engineering

Brg1 is co-mutated 
with Kras (~ 5%)

KP cell line K / KP mouse

Does Brg1 act as a 
TSG in this model?

pSECCCRISPR-Cas9

KP; Brg1∆/∆ KP; Brg1∆/∆

Figure 1

Figure 1: Two-tiered approach to functionally validate a putative tumor suppressor gene (TSG).
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pSECC-sgBrg1. We aged the mice for a total of 20 weeks post-infection. At morbidity, 

we generated multiple cell lines for several purposes, including performing an initial 

assessment of genome editing. 

To assess genome editing without the need for high-throughput sequencing, we 

sequenced the Brg1 target loci in multiple tumor-derived cell lines. As expected, multiple 

cell lines harbored bi-allelic indel mutations in predicted areas of Cas9 cutting (~ 3bp 

upstream or so of the PAM site) (see below Figure 3).

Figure 1

2AsgRNA Cas9 CreU6 EFS

Pten

Nkx2.1

Apc

a

b c

d e

pSECC

Figure 1

2AsgRNA Cas9 CreU6 EFS

Pten

Nkx2.1

Apc

a

b c

d e

pSECC

K-rasG12D/+; p53∆/∆; Brg1∆/∆K-rasLSL-G12D/+; p53fl/fl

pSECC

sgBrg1-pSECC

(or control)

Histopathology
DNA Analysis

Cell lines

~ 20 weeks

Figure 2

Figure 2: Experimental scheme for pSECC-mediated disruption of Brg1 in vivo.

Figure 3

WT locus
Allele A

5’ - CCACGTGGAGAGTGGCAAGATCC- 3’
gRNA sequencePAM

5’ - CCACGTG————————————ATCC- 3’
5’ - CCACG—GGAGAGTGGCAAGATCC- 3’Allele B

WT locus
Allele A

5’ - CCACGTGGAGAGTGGCAAGATCC- 3’
gRNA sequencePAM

5’ - CCACGTG———AGTGGCAAGATCC- 3’
5’ - CCACGTG—AGAGTGGCAAGATCC- 3’Allele B

7750 T4

7496 T3

Figure 3: Evidence for bi-allelic indel mutations in the Brg1 locus of tumor-derived cell lines.
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To assess the phenotypic consequences of mutating Brg1 in vivo, we performed 

detailed histopathological analyses, including tumor burden quantitation, tumor grading, 

and assessment of metastatic spread (if any). The results of these phenotypic analyses 

are presented below in Figure 4.

Figure 4: pSECC-mediated disruption of Brg1 in vivo promotes several aspects of lung cancer. 

(a) Overall tumor burden quantitation. (b) Overall number of lesions per H&E section. (c) Tumor Grading 

analysis. (d) Percentage of mice with Grade 4 tumors (G4). (e) Percentage of mice with macroscopic 

metastases. (f) Number of macroscopic metastases per mouse.

Figure 4:

Figure 4:

sgControl sgBrg1 sgControl sgBrg1

G1 sgControl sgBrg1

sgControl sgBrg1 sgControl sgBrg1

G2 G3 G4

sgControl sgBrg1 sgControl sgBrg1

a b

c d

e f
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Interestingly, Brg1 deletion promoted several aspects of lung cancer in vivo. For 

example Brg1 deletion led to increased tumor initiation, as demonstrated by the 

statistically significant increase in the number of lesions per histological section (Figure 

4B). Indeed, we also observed a similar trend when performing serial μCT on some of 

these mice, whereby pSECC-sgBrg1 mice had many more small tumors during early 

time points (data not shown). However, Brg1 deletion did not significantly impact the 

overall tumor burden (which takes into account the area of lung covered by tumors 

instead of the number of individual lesions within a given lung lobe). Albeit this data is 

somewhat difficult to reconcile, the same unexpected phenomenon has been seen by 

another research group who generated KrasLSL-G12D/+; Brg1flox/flox mice and carried out 

very similar experiments as the ones described here (Eric Collisson & Shivani Malik, 

personal communication). Therefore, it appears that Brg1 plays a critical role in 

suppressing oncogenic transformation and tumor initiation, but might play a less 

important role at middle stages of tumor progression. The only way to effectively dissect 

these putative context-specific and spatiotemporal functions of Brg1 (or any other gene 

for that matter) is to employ sophisticated GEMMs of cancer that allow for inducible and 

reversible spatiotemporal control of multiple recombinases in combination with shRNAs 

and/or sgRNAs (these systems were extensively described in Parts I-II of the 

introduction). Nevertheless, the fact that two independent groups have observed the 

same biological phenomenon makes it warrant further investigation. 

Beyond accelerating tumor initiation, Brg1 deletion also shifted the tumor spectrum 

(Figure 4C), with Brg1 deficient mice harboring a higher percentage of Grade 3 tumors 

and a slight (but not statistically significant) increase in the percentage of Grade 4 

356



tumors and the percentage of individual mice harboring grade 4 tumors (Figure 4D). 

Strikingly, Brg1 deletion led to a ~ 6-fold increase in the incidence of metastatic disease, 

with 6/15 pSECC-sgBrg1 mice having one or more metastases vs only 1/15 pSECC-

Control mice (Figure 4E). Moreover, Brg1 deletion led to a significant increase in the 

number of macroscopic metastases per individual mouse, with multiple mice having > 2 

macroscopic metastases (Figure 4F). Collectively, these results indicate that Brg1 

deletion promotes several aspects of lung cancer initiation and progression in vivo. 

Thus, Brg1 is indeed a lung adenocarcinoma tumor suppressor gene. 

Generation of isogenic Brg1 wild type and mutant cell lines using CRISPR-Cas9

Next, we decided to generate isogenic KP and KP-Brg1KO cell lines (hereafter referred 

to as KPB cell lines) using CRISPR-Cas9 (Figure 5A-B). One of the main motivations 

behind generating this pair of isogenic cell lines was to test whether Brg1 mutation 

would confer sensitivity to combined EZH2 inhibition and Etoposide (Fillmore et al., 

2015). Remarkably, CRISPR-mediated mutation of Brg1 in the background of oncogenic 

Kras and p53 loss completely recapitulated the findings obtained by Carla Kim and 

colleagues, which were obtained by analyzing a panel human NSCLC cell lines (Figure 

5C) (Fillmore et al., 2015). The fact that engineering a single mutation fully recapitulated 

these findings is truly remarkable, as it speaks to the utility of generating and applying 

these and other sets of engineered isogenic cell lines for uncovering new biology and 

systematically identifying novel genetic dependencies that arise as a consequence of a 

mutation in a cancer driver (for example, Keap1 isogenic cell lines described in Chapter 

3 and Brg1 isogenic cell lines described in this section are representative examples). 

357



Molecular characterization of KP and KPB cell lines via RNA sequencing

Another major motivation behind the generation of these isogenic KP and KPB cell lines 

was to perform whole-transcriptome analysis through RNA sequencing (RNAseq) with 

the goal of molecularly characterizing Brg1 mutant cell lines. This dataset has already 

proven particularly powerful for dissecting the mechanisms by which Brg1 deletion 

promotes several aspects of lung adenocarcinoma. Moreover, it has already stimulated 

multiple hypotheses with immediate therapeutic potential for this particular patient 

subpopulation. I will briefly describe the RNAseq data set, initial findings, and a few 

KP KP
B

Brg1

Hsp90
WT locus
Mut Allele

5’ - CCACGTGGAGAGTGGCAAGATCC- 3’
gRNA sequencePAM

5’ - CCACGTG - AGAGTGGCAAGATCC- 3’

Brg1/Smarca4 mutation confers a genotype-selective 
vulnerability to EZH2 and TopoII inhibition

LETTER
doi:10.1038/nature14122

EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in

a b

dc

fe

0

100

200

300

400

10 15 20 25 30 35

Vehicle

DZNep alone

Etop alone

Etop + DZNep

n = 19/5

n = 20/5

n = 20/5

n = 24/6

0

50

100

150

200

250

300

350

10 20 30 40

Vehicle

DZNep alone

Etop alone

DZNep + Etop

n = 19/8

n = 16/6

n =  23/10

n = 19/8

H23-protected line H157-sensitized line 

0

200

400

22 24 26 28 30 32 34 36

Vehicle

Etop alone

GSK alone

GSK + Etop

Geftinib

W
ee

k 
0

W
ee

k 
4

EGFRT790M; L858R 

n = 8

n = 7

n = 6

n = 6

n = 8

HH HH

HHHH

–80

–40

0 0

40

80

120

40

80

120

KrasG12D/+; p53Δ/Δ

KrasG12D/+; p53Δ/Δ

C
ha

ng
e 

in
 tu

m
ou

r v
ol

um
e 

(m
m

3 )
  

C
ha

ng
e 

in
 tu

m
ou

r v
ol

um
e 

(m
m

3 )
  

PC9-sensitized line 

Week 4

Week 2

Etop

DZNep

Mean

+ + +– – –

+ + +– – –

–0.85 (40%)* 0.24 0.35 0.75 0.82 0.87

SD 0.69 0.20 0.14

† † †

EGFRT790M; L858R 

Etop
DZNep

Etop
DZNep

Time (days) Time (days)

Time (days)

*

*

**

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in

a b

dc

fe

0

100

200

300

400

10 15 20 25 30 35

Vehicle

DZNep alone

Etop alone

Etop + DZNep

n = 19/5

n = 20/5

n = 20/5

n = 24/6

0

50

100

150

200

250

300

350

10 20 30 40

Vehicle

DZNep alone

Etop alone

DZNep + Etop

n = 19/8

n = 16/6

n =  23/10

n = 19/8

H23-protected line H157-sensitized line 

0

200

400

22 24 26 28 30 32 34 36

Vehicle

Etop alone

GSK alone

GSK + Etop

Geftinib

W
ee

k 
0

W
ee

k 
4

EGFRT790M; L858R 

n = 8

n = 7

n = 6

n = 6

n = 8

HH HH

HHHH

–80

–40

0 0

40

80

120

40

80

120

KrasG12D/+; p53Δ/Δ

KrasG12D/+; p53Δ/Δ

C
ha

ng
e 

in
 tu

m
ou

r v
ol

um
e 

(m
m

3 )
  

C
ha

ng
e 

in
 tu

m
ou

r v
ol

um
e 

(m
m

3 )
  

PC9-sensitized line 

Week 4

Week 2

Etop

DZNep

Mean

+ + +– – –

+ + +– – –

–0.85 (40%)* 0.24 0.35 0.75 0.82 0.87

SD 0.69 0.20 0.14

† † †

EGFRT790M; L858R 

Etop
DZNep

Etop
DZNep

Time (days) Time (days)

Time (days)

*

*

**

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

 

Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.

0 0 M O N T H 2 0 1 5 | V O L 0 0 0 | N A T U R E | 1

Macmillan Publishers Limited. All rights reserved©2015

DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).

a 
Stage 1 

EZH2 High EZH2 Low 

P = 0.003 

Moderately differentiated 

S
ur

vi
vi

ng
 p

at
ie

nt
s 

(%
)

100 

80 

60 

40 

20 

0 %
 S

ur
vi

vi
ng

 p
at

ie
nt

s 

c 

e

d 

f 

P = 0.00002 

0   1     2    3    4     5    6 

Years after diagnosis 

–6 

–4 

–2 

0 

2 

4 

Sensitized Protected 

Fo
ld

 c
ha

ng
e 

in
 e

to
po

si
de

 IC
50

(lo
g 
× 

10
)

shEZH2 CR 

shEZH2 3′ UTR 

EZH2 rescue 

–6 

–4 

–2 

0 

2 

4 

6 

Fo
ld

 c
ha

ng
e 

in
 e

to
po

si
de

 IC
50

(lo
g 
× 

10
)

Sensitized Protected 

GSK126 

DZNep
C

om
bi

na
tio

n 
in

de
x 

IC
25

 to
 IC

75
 

Sensitized Protected 

A
54

9 

EZH2 

Histone H3 

H3K27me3 

EZH2 

Histone H3 

H3K27me3 

S
w

15
73

 
S

w
15

73
 

A
54

9 

EZH2 

Histone H3 

H3K27me3 

EZH2 

Histone H3 

H3K27me3 

100 

80 

60 

40 

20 

0 
0   1     2    3    4     5    6 

Years after diagnosis 

b 

** 
** ** * 

*

** ** 
** 

* 

* 

** 

* 

** ** 
** 

** * 
* 

* 

* 

** ** 
** 

** 
** 

* 

0.1 

1 

10 

GSK126 

DZNep

H15
7

HCC15
A54

9
PC9

H23

Sw15
73

H46
0

H15
7

HCC15
A54

9
PC9

H23

Sw15
73

H46
0

H15
7

HCC15
A54

9
PC9

H23

Sw15
73

H46
0

Veh
icl

e

1 μ
M

 D
ZNep

, 4
 d

10
 μM

 G
SK12

6, 
4 d

2 μ
M

 G
SK12

6, 
9 d

sh
GFP

sh
EZH2 3

′ U
TR

sh
EZH2 C

R

sh
EZH2 3

′ U
TR

+EZH2

Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).

RESEARCH LETTER

2 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 5

Macmillan Publishers Limited. All rights reserved©2015

Brg1MUT Brg1WT 

!5#

!4#

!3#

!2#

!1#

0#

1#

parental#

clone#M#

Lo
g!
fo
ld
#c
ha
ng
e#
in
#

et
op

os
id
e#
IC

50
#

**

Brg1 WT 

Brg1 MUT 

with Chris Fillmore (Harvard Medical School)

Brg1/Smarca4 mutation confers a genotype-selective 
vulnerability to EZH2 and TopoII inhibition

LETTER
doi:10.1038/nature14122

EZH2 inhibition sensitizes BRG1 and EGFR mutant
lung tumours to TopoII inhibitors
Christine M. Fillmore1,2,3, Chunxiao Xu4,5, Pooja T. Desai1, Joanne M. Berry1, Samuel P. Rowbotham1,2,3, Yi-Jang Lin2,
Haikuo Zhang4,5, Victor E. Marquez6, Peter S. Hammerman4, Kwok-Kin Wong4,5 & Carla F. Kim1,2,3

Non-small-cell lung cancer is the leading cause of cancer-related death
worldwide1. Chemotherapies such as the topoisomerase II (TopoII)
inhibitor etoposide effectively reduce disease in a minority of patients
with this cancer2,3; therefore, alternative drug targets, including
epigenetic enzymes, are under consideration for therapeutic inter-
vention4. A promising potential epigenetic target is the methyltrans-
ferase EZH2, which in the context of the polycomb repressive
complex 2 (PRC2) is well known to tri-methylate histone H3 at lysine
27 (H3K27me3) and elicit gene silencing5. Here we demonstrate that
EZH2 inhibition has differential effects on the TopoII inhibitor re-
sponse of non-small-cell lung cancers in vitro and in vivo. EGFR and
BRG1 mutations are genetic biomarkers that predict enhanced sen-
sitivity to TopoII inhibitor in response to EZH2 inhibition. BRG1
loss-of-function mutant tumours respond to EZH2 inhibition with
increased S phase, anaphase bridging, apoptosis and TopoII inhib-
itor sensitivity. Conversely, EGFR and BRG1 wild-type tumours upreg-
ulate BRG1 in response to EZH2 inhibition and ultimately become
more resistant to TopoII inhibitor. EGFR gain-of-function mutant
tumours are also sensitive to dual EZH2 inhibition and TopoII in-
hibitor, because of genetic antagonism between EGFR and BRG1.
These findings suggest an opportunity for precision medicine in the
genetically complex disease of non-small-cell lung cancer.

To validate that EZH2 is an important target for non-small-cell lung
cancer (NSCLC), we generated a 116-gene lung cancer EZH2 co-
expression gene signature (Supplementary Table 1). This signature had
predictive power for cancer progression using the Director’s Challenge
data set of 416 human lung adenocarcinomas6, partly because of strati-
fication of later-stage tumours to the EZH2 high group (Extended Data
Fig. 1a). To control for this covariate, exclusively stage 1 and moderately
differentiated tumours were examined, confirming that the signature
could robustly further stratify patients into risk groups (Fig. 1a). Gene
ontology analysis revealed that the EZH2 co-expression signature was
highly enriched for cell cycle, DNA synthesis and DNA repair genes
(Supplementary Table 2). One of the genes highly co-expressed with
EZH2 in primary tumours was topoisomerase 2A (TOP2A), which en-
codes the TopoII helicase targeted by etoposide.

To test EZH2 inhibition as a therapy for NSCLC, EZH2 expression
was stably knocked down with one of two different small hairpins in a
panel of NSCLC cell lines. Western blot confirmed that EZH2 protein
and catalytic mark, H3K27me3, were decreased in each transduced cell
line and could be rescued by EZH2 expression from a second lentivirus
(Fig. 1b and Extended Data Fig. 1b). We then determined etoposide
half-maximum inhibitory concentration (IC50) at 4 days. Of the seven
lines, HCC15, A549, H157 and PC9, termed ‘sensitized’ lines, had lower
etoposide IC50 when EZH2 was knocked down. Conversely, H460, H23
and Sw1573 cell lines, termed ‘protected’ lines, had higher etoposide
IC50 as shEZH2 lines (Fig. 1c). Rescue of EZH2 levels completely ab-
rogated the change in etoposide IC50 driven by the 39 untranslated region
(UTR) targeting hairpin (A549 and Sw1573; Fig. 1c, grey bars). The

sensitized and protected phenotypes were not due to differential de-
grees of EZH2 knockdown (Extended Data Fig. 1b, c).

Next, we used pharmacological EZH2 inhibition via the
S-adenosylhomocystein hydrolase inhibitor, DZNep, which causes pro-
teosomal degradation of PRC2 components including EZH2 (refs 7, 8)
and the specific EZH2 methyltransferase inhibitor, GSK126 (ref. 9).
Western blot confirmed that 4 days of 1mM DZNep effectively reduced
EZH2 protein and H3K27me3, and 10mM GSK126 for 4 days or 2mM
GSK126 for 9 days caused a decrease in H3K27me3 levels yet EZH2 re-
mained unchanged (Fig. 1d and Extended Data Fig. 2a). Fourteen of 26
NSCLC cell lines were more sensitive to 4-day etoposide in the pres-
ence of 1mM DZNep, while the other lines were less sensitive to the
chemotherapy in the presence of DZNep (Fig. 1e and Extended Data
Fig. 2b). For the sensitized lines, pretreatment with 2mM GSK126 for
9 days sensitized the lines to 4-day etoposide with continued GSK126
treatment (14 days total). For the protected lines, 10mM of GSK126 for
4 days best recapitulated the etoposide protection caused by DZNep
and shEZH2 (Fig. 1e and Extended Data Fig. 2c). IC50 shift results were
validated with the Chou–Talalay combination index10, demonstrating
strong synergism (combination index , 0.48) between DZNep and
etoposide as well as synergism (combination index , 0.64) between
GSK126 and etoposide (Fig. 1f and Supplementary Table 3). The com-
bination index assay also confirmed drug antagonism (combination
index . 1) in the protected lines.

We examined the mutational annotation available for the NSCLC
lines and found that 12 of 14 sensitized cell lines harboured inactivating
mutations in BRG1 (SMARCA4) or activating mutations in EGFR, while
10 of 12 protected cell lines were wild type (WT) for the two genes
(Supplementary Table 4 and Extended Data Fig. 2c; Fisher’s exact test,
P 5 0.001). Cell lines segregated into the same genotype-specific pro-
tected and sensitized classes when a different TopoII inhibitor, doxo-
rubicin11, was combined with DZNep (Extended Data Fig. 2d).

To determine whether the protected and sensitized phenotypes could
be observed in vivo, we treated xenograft-bearing mice with etoposide
and EZH2 inhibition (EZH2i). For the sensitized BRG1 mutant cell line
H157, early treatment with dual etoposide and DZNep therapy pre-
vented tumours from forming in four out of six mice, proving more
efficacious than etoposide or DZNep alone (Fig. 2a and Extended Data
Fig. 3a, b). In contrast, the protected H23 xenografts that received early
dual therapy grew significantly larger than those treated with either
DZNep or etoposide alone (Fig. 2b and Extended Data Fig. 3b). Further-
more, in mice with established EGFR-driven PC9 xenografts, the com-
bination of GSK126 and etoposide prevented tumour growth (Fig. 2c).

Next, mouse models of lung cancer predicted to be sensitized
(EGFRT790M;L858R transgenic; EGFR hereafter12) or protected (KrasG12D/1;
p53D/D; Kras/p53 hereafter13) tumour types were treated with DZNep
and etoposide. The Kras/p53 model, WT for Brg1 and Egfr, represents
a predicted ‘protected’ cancer, whereas the EGFR model, driven by
oncogenic EGFR, represents a predicted ‘sensitized’ cancer. Etoposide,

1Stem Cell Program, Boston Children’s Hospital, Boston, Massachusetts 02115, USA. 2Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Harvard Stem Cell Institute,
Cambridge, Massachusetts 02138, USA. 4Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA. 5Belfer Institute for Applied Cancer Science, Dana-Farber
Cancer Institute, Boston, Massachusetts 02115, USA. 6Chemical Biology Laboratory, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702, USA.
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DZNep, or combination therapy was then administered to randomized
cohorts of mice with radiographically documented lung masses for
4 weeks (Fig. 2d). Marked tumour regression in the EGFR model was
observed in response to 4 weeks of dual etoposide and DZNep treatment,
while mice in the other treatment arms showed continued tumour growth
(Fig. 2e and Extended Data Fig. 4a). In striking contrast, the Kras/p53
tumours proceeded to grow despite dual treatment (Fig. 2f). DZNep
efficacy was confirmed by EZH2 immunohistochemistry for both mod-
els (Extended Data Fig. 4b, c).

To address the mechanism through which EZH2i changed sensitiv-
ity to TopoII inhibitor (TopoIIi), we considered the physical interaction
between BRG1 and TopoII that allows for increased TopoII function14.
Because BRG1 and EZH2 are known to be genetically antagonistic15,
we hypothesized that protected cell lines upregulated BRG1 in response
to EZH2i and thereby had increased TopoII function. BRG1 transcript
measured by quantitative PCR with reverse transcription (RT-qPCR)
was reproducibly increased by DZNep treatment, although BRG1 levels
were not significantly different when the cells were treated with GSK126
(Fig. 3a). To assess the function of BRG1-containing BAF complexes we
quantified anaphase bridges, which are known to indicate a failure of

TopoII to decatenate DNA before mitosis and can be attributable to
BAF complex dysfunction (Extended Data Fig. 5a). DZNep or GSK126
treatment increased anaphase bridges in BRG1 mutant cell lines and
decreased anaphase bridges in WT cells (Fig. 3b and Extended Data
Fig. 5b). EGFR mutant cells, despite BRG1 upregulation, also had in-
creased anaphase bridging with DZNep or GSK126 treatment and showed
high levels of EGFR in dividing cells (Extended Data Fig. 5c).

We next examined cell cycle and apoptosis dynamics of the lines.
While the protected lines showed no difference in apoptotic levels in
etoposide compared with dual-treated cultures, the sensitized lines had
significantly higher apoptotic fractions in dual-treated cultures than in
cultures treated with etoposide as a single agent (Fig. 3c). Furthermore,
protected etoposide-treated lines had an average of 13.5% fewer cells in
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Figure 2 | In vitro sensitivities to EZH2i plus TopoIIi predict in vivo
responses. Either the H157 (a) or the H23 (b) cell line was injected into the
flanks of Nude mice and tumours were allowed to form. On day 12, mice were
randomly segregated into cohorts that received either placebo, DZNep,
etoposide or dual therapy for 2 weeks, and average tumour size 6 s.e.m. were
plotted (n for tumours/mice in each arm indicated on graphs; *P 5 0.002,
**P 5 0.0005 dual versus etoposide). c, The PC9 cell line was injected into the
flanks of Nude mice and tumours were allowed to grow to 70 mm3. Mice were
then treated with etoposide, GSK126, dual therapy or gefitinib (as a positive
control) for 2 weeks, and average tumour size 6 s.e.m. were plotted (n indicated
on legend, mice with one tumour each; P , 0.008 for dual versus etoposide or
GSK126 alone). d, Representative magnetic resonance images of mice of
indicated genotypes on combination etoposide plus DZNep treatment at 0 and
4 weeks after treatment initiation. H, heart area. e, Waterfall plot depicting
tumour growth 6 s.e.m. of EGFRT790M;L858R tumours after 2 weeks and 4 weeks
of treatment with vehicle (blue), etoposide (green), DZNep (red) and etoposide
plus DZNep (purple). The y axis indicates percentage tumour growth versus
day 0. Each bar represents an individual mouse ({the mouse died before the
magnetic resonance imaging time point). Statistical analyses were performed
on the 4-week log2-transformed data (P 5 0.008 dual versus DZNep and
P 5 0.004 dual versus etoposide). f, Waterfall plot depicting tumour
growth 6 s.e.m. of KrasG12D/1;p53D/D tumours after 2 weeks and 4 weeks of
treatment with vehicle (blue) and etoposide plus DZNep (purple).
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Figure 1 | EZH2i sensitizes BRG1 or EGFR mutants to TopoIIi. a, Director’s
Challenge samples were hierarchically clustered into two risk groups using the
EZH2 co-expression signature (Supplementary Table 1). The Kaplan–Meier
curves only for stage 1 (n 5 94) or only for moderately differentiated tumours
(n 5 142) to 6 years after diagnosis are shown. b, Western blot for EZH2 and
H3K27me3 on indicated transduced lines; total histone H3 is shown as loading
control. CR indicates a coding region targeting hairpin. c, Fold change 6 s.e.m.
in etoposide IC50 between transduced lines (n 5 3 biological replicates for
HCC15, A549, PC9, H23 and Sw1573, n 5 4 biological replicates for HCC15
and H460, rescues n 5 3 biological replicates; *P , 0.04, **P , 0.01).
d, Western blot for EZH2 and H3K27me3 on lines treated with indicated drugs.
e, Fold change 6 s.e.m. in etoposide IC50 between vehicle-treated and drug-
treated lines (n 5 3 biological replicates for all except n 5 4 biological replicates
for H157 1 DZNep; *P , 0.04, **P , 0.01). f, Average Chou–Talalay
combination index values 6 s.e.m. (also see Supplementary Table 3) for
fractions affected equivalent to IC25–IC75 (n 5 3 biological replicates).
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hypothesis that have stemmed from this recent analysis (Figure 6). The first interesting 

observation derived from the RNAseq data is the fact that KPB cells show a massive 

global downregulation of gene expression (Figure 6A-B).

Figure 6: KPB cells exhibit major transcriptional differences and a massive downregulation of 

gene expression when compared to KP cells. (a) Hierarchical clustering of the differentially 

expressed genes (Fold Change > 2) between KP and KPB cell lines represented as a heat map. Each 

column represents a replicate for the indicated group. This gene expression analysis shows that KPB 

cells are associated with a specific gene expression signature (b) When we look at the number of genes 

that are significantly changing (Fold Change >2), we observe that the majority of the differentially 

expressed genes between KPB cells vs KP cells are downregulated, suggesting a potential 

transcriptional activation role for Brg1 in lung adenocarcinoma.
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This is of particular interest because it suggests that Brg1 is playing a role in activating 

transcription in lung adenocarcinoma cells. If the tumor suppressive role of Brg1 is via 

the transcriptional activation of a defined set of genes, then identifying those genes 

could potentially give insight into the tumor suppressive pathways that Brg1 is regulating 

in the context of lung adenocarcinoma. Moreover, Brg1 functions are known to be highly 

context dependent; for example, it is well established that Brg1 plays a transcriptional 

repressive role in ES cells (Wilson and Roberts 2011). Our data suggests that Brg1 is 

playing the complete opposite role in lung adenocarcinoma. Another interesting (and 

preliminary) observation derived from this RNAseq dataset is the fact that the gene 

signature associated with Brg1 mutation is able to predict the 5-year survival of lung 

adenocarcinoma patients that specifically harbor mutations in KRAS (Figure 7). 
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Figure 7: The Brg1-mutant-derived gene signature has predictive power in KRAS mutant 
patients. Red = correlation with KPB gene signature (only downregulated genes from signature here).
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Another set of very interesting and exciting observations comes from our preliminary 

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005). Our analysis has 

revealed that Brg1 mutant cell lines dramatically upregulate multiple gene sets involved 

in several aspects of the malignant phenotype, including E2F-family related gene sets 

(Figure 8A) (which are known to antagonize the Rb tumor suppressor gene), Wnt 

pathway gene sets (Figure 8B), and gene sets strongly associated with drug resistance 

(Figure 8C). Conversely, our analysis has revealed that Brg1 mutant cell lines 

substantially downregulate multiple gene sets involved in several tumor suppressive 

pathways or pathways that are involved in counteracting the malignant phenotype in 

one way or another, including the strong repression of genes that mediate drug 

sensitivity (Figure 8D).

Figure 8: Brg1-mutant tumors upregulate and downregulate multiple gene sets that are known to be 

involved in the malignant phenotype. (a-c) Upregulated gene sets corresponding to (a) E2F family, (b) Wnt 

pathway, and (c) drug resistance. (d) Downregulated gene sets corresponding to drug sensitivity.
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The results described above are provocative, and immediately suggest multiple 

hypotheses that can be rigorously tested using the KP-KPB set of isogenic cell lines. 

For example, the fact that Brg1-mutant tumors hyperactivate the Wnt pathway (Figure 

8B) led us to hypothesize that these tumors might be sensitive to Wnt pathway 

inhibition. Indeed, our preliminary data suggest that Wnt pathway inhibition has a 

significant therapeutic effect in Brg1-mutant cells and Brg1-mutant tumors in vivo. These 

and other experiments will hopefully contribute to the development of novel therapeutic 

approaches for the benefit of this subpopulation of lung cancer patients. 
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