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Abstract

Transcription is frequently deregulated in cancer, but targeting of transcriptional
processes for cancer therapy has thus far been limited to nuclear receptors.
Recent studies, however, have suggested that inhibitors of various general
transcriptional regulators can be used in cancer therapy because expression of
some oncogenes is disproportionately sensitivity to these inhibitors. Here, |
describe the cellular and molecular effects of inhibiting a general transcriptional
regulator, CDKY7, in T-cell acute lymphoblastic leukemia (T-ALL) cells. Because
tumor cells commonly evolve resistance to individual therapies, | have also
investigated the potentially synergistic effects of combining two compounds that
target transcriptional regulators — the CDK7-inhibitor THZ1 and the BRD4-
inhibitor JQ1 - and suggest a model describing the molecular basis of the
synergistic effects | observed. My research provides insight into the effects of
these inhibitors of general transcriptional regulators on tumor cell behavior and
gene expression programs.

Thesis supervisor: Dr. Richard Young
Title: Professor
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Chapter 1: Introduction

Preface

Transcriptional processes are typically dysregulated in cancer cells
(Bhagwat and Vakoc, 2015; Lee and Young, 2013; Brien et al., 2016; Cancer
Genome Atlas Research Network, 2013; Villicana et al., 2014; Hnisz et al.,
2013). Transcription factors (TFs) play direct and specific roles in tumorigenesis,
which makes them attractive candidate drug targets, but with the exception of
nuclear receptors, small molecule inhibition of transcription factors has proven
difficult. Recent studies have revealed that inhibition of general transcriptional
regulators (GTRs), which are transcriptional control proteins that generally
function at many active genes, may provide an alternative method to inhibit
dysregulated transcription in tumor cells (Loven et al., 2013; Kwiatkowski et al.,
2014). This surprising result is thought to be due to several features of
dysregulated tumor cells, including the development of exceptional
“dependencies” on the GTRs at certain dysregulated genes such as MYC.

The two GTRs that are the focus of this discussion are BRD4 and CDK7,
for which various chemical probes have been synthesized and studied by a
group of collaborating laboratories directed by Jay Bradner, Nathanael Gray and
Richard Young (Delmore et al., 2010; Kwiatkowski et al., 2014.) These groups
reported that inhibition of the general transcriptional regulator BRD4 with the

small-molecule competitive inhibitor JQ1 could result in gene-selective effects in



tumor cells (Delmore et al., 2010). This observation countered an expectation
that inhibiting a general factor would cause global, non-selective effects on
transcription. Instead, JQ1 treatment resulted in selective down-regulation of the
MYC oncogene in Multiple Myeloma cells. These results suggested that tumor
cells might be especially dependent on certain general transcriptional regulators
and that inhibitors of other GTRs might produce similar gene-selective effects in
tumor cells.

Indeed, an irreversible inhibitor (THZ1) of CDK7 and CDK12, which are
kinases that function in general transcription initiation and elongation, was found
to produce gene-selective effects on oncogenes in T-cell acute lymphoblastic
leukemia (T-ALL) cells (Kwiatkowski et al., 2014). These results, which are
described in Chapter 2, indicate that inhibition of CDK7/CDK12 produces gene-
selective effects on oncogenes as well as proliferative effects in T-ALL cells.

Although BRD4 and CDK7/12 are both involved in general transcriptional
control (Fig. 1), they have different mechanistic functions, which led to the
hypothesis that they might show synergistic effects when their inhibitors are used
in combination. | tested this hypothesis and found, as described in Chapter 3,
that T-ALL cells are sensitive to both THZ1 or JQ1, but the treatment of T-ALL
cells with a combination of THZ1 and JQ1 produces synergistic anti-proliferative
effects and more profound effects on the T-ALL gene expression program than
treatment with either inhibitor alone. My results indicate that different genes are
especially dependent on CDK7 and BRD4 for their transcription, and suggest that

the loss of expression of the combined set with both inhibitors mediates the
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Figure 1 | CDK7 and BRD4 function in transcriptional regulation through
distinct yet inter-connected roles. CDK?7, in association with TFIIH, is involved
in transcription initiation through phosphorylation of the CTD of Pol II. BRD4, in
association with Mediator, functions in transcription elongation through

recruitment of P-TEFD.
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cellular synergism. | describe below some of the underlying transcriptional
mechanisms that may contribute to these observations, reviewing 1)
transcriptional regulatory processes in normal cells and 2) transcriptional
dysregulation and selected approaches that have been used for development of
new therapeutics. | then discuss recent efforts to develop and understand the
effects of inhibitors of general transcriptional regulators, and then finish with a

discussion of transcriptional therapies employing combinations of drugs.

Transcriptional regulatory processes

Overview

During transcription initiation, transcription factors bind DNA regulatory
regions called enhancers and interact with cofactors and the transcription
initiation apparatus (Fuda et al., 2009; Jonkers and Lis, 2015; Adelman and Lis,
2012; Taatjes, 2010; Roeder, 2005; Conaway and Conaway, 2011). Cofactors,
which include Mediator, BRD4 and P300, are typically defined as proteins
involved in transcriptional regulation that do not bind DNA. The transcription
initiation apparatus includes General Transcription Factors (also known as Basal
Transcription Factors) and RNA Polymerase Il (Pol Il). The transcription initiation
apparatus includes general transcription factors, such as the CDK7-containing

TFIH complex.

During transcription initiation, the carboxy terminal domain (CTD) of Pol I, which

contains fifty-two heptad repeats (Tyri-Sero-Pros-Thrs-Sers-Prog-Ser;), is
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phosphorylated by CDK7 (a component of the General Transcription Factor
TFIIH) on Serine 5, which stimulates the release of Pol Il from promoters.
Following promoter release, Pol Il molecules typically transcribe 20-50
nucleotides and then pause (Sikorski and Buratowski, 2009; Fuda et al., 2009;
Jonkers and Lis, 2015; Adelman and Lis, 2012). The release from pausing
occurs through the action of the CDK9-containing complex, Positive Transcription
Elongation Factor (P-TEFb), which is recruited to chromatin by BRD4. P-TEFb
phosphorylates the Pol Il CTD on Serine 2 as well as the pause control factors

DSIF and NELF, resulting in productive elongation.

Transcription Factors and Enhancers

Transcription factors (TFs) typically contain DNA-binding domains (DBDs)
and activation domains. In mammalian cells, there are at least 23 different types
of DBDs, with the most common domains containing zinc fingers,
homeodomains, and helix-loop-helix motifs (Luscombe et al., 2000; Vaquerizas
et al., 2009). The sequences bound by these DBDs usually span 6-10 basepairs.
The activation domain is typically a separate domain that interacts with
transcriptional cofactors such as Mediator or P300.

Enhancers contain clusters of TF binding sites (Bulger and Groudine,
2011; Calo and Wysocka, 2013; Carey, 1998; Lelii et al., 2012; Levine and Tijan,
2003; Maston et al.,, 2006; Ong and Corces, 2011; Panne, 2008; Spitz and
Furlong, 2012). Enhancers generally span a few hundred base pairs to multiple

kilobases (Bernstein et al., 2012; Heintzman et al., 2009; Thurman et al., 2012),
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and in mammalian cells can operate over large distances (megabases) (Herz et
al., 2014). The term enhancer was originally used to describe specific regulatory
regions that contribute to developmental control, but is now more widely used to
describe regulatory regions that influence the activity of specific genes.

Each cell type is thought to have a specific set of perhaps 10,000 or so
active enhancers, and it has been estimated that mammalian cells have, in
aggregate, a million enhancers (Bernstein et al.,, 2012). Recent studies, have
revealed that clustered enhancers bound by unusually high levels of the
transcription apparatus, called super-enhancers, regulate genes with prominent
roles in cell identity (Whyte et al., 2013; Parker et al., 2013; Hnisz et al., 2013).

Transcription factors make homotypic and heterotypic interactions with
other transcription factors and co-regulators. Interactions involving TFs with
other proteins and DNA are typically cooperative, such that binding affinities are
enhanced in the presence of other protein-protein and protein-DNA interactions
(Giese et al, 1995; Kim and Maniatis, 1997; Thanos and Maniatis,
1995). Cooperative binding allows for synergistic transcriptional outputs in
response to signals without proportional changes in TF concentration (Ptashne,
2014). Crystallography revealed these cooperative interactions at the /FNB1
locus, in which molecules of ATF2/c-JUN, IRF3/IRF7, and NFkB were bound in
concert to the enhancer, forming what is called an “enhancesome” structure

(Panne et al., 2007).
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Cofactors

Transcriptional cofactors, which include Mediator, BRD4 and P300, are
proteins that play important roles in transcriptional regulation but do not bind
DNA directly. These proteins and their functions have been reviewed extensively
elsewhere (Taatjes, 2010; Roeder, 2005; Conaway and Conaway, 2011; Lee and
Workman, 2007; Ferri et al., 2016), so | will focus comments briefly only on
BRD4, which is targeted in experiments described here.

First co-purified with the Mediator co-activator complex, BRD4 is a
member of the Bromodomain and Extra Terminal domain (BET) family involved
in transcriptional activation (Jiang et al., 1998; Ferri et al., 2016). BRD4 contains
N-terminal bromodomains that recognize acetylated lysine residues on histone
tails and other proteins. Post-translational modification of lysine residues on
histones play regulatory roles in transcription. Acetylated histones are typically
associated with active transcription, due to increased chromatin accessibility.
Consistently, ChIP-seq studies showed that BRD4 co-occupies the genome at
promoters and enhancers of active genes (Loven et al., 2013). BRD4 directly
interacts with the PTEFb kinase CDK9 and is required for PTEFb recruitment and

pause release (Jang et al., 2005; Yang et al., 2005).

Transcription initiation apparatus
The transcription initiation apparatus consists of the promoter-associated
General Transcription Factors (TFIIA, B, D, E, F and H) and RNA Polymerase |I.

This apparatus has been reviewed extensively (Sikorski and Buratowski, 2009;
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Sainsbury et al., 2015; Lee and Young, 2000), so | will focus discussion on
TFIIH, which contains CDK7.

TFIIH is a mult%-subunit complex that functions in transcription and DNA
repair (Compe and Egly, 2012). ATP-dependent helicase activity of TFIIH subunit
XPB facilitates promoter opening during transcription initiation. CDK7, Cyclin H,
and co-factor MAT1 form the CDK-activating complex (CAK) that associates with
core TFIIH. CAK has functions in cell cycle control, through T-loop
phosphorylation of cyclin-dependent kinases, and transcription (Lolli and
Johnson, 2005). The TFIH subunits XPD and XPB both have helicase activity
and are critical for nucleotide excision repair in response to DNA damage
(Compe and Egly, 2016).

CDK7 appears to play roles in Pol |l pausing and pause release
(Larochelle et al., 2012; Nilson et al., 2015). CDK7 can phosphorylate, in addition
to Pol Il, the pausing factors DRB Sensitivity Inducing Factor (DSIF) and
Negative Elongation Factor (NELF), thus facilitating Pol |l retention at promoter-
proximal pause sites. Productive elongation only occurs after phosphorylation of
Pol Il CTD on Serine 2 and DSIF by P-TEFb, as well as dissociation of NELF.
CDK?7, through its CAK activity, has also been shown to phosphorylate CDK9 for
its full activation, suggesting a role for CDK7 in pause release. It is thought that
the role of CDKY7 in initiation, pausing, and pause release by phosphorylating
substrates critical to each of these processes creates an incoherent feedforward
loop (IFFL), where the input signal both activates and inhibits the output (Alon,

2007). It is thought that the IFFL network motif causes a time delay and, in this
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case, may create a window for recruitment of factors involved in co-
transcriptional RNA maturation processes. These factors, including capping
enzyme and splicing factors, are recruited to phosphorylated CTD of Pol Il, which
acts as a binding platform. Loss of CDK7 activity is therefore expected to result in
defects in promoter clearance, pausing, pause release, capping, and post-

transcriptional processes (Glover-Cutter et al., 2009; Larochelle et al., 2012).
Transcriptional dysregulation and therapeutic approaches

Overview

Tumor cells often exhibit transcriptional dysregulation as a consequence
of inappropriate expression of an early lineage master transcription factor and/or
a loss of proper interactions with gene regulatory DNA. Drugs that target the
nuclear hormone receptor (NHR) family of TFs have been among the most
successful approaches for therapeutic treatment of transcriptional dysregulation
(Bhagwat and Vakoc, 2015). Targeting other TFs have been challenging
because they lack substrate or ligand-binding domains that can be bound by
small molecules, and because some of the more frequent TF mutations in cancer
involve loss of DNA binding by factors such as P53. New attempts to target TFs
have often involved perturbing DNA-protein or protein-protein interactio‘ns,
although these potential inhibitors tend to lack potency as only a few of them

have achieved sub-micromolar potencies (Koehler, 2010).
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Dysregulated master transcription factors drive oncogenic programs in cancer
cells

Cancer cells are often driven by oncogenic master TFs, which are usually
lineage transcription factors that are normally expressed during early
developmental stages. For example, T-ALLs originate from a developmental
arrest in thymocyte development and, in 15-30% of cases, are caused by small
intrachromsomal deletions that place the early lineage reguiator TAL1 under
transcriptional control of a highly expressed neighboring gene in T celis (Van
Vlierberghe and Ferrando, 2012). TAL1 co-occupies regulatory regions of most
active genes in T-ALL with other hematopoietic MTFs RUNX1, MYB, GATA3

(Sanda et al., 2008; Mansour et al., 2014).

TFs and aberrant interactions with other regulatory proteins

Changes in protein-protein interactions involving TFs are prevalent during
cancer pathogenesis. In promyleocytic leukemias (PMLs), over-expression of a
fusion protein, PML-retinoic acid receptor alpha (RARA), results in inappropriate
interactions with co-repressor complexes. These repressive complexes inhibit the
expression of myeloid differentiation genes and arrest cells in an immature
myeloid state (Rice and de The, 2014). Similarly, TAL1, an oncogenic TF in T-
ALL, can induce leukemia through aberrant recruitment of the SIN3A co-
repressor complex to genes normally activated by E47/HEB/P300 (O'Neil et al.,
2004). In addition, a study assessing the leukemogenic activity of NOTCH1 found

that regions within its transactivation domain were sufficient to induce T-ALLs in
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100% of mice, suggesting that interactions with other co-regulators are critical for

the transformative capability of NOTCH1 (Aster et al., 2000).

Mutations affecting DBDs

Mutations altering the structure of transcription factor DBDs can change
their binding affinity to DNA and thus contribute to a tumorigenic state (Joerger
and Fersht, 2007). For example, mutations of the tumor suppressor P53 are
most commonly found in its DBD. The arginine 273 amino acid within the P53
DBD makes direct contacts with DNA, and this interaction is weakened 700-
1,000 times through the A273H somatic mutation (Ang et al., 2006). Mutations in
residues that do not directly contact DNA can also affect DNA-binding affinity of
transcription factors. The TGF-f signaling effector TF SMAD4, which is mutated
in pancreatic and colorectal cancers, binds DNA through a specific B-hairpin
motif within its DBD. Two mutations, Y95N and N129K, that are located outside
the B-hairpin motif, have been shown to abrogate SMAD4-DNA binding, likely
from destabilization of the domain as a whole (Koyama et al., 1999; Jones and
Kern, 2000). Mutations within the DBD of CCCTC-binding factor (CTCF), a
widely expressed transcription factor with a vast array of targets, have been
found in cancer (Filippova et al., 2002). These mutations alter the binding of
CTCF to certain regulatory sequences, but not others, which results in aberrant
expression of genes related to cell proliferation (MYC, ARF, PIM1, PLK, and
IGF2) without affecting other targets. These examples demonstrate that
mutations in DBDs affecting specific TF-DNA contacts can play critical roles in

cancer pathogenesis.
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Nuclear hormone receptors as targets in cancer therapy

Nuclear hormone receptor (NHR) agonists and antagonists are among the
most successful cancer drugs (Bhagwat and Vakoc, 2015). NHRs contain
domains that are regulated by ligands, such as vitamins or hormones, and can
be targeted through competitive binding of agonists or antagonists (Yan and
Higgins, 2013). All-trans retinoic acid (ATRA) is a retinoic acid receptor agonist
and has been used to treat acute PMLs, leading to clinical remission in 90% of
patients (Lo-Coco et al.,¢2013). ATRA binds the PML-RARA ligand-binding
domain and changes its conformation to interact with co-activators, rather than
co-repressors, which results in terminal differentiation of the cells. Other NHRs
have been successfully targéted in cancer through glucocorticoid receptor
agonists (Inaba et al., 2010; Pui and Evan, 2006; Lonial et al., 2011), as well as
estrogen receptor and androgen receptor antagonists (Huang et al., 2014,

Carver, 2014; Howell 2006; Aragon-Ching 2014).

New approaches to target TFs

Small molecules and peptide inhibitors have been used to disrupt TF
protein-protein interactions. These PPls usually involve large, flat interaction
surfaces that lack well-defined hydrophobic binding pockets. Interaction surfaces
often contain intrinsically-disordered regions that change conformation upon
interaction with the dimerzing protein (Koehler, 2010). Small molecules can

stabilize these intrinsically-disordered regions which prevents binding of the
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interacting protein.

MYC dimerization with the TF MAX is required for its DNA binding, and
chemical library screening has led to the identification of inhibitors that perturb
this interaction (Berg et al., 2002; Koehler, 2010). These compounds have been
shown to inhibit transcription driven by MYC in reporter assays as well as
expression of its gene targets in cells. In addition, the MDM2 E3 ubiquitin ligase,
that interacts with and degrades P53, has been targeted with compounds that
disrupt this interaction, such as the small molecule RG7112, and are currently in
clinical trials for liposarcoma and acute leukemia (Yan and Higgins, 2013).
However, high effective concentrations (> 10 uM) are required for most small
molecules that inhibit TF PPls. Peptide inhibitors have also been developed, but
stability and permeability issues have limited this approach (Johnston and

Carroll, 2015).

Approaches to target specific transcription factor-DNA interactions

Two main approaches have been used to target specific TF-DNA
interactions and include small molecules and TF decoy oligonucleotides (Yan
and Higgins, 2013). Some compounds, like mithramycin and anthracyclines,
bind preferentially to G/C-rich DNA sequences and have been shown to compete
for binding at promoters with transcription factors that have G/C-containing DNA-
binding motifs, such as SP1 (Mansinlla and Portugal, 2008). In addition,
polyamides containing N-methylpyrrole and N-methylimidazole can be designed

to bind specific DNA sequences to sterically inhibit TF binding. For example, a
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polyamide designed to bind sites recognized by the immune system TF NF-kB
was able to block its binding to promoters of the genes /L6 and /L8 (Raskatov et
al., 2012). This approach hés been limited, however, since polyamides bind
minor grooves of DNA, rather then major grooves where most TFs make specific
contacts. Alternatively, oligonucleotides containing TF binding sites can be used
as decoys to sequester them away from DNA. One such decoy oligonucleotide
has been created for the TF STAT3 and is currently under clinical evaluation.
This approach, however, has been limited due to low in vivo stability and

inefficient delivery of oligonucleotides into nuclei (Yan and Higgins, 2013).

Developing inhibitors of general transcriptional regulators

Overview

Recent studies have revealed that tumor cells acquire exceptional
“dependencies” on general transcriptional regulators such as MYC and
dysregulated early lineage transcription factors. | review below the chemical
probes and target proteins that have been used in these studies and briefly
describe evidence that the dependencies are associated with super-enhancer-

driven genes.

JQ1 is a competitive inhibitor of BRD4 with anti-tumor activity
JQ1 is a thieno-triazolo-1,4-diazepine that inhibits BRD4 through
competitive binding to the acetyl-lysine binding site of BET bromodomains

(Filippakopolous et al., 2010). Co-crystal structure and docking simulations
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revealed hydrogen bonding and hydrophobic interactions with JQ1 and
conserved and non-conserved residues within the acetyl-lysine binding pocket of
BRD4. Selectivity profiing demonstrated selectivity toward BET bromodomains
over other bromodomain families, with the highest affinity for BRD4 over other
BET bromodomains. Fluorescence recovery after photobleaching (FRAP)
experiments revealed displacement of BRD4 molecules from chromatin with JQ1
treatment, indicating inhibition of BRD4 in cells.

JQ1 and its effects have been studied in nhumerous tumor types, including
aggressive cancers that are refractory to current chemotherapeutics (Ferri et al.,
2016; Shi and Vakoc, 2014; Chapuy et al., 2013; Zuber et al., 2011; Dawson et
al.,, 2011; Roderick et al., 2014; Knoechel et al., 2014; Ott et al., 2012; Mertz et
al., 2011; Asangani et al., 2014; Shu et al., 2016). The foundational studies in
Multiple Myeloma cells with JQ1 presented an unexpected finding — BRD4
inhibition resulted in selective and profound down-regulation of MYC (Delmore et
al., 2011). The idea that inhibition of a general transcriptional regulator could
result in gene-selective effects seemed counterintuitive. Subsequent
investigation revealed that transcription of MYC was driven by an especially large
super-enhancer in these cells (Loven et al., 2013), and BRD4 occupancy at this
super-enhancer was found to be disproportionately sensitive to JQ1 treatment.
Consistently, transcription elongation, as measured by the distribution of Pol I
ChiP-seq signal across promoters and gene bodies, was reduced to a greater
extent at the MYC gene than other genes. Furthermore, genome-wide loss in

BRD4 signal following JQ1 treatments tended to be greater at enhancers with
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Figure 2 | Enhancers with higher levels of BRD4 occupancy tend to be
more sensitive to JQ1 treatment in Multiple Myeloma cells. Enhancers in
MM1.S cells were ranked based on levels of BRD4 ChiP-seq signal (x-axis) and
average log; fold-changes in BRD4 occupancy following JQ1 treatment (5 nM, 50
nM, 500 nM, 5,000 nM) were plotted. Each data-point represents average

change in signal for 200 enhancers.
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higher BRD4 signal (Fig. 2). These results provided a mechanistic model to
explain why BRD4 inhibition could produce gene-selective effects.

Since the development of JQ1 as a lead compound, Tensha Therapeutics
has generated an optimized analogue, called TEN-010, which is currently in
phase I/l clinical trials for multiple solid and hematological malignancies
(NCT02308761; NCT01987362). Several BET bromomdomain inhibitors,
including I-BET762 (GSK; Nicodeme et al., 2010), OTX015 (Oncoethix - Merk;
Coude et al., 2015), RVX-208 (Resverlogix; Bailey et al., 2010), I-BET151 (GSK;
Dawson et al., 2011), and PFLI-1 (Pfizer; Picaud et al, 2013), have been
developed in the academic and commercial sectors, which have
triazolodiazepines structures or more dissimilar scaffolds. Currently, there are

~20 clinical trials with BET bromodomain inhibitors.

THZ1 is a covalent inhibitor of CDK7 that has anti-proliferative effects in tumor
cells

THZ1 is a phenylaminopyrimidine that covalently interacts with a cysteine
residue (C312) present outside the CDK7 kinase domain (Kwiatkowski et al.,
2014). Selectivity among the CDKs is conferred through the unique presence of
C312 on CDK7, but CDK12 and CDK13 also contain accessible cysteine
residues and were shown to be reactive to THZ1 at high doses. Screening with a
panel of ~1,500 cancer lines revealed that T-ALL cells were among the most
sensitive to THZ1, with IC50s <250 nM. THZ1 treatment resulted in apoptotic
responses in T-ALL cells. THZ1 treatment led to selective effects on critical T-

ALL oncogenes, including the MTF RUNX1, which is hematopoietic TF normally
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required for emergence of the first hematopoietic stem cells. RUNX7 is an MTF
in T-ALL cells and regulates most active genes with the core transcriptional
regulatory circuit. Enhancer profiling revealed that RUNX1 is associated with one
of the largest SEs in T-ALL cells, and this SE was bound by CDK7. The
profound down-regulation of RUNX1 with THZ1 likely played key roles in the
cellular response to THZ1 as its effects on gene expression phenocopied that
with RUNX1 shRNA knockdown. These results provided another example of
exquisite sensitivity of tumor cells to inhibition of a GTR, presumably resulting
from selective effects on critical SE-driven oncogenic MTFs (Kwiatkowski et al.,
2014).

THZ1 has been shown to potently suppress the growth of tumor cells that
currently lack targeted therapeutics, including MYCN-driven neuroblastoma (NB),
small cell lung cancer (SCLC), and triple-negative breast cancer cells (TNBC)
(Chipumuro et al., 2014; Christensen et al., 2014; Wang et al., 2015). SCLC is
the most malignant subtype of lung cancer, and oncogenic drivers have not been
well defined. THZ1 caused dramatic down-regulation of proto-oncogenes, such
as SOX2 and NFB, and lineage-specific TFs, such as ASCL1, that were shown
to be associated with SEs and contribute to cellular responses to the inhibitor.
TNBC cells were likewise found to be highly vulnerable to THZ1, likely due to
down-regulation of a group of lineage-specific TFs and signaling factors. These
studies further confirmed the susceptibility of tumor cells to CDK?7 inhibition.
Since the development of THZ1 as a lead compound, Syros Pharmaceuticals

generated an optimized analogue SY-1365, and in April 2016 announced Phase
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I/l clinical trials to commence during the first half of 2017 for acute myeloid

leukemias (AMLs).

Tumor cell super-enhancers drive aberrant transcriptional programs

Super-enhancers that drive oncogenes are acquired by somatic
alterations in cancer cells (Loven et al., 2013; Hnisz et al., 2013; Chapuy et al,,
2013; Christensen et al., 2014; Chipumuro et al., 2014). Effector transcription
factors of signaling pathways co-occupy enhancers with master TFs (Mullen et
al., 2011), and inputs from these pathways have been shown converge at super-
enhancers (Hnisz et al.,, 2015). For example, NOTCH1, the most commonly
mutated gene in T-ALLs, co-occupies regulatory regions with T-ALL master TFs
(unpublished data) and regulates the expression of genes critical to T-ALL
biology, including MYC (Weng et al., 2006).

Cancer ceils can acquire super-enhancers through a variety of genetic
and non-genetic mechanisms. Disease-associated single nucleotide
polymorphisms (SNPs) that are located in enhancer sequences can influence
transcription factor binding, either increasing or decreasing affinity to DNA. For
example, the rs6983267 risk variant on chromosome 8924 lies within a binding
site for the Wnt-pathway effector TF TCF4 and is associated with increased MYC
expression. This variant creates a higher-affinity TCF4 binding site
(GATGAAAGT to GATGAAAGG) that has 1.5-times greater transcriptional
activity than wild-type sequences in reporter assays (Tuupanen et al., 2009).

Furthermore, removing a region containing rs6983267 from a murine model of
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colorectal cancer reduced the formation of cancerous polyps, demonstrating the
importance of this SNP in tumorigenesis (Sur et al., 2012). In addition, genome
sequencing projects have discovered focal amplification of enhancer regions,
including those associated with MYC in multiple myeloma and MYCN in
neuroblastomas. Super-enhancers can also drive oncogene expression through
chromosomal translocations, as exemplified by /GH enhancer regions juxtaposed
to MYC in Burkitt's lymphoma and in IRF4 in multiple myeloma as well as
enhancers juxtaposing GF/ in medulloblastoma cells (Northcott et al., 2014).
These SEs are critical for maintenance of oncogene expression as
CRISPR/Cas9-mediated removal of regions results in decreased expression of
oncogenes and tumor cell viability (Northcott et al., 2014). Cancer cells can also
acquire super-enhancers that are absent in the cell-of-origin through non-genetic
changes, including inappropriate re-activation of tissue-specific enhancers (Hnisz

et al., 2013; Mansour et al., 2014).

Cancer cells are dependent on high-level transcription of oncogenic TFs

Since tumor cells possess addiction to oncogenes, they in turn appear to
be addicted to GTRs that contribute to their high-level expression. In this way,
cancer cells appear to possess “transcriptional addictions” or dependencies. A
common theme is that oncogenic TFs that are highly vulnerable to GTR inhibition
tend to be relatively short-lived, consistent with the requirement for super-
enhancers to drive continuous, uninterrupted transcription (Fig. 3). This feature

likely contributes to their sensitivity, as their steady-state expression levels will be
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Figure 3 | A model that explains tumor cell sensitivity to inhibitors of
general transcriptional regulators involves super-enhancer association, the
unstable nature of certain oncogenes, and tumor cell dependency on

oncogenes.
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among the first to decline following GTR inhibitor administration. For example,
MYC has one of the shortest mMRNA half-lives in cells, predicted to be ~20
minutes Furthermore, our studies estimated the mRNA half-life of RUNX1 to be
~2 hours, as opposed to the ~7 hours reflecting the half-life of average mRNA
molecules (unpublished). Taken together, SE association and the short-lived
nature of oncogenic TFs contribute to their disproportionate sensitivity to GTR

inhibitors.

Combination therapy

In addition to JQ1 and THZ1, many other GTR inhibitors are either FDA-
approved or in clinical or pre-clinical development. Collectively, these compounds
inhibit various layers of transcriptional control, several of which have been shown
to cause synergistic effects when treated together. Combination therapy is a
critical aspect of current-day cancer therapeutics, and targeting multiple
transcriptional regulators could be a method to inhibit multiple oncogenic
programs as well as reduce outgrowth of resistant cells. In the next section, |
explain the rationale for combination inhibition in cancer therapy and discuss the
benefits of combining muitiple GTR inhibitors. | also present examples of
clinically relevant GTR inhibitors that have been previously shown to synergize

with JQ1 and other BET inhibitors.

Combination therapy is a way to reduce toxic side effects and the likelihood of
resistance

Combination therapy is becoming a gold standard in cancer treatment as it
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can help lower doses necessary for treatment, limit the emergence of resistant
clones, and inhibit multiple oncogenic processes at once (Foucquier and Gued;,
2015). Synergism between inhibitors results in disproportionate increases in
efficacy and allows for decreased dosages and unwanted systemic toxicities. As
an example, clinical usage of the DNA methyltransferase inhibitor 5-azacytodine
was at first limited due to severe hematologic toxicity, but these effects were
lessened when treated in combination with histone deacetylase inhibitors (Thurn
et al., 2011). The Pol Il inhibitor actinomycin D, which intercalates DNA and
stabilizes the open complex intermediate, has been associated with detrimental
side effects as monotherapy, but is currently used routinely in treating Wilm’s
tumor with other chemotherapeutic agents, vincristine and doxorubicin (Stellrecht
and Chen, 2011; Malogolowkin et al.,, 2008). Furthermore, since cancer
progression occurs through a step-wise multigenic process (Vogelstein, 2013),
combination therapy allows for targeting of more than one of these events.

The maijor limitation of targeted therapeutics is the inevitable development
of resistance (Lowe et al., 2004). The two main forms are: acquired resistance,
which reflects adaptions to drug-imposed selective pressure, and primary
resistance, which refers to cells that are inherently resistant to the drug.
Combination therapy can reduce acquired resistance as there is a lower
probability of developing adaptations to more agents than just one. Mutations
that increase the activity of drug efflux pumps or render target
proteins inaccessible to the drug are possible genetic mechanisms to acquire

resistance. In addition, recent studies indicate that resistant clones can form
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through changes in the transcriptional regulatory landscape. For example,
although murine MLL-AF9 AML cells are normally sensitive to JQ1, prolonged
sublethal doses resulted in JQ1-resistant cells that had normal expression levels
of oncogenes, but these oncogenes were driven by alternative enhancers that
had become active (Rathert et al., 2015; Fong et al., 2015). A new active
enhancer, indicated by a focal gain in H3K27ac ChlIP-seq signal, was observed
near MYC, as well as loss of activity from a 3’ enhancer known to drive MYC
expression in JQ1-sensitive cells. Genes in the Whnt signaling pathway were up-
regulated in JQ1-resistant cells, and transcriptional activity of the acquired
enhancers were found to be dependent on the Wnt effector TF TCF4. These
results demonstrate that plasticity in enhancer activity allowed for maintenance of
expression of critical oncogenes, in the absence of BRD4, but through the action
of a different transcriptional regulator. Furthermore, JQ1-resistant cells were
found to be sensitive to small-molecule inhibition of the Wnt pathway.

Cells with primary resistance are inherently resistant to the drug, and
these cells can outgrow as sensitive cells are diminished with the treatment.
Within heterogenous population of tumor cells, those with primary resistance are
likely driven by oncogenic programs that facilitate this insensitivity, and often
represent cancer stem cells (Fong et al., 2015, Knoechel et al,
2014). Alternative enhancers can also facilitate resistance in these cells. The
same Wnt-dependent enhancer was shown to drive expression of MYC in the
primary resistant MLL-AF9 AML cells as with those that acquired resistance, and

were found to represent leukemic stem cells (Rathert et al., 2015; Fong et al.,
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2015). Cells with primary resistance to Notch pathway inhibitors were found to
be leukemic stem cells in T-ALL (Knoechel et al., 2014,) and were instead
sensitive to JQ1. These results show that fractions of heterogenous tumor cell
populations can be reliant on different transcriptional programs to maintain
expression of key oncogenes. The combined use of multiple GTR inhibitors could
thus be a way to suppress a larger fraction of cells if each one targets a
specific “transcriptional dependency’.

In summary, combining multiple GTR inhibitors could reduce effective
inhibitor doses, thus limiting off-target effects, and also decrease the chances of
acquired and primary resistance. As | discuss in this thesis, it appears that
different oncogenic TFs can be especially dependent on certain GTRs, so
multiple GTR inhibitors could inhibit different oncogenic TFs. This strategy may
therefore be a way to inhibit different oncogenic TFs within a given cell, as well

as different cells within a heterogenous population of tumor cells.

Combination therapy with Pan-kinase inhibitors

Kinase inhibitors that are potent against transcriptional CDKs CDK7 and
CDK9 have been studied in the clinical setting for numerous cancers, but
generally lack selectivity as they also can inhibit cell cycle CDKsf to various
degrees. JQ1 has been shown to synergize with Pan-kinase inhibitors that have
activity for transcriptional CDKs, CDK7 and CDK9 (Baker et al.,, 2015). These
inhibitors, including flavopiridol and dinaciclib, are competitive inhibitors for the

ATP binding site. Flavopiridol, or alvocidib, has selectivity toward CDK9 over
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CDKY in in vitro kinase assays (IC50: CDK9, 6 nM; CDK7, 300 nM) and inhibits
phosphorylation of Pol I CTD on Serine 5 and Serine 2, thus inhibiting
transcription initiation and elongation. Flavopiridol was first used to treat
refractory high-risk chronic lymphocytic leukemia (CLL), and its anti-tumor
actively was attributed to inhibition of the transcriptional CDKs rather th‘an cell
cycle kinases as these cells have low levels of  proliferation (Mariaule and
Belmont, 2014; Stellrecht and Chen, 2011). Two issues arose in clinical trials that
limited its clinical potential: 1) the drug bound plasma proteins, reducing its
free concentration and requiring exorbitantly high doses, and 2) acute tumor lysis
syndrome. However, flavopiridol was granted orphan drug status in 2014 for
AML, and has been studied as a mono-therapy, and importantly, in combination
with multiple chemotherapeutics. Dinaciclib is a pan-CDK inhibitor that also
inhibits CDK9 to a greater extent than CDK7 (IC50: CDKS9, 4 nM; CDK7, 70 nM)
that has been shown to inhibit Pol Il Serine 2 phosphorylation. It is currently in
clinical trials as part of combination treatments for multiple tumor types, including
Stage IlI-1V pancreatic cancer, multiple myeloma, and CLL (Mariaule and
Belmont, 2014).

Both flavopiridol and dinaciclib have been evaluated in combination with
JQ1 in osteosarcoma cells, and both combinations were shown to produce
synergistic effects on cell proliferation and survival (Baker et al., 2015). Although
the mechanistic basis of these synergistic effects are unknown, it is possible that
functional interplay among CDK7, CDK9, and BRD4 plays a role. CDK7, CDK9,

and BRD4 have all been shown to regulate gene-selective transcription programs
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(Kanin et al., 2007; Garriga et al., 2010; Loven et al., 2010), but the extent to
which they are overlapping require further study. However, CDK7, CDK9, and
BRD4 have been shown to co-occupy super-enhancers, enhancers, and
promoters (Loven et al., 2013; this thesis), and both BRD4 and CDK7 regulate
CDK9 activity, through recruitment to chromatin and
phosphorylation, respectively, so it is likely that the three proteins share a set of
targets. Studies have also suggested that BRD4 possesses kinase activity for Pol
Il CTD on Serine 2 and that both CDK7 and CDK9 can regulate BRD4 through
phosphorylation (Devaiah et al., 2012; Devaiah and Singer, 2012). Functionally,
CDK7 generally plays a more distinct role in initiation as compared to BRD4 and
CDKG9 in elongation. Therefore, a combined and interdependent effect on one or
more regulatory processes in transcription initiation and elongation likely
contributes to the cellular synergism.

Most other GTR inhibitors target chromatin or epigenetic regulators that
have catalytic domains, and more recently, bromodomains, in light of the success
of BET inhibition. Chromatin regulators with catalytic activities can deposit or
remove post-transiational modifications on histone N-terminal tails, which affect
local accessibility of chromatin to TFs and co-regulators, thus dictating activating

or repressive transcriptional states of target genes.

Combination therapy with BRD4 inhibitors

Histone acetyltransferases (HATs) are transcriptional co-activators that

acetylate lysine amino acids on histone tails and other nuclear proteins (Lee and
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Workman, 2007). Acetylated lysine are associated with increased levels of
transcription and are substrates for bromodomain-containing proteins, including
BRD4. CBP and p300 are closely related HATs that acetylate histone tails and
recruit TFs for transcriptional activation. Currently, multiple inhibitors have been
developed that target the HAT catalytic domains, including CBP646, or
bromodomains of CBP/p300, including I-CBP-112 and CBP30, and pre-clinical
studies have demonstrated anti-proliferative effects in cancer cells, such as
leukemias and prostate cancer (Picaud et al., 2015; Hay et al., 2014;
Hammitzsch et al., 2015). Recently, inhibitors selective for bromodomains in
CBP/p300 have been shown to have synergistic effects with JQ1 on human
leukemia and primary T cell survival. This synergistic response could be due to
down-regulation of targets shared by CBP/p300 and BRD4 as CBP/p300 activity
generates substrates that can be bound by BRD4. Consistently, comparison of
the transcriptional responses between CBP/p300 and BET inhibitors revealed an
overlap in sensitive genes, including the anti-inflammatory cytokine /L70 and the
vascular cell adhesion protein 1 (VCAMT). However, despite both drugs
primarily inhibiting inflammatory genes, CBP/p300 inhibition resulted in a smaller
set of sensitive genes than JQ1 treatment. Although p300 and BRD4 co-occupy
genomic sites (Roe et al., 2015), the bromodomains of BRD4 can interact with
acteylated substrates that are deposited by HATs other than CBP/p300
(Filippakopoulos and Knapp, 2014) as there are at least 15 human proteins with
HAT activity (Lee and Workman, 2007). However, inhibition of p300 catalytic

activity with CBP646 resulted in decreased expression of MYC to similar extents
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as BET bromodomain inhibition, and overall transcriptional changes phenocopies
that with JQ1, suggesting that p300 and BRD4 are functionally interdependent
(Roe et al.,, 2015). CBP646 decreased histone acetylation as well as BRD4
occupancy. This suggests that p300 and BRD4 operate together in regulating
key oncogenes. Additionally, this differential sensitivity can be due to genes that
are especially dependent on BRD4 as compared to p300. Synergy between HAT
and BET inhibition could therefore result from combined inhibition of acetylase
activity and acetyl-lysine interaction at genes in a combinatorial fashion.

The methyltransferase DOT 1L catalyzes the addition of H3K79me2, which
is typically associated with active transcription. DOT1L was first implicated in
cancer pathogenesis when it was shown to interact with MLL fusion proteins in
MLL-driven leukemias (Cai et al., 2015). Several members of the Super
Elongation Complex, which also contains P-TEFb, are known fusion partners
with MLL. EPZ-5676 is currently in Phase | clinical trials for pediatric patients with
relapsed or refractory leukemias (AML and ALLs) and Myelodysplastic
syndromes with MLL rearrangements (NCT02141828;
NCT01684150). Recently, the SGC0946 and BET inhibitor I-BET were shown to
cause synergistic effects in MLL-driven leukemias (Gilan et al., 2016). DOT1L
and BRD4 were found part of distinct biochemical complexes, and SGC0946 and
I-BET treatments resulted in largely different changes in the gene expression
program, but for those sensitive to both inhibitors, DOT1L inhibition resulted in
decreased BRD4 occupancy, which was demonstrated to be mediated by DOT1L

recruitment of p300.
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Conclusions

Transcriptional mis-regulation is a ubiquitous feature in cancer. As direct
effectors of aberrant transcriptional programs, transcription factors are ideal
targets and drugging them usually involves inhibition of protein-DNA or protein-
protein interactions. These approaches, however, have been challenging due to
the large interaction surfaces necessary to inhibit and lack of obvious mimicable
substrates. It is therefore not surprising that targeting nuclear hormone receptors
with molecules against their ligand-binding domains have been the most
successful transcription factor inhibition strategies.

General transcriptional co-regulators serve as promising targets because
many of them contain enzymatic activities or ligand binding domains, allowing for
the development of substrate analogues as inhibitors. These regulators are
thought to function generally in transcriptional regulation in normal cells, which
may limit the therapeutic window necessary for treatment. However, recent
studies have demonstrated gene-selective effects with inhibitors of transcriptional
co-regulators in cancer cells, due at least in part to the exquisite sensitivity of
expression driven by super-enhancers to the drugs. Super-enhancers tend to
drive critical oncogenes, including master transcription factors, and it is becoming
increasingly apparent that several general transcriptional regulators preferentially
occupy super-enhancers and that small-molecules against these regulators could
be a way to selectively inhibit oncogene expression.

This thesis describes the development and characterization of one such
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inhibitor — THZ1—that targets the TFIIH kinase CDK7. In addition, since
combining inhibitors together can allow for reduced effective doses and limit the
emergence of resistance, we combined THZ1 with an inhibitor targeting a
different general transcriptional regulator, BRD4, with the small-molecule,
JQ1. My work demonstrates the efficacy of transcriptional inhibitors in reducing
tumor cell growth and supports the need for the development of additional

transcriptional inhibitors.
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Abstract

Tumor oncogenes include transcription factors that co-opt the general
transcriptional machinery to sustain the oncogenic state, but direct
pharmacological inhibition of transcription factors has thus far proven difficult.
However, the transcriptional machinery contains various enzymatic co-factors
that can be targeted for development of new therapeutic candidates, including
cyclin-dependent kinases (CDKs). Here we present the discovery and
characterization of the first covalent CDK7 inhibitor, THZ1, which has the
unprecedented ability to target a remote cysteine residue located outside of the
canonical kinase domain, providing an unanticipated means of achieving
selectivity for CDK7. Cancer cell line profiling indicates that a subset of cancer
cell lines, including T-ALL, exhibit exceptional sensitivity to THZ1. Genome-wide
analysis in Jurkat T-ALL shows that THZ1 disproportionally affects transcription
of RUNX1 and suggests that sensitivity to THZ1 may be due to vulnerability
conferred by the RUNX1 super-enhancer and this transcription factor's key role
in the core ftranscriptional regulatory circuitry of these tumor cells.
Pharmacological modulation of CDK7 kinase activity may thus provide an
approach to identify and treat tumor types exhibiting extreme dependencies on
transcription for maintenance of the oncogenic state.
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Main text

In an effort to discover new inhibitors of kinases that regulate gene
transcription, we performed cell-based screening and kinase selectivity profiling
of a library of known and novel ATP-site directed kinase inhibitors (See
Supplementary Table 1 for known CDK?7 inhibitors). We identified THZ1 (Fig.
1a), a phenylaminopyrimidine bearing a potentially cysteine-reactive acrylamide
moiety, as a low nanomolar inhibitor of cell proliferation and biochemical CDK7
activity (Fig. 1b, c). To investigate the functional relevance of the acrylamide
moiety we prepared a non-cysteine reactive analog THZ1-R, which displayed
diminished activity for CDK7 and reduced antiproliferative potency (Fig. 1b, c).
KiNativi™ profiling (Patricelli et al., 2007), which measures the ability of a
compound to block nucleotide-dependent enzymes from biotinylation with a
reactive desthiobiotin-ATP probe, established CDK7 as the primary intracellular
target of THZ1, but not of THZ1-R (Supplementary Table 2). Kinome-wide
profiling identified additional kinase targets of THZ1; however, we confirmed
CDK?7 as the only target displaying time-dependent inhibition, which is suggestive
of covalent binding (Supplementary Fig. 1a-c and Table 3).

As no covalent inhibitors of CDKs have been reported, we next focused
our studies on the mechanism by which THZ1 could achieve covalent inhibition
of CDK7. We first incubated recombinant CDK7/cyclin H/MAT1 trimeric complex

with a biotinylated version of THZ1 (bio-THZ1, Fig. 1a) and demonstrated that it
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Figure 1 | Cell-based screening and kinome profiling identifies
phenylamino-pyrimidines as a potential CDK7 scaffold. a, Compound
structures of THZ1, THZ1-R, and bio-THZ1. b, THZ1 potently inhibits
proliferation of Jurkat and Loucy T-ALL cell lines. Cell lines were treated with
THZ1 or THZ1-R for 72 hrs. Experiments were performed in biological triplicates
and error bars are +/- SD. ¢, THZ1 and THZ1-R have different binding affinities
for CDK7. LanthaScreen® Eu Kinase Binding assay was conducted at Life
Technologies in a time-dependent manner. Here Kp values are shown following
180-minute incubation with compounds. Experiments were performed in

biological triplicates and error bars are +/- SD.
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indeed covalently modifies CDK7 (Fig. 2a; Supplementary Fig. 1d-g). Mass
spectrometry identified the site of covalent modification as C312, a residue
located outside the kinase domain (Supplementary Fig. 2a-d). Inspection of the
crystal structure reveals that a C-terminal extension of CDK7 bearing C312
traverses the ATP cleft in the kinase domain and would be predicted to position
Cys312 directly adjacent to the reactive acrylamide moiety of THZ1 (Fig. 2b).
Mutation to serine (C312S), a less nucleophilic amino acid, prevented THZ1 from
covalently binding to CDK7 and from inhibiting CDK7 activity in an irreversible
fashion (Fig. 2c; Supplementary Fig. 2e). Sequence alignment of the 20-member
CDK family suggests that Cys312 is unique to CDK7, however CDK12 and
CDK13 also possess accessible cysteines within 4 amino acids of Cys312
(Supplementary Fig. 3a). Indeed, we found that THZ1 can inhibit CDK12 kinase
activity at slightly higher concentrations (Supplementary Fig. 3b-f). THZ1 is thel
first inhibitor demonstrated to target a cysteine located outside of the kinase
domain, which provides an unanticipated means of achieving covalent selectivity.

CDK7 kinase activity has been implicated in the regulation of both
transcription, where it phosphorylates the C-terminal domain (CTD) of RNAP
polymerase Il (RNAPII) (Akhtar et al., 2009; Drapkin et al., 1996; Glover-Cutter et
al., 2009) and CDK9 (Larochelle et al., 2012), and the cell cycle, where it
functions as the CDK-activating kinase (CAK) for CDKs1/2/4/6 (Fisher and
Morgan, 1994; Larochelle et al., 2007; Makela et al., 1994; Schachter et al.,
2013; Solomon et al., 1992). THZ1, but not THZ1-R, completely inhibits the

phosphorylation of the established intracellular CDK7 substrate RNAPII CTD at
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Ser-5 and Ser-7 (Akhtar et al., 2009; Glover-Cutter et al., 2009), with concurrent
loss of Ser-2 phosphorylation at 250 nM in Jurkat cells (Fig. 2d). Cellular
washout experiments demonstrate that THZ1 indeed acts in an irreversible
fashion (Fig. 2e, f; Supplementary Fig. 4a-e). We observed a loss of CAK
activity, as evidenced by decreased phosphorylation of the activation loops of
CDK1, 2 and 9, indicating disruption of both recognized CDK7 signaling
pathways in Jurkat cells (Fig. 2d; Supplementary Fig. 4f, g) and Loucy cell lines
(Supplementary Fig. 4). Ectopic expression of dox-inducible FLAG-CDK7
C312S, but not FLAG-CDK7 WT, in Hela S3 cells restored RNAPII CTD p-Ser
5/7 to near WT levels at concentrations of THZ1 up to 2.5 uM, establishing C312
as a critical determinant of the cellular pharmacology of the inhibitor
(Supplementary Fig. 5a-b).  Additionally, FLAG-CDK7 C312S expression
restored CDK1/2 T-loop phosphorylation, reduced early induction of cleaved
PARP and restored the expression of a subset of genes, including the highly —
expressed transcription factors MYC, KLF4, ID1, and GATA2 (Supplementary
Fig. 5¢c-e). The partial rescues of the hyperphosphorylated form of RNAPII
(RNAPII0) and RNAPII p-Ser2 CTD phosphorylation combined with the
incomplete restoration of gene expression may result, in part, from lower affinity
cross-reactivity of THZ1 with CDK12/13, which are bona fide Ser2 kinasés
(Bartkowiak et al., 2010).

Our evidence that CDK7 inhibition leads to reduction in RNAPII CTD

phosphorylation status appears in conflict with evidence that inhibition of CDK7

60



THZ1 (M) -01 1 10 -
uo:rrgunM) M

IB: Biotin
IB: CDK7

Time post washout (hrs)
1B: RNAPII CTD p-Ser2
1B: RNAPII CTD p-Sers
1B: RNAPII CTD p-Ser7
1B: RNAPII

I1B: CDK7

1B: TUBULIN

Figure 2

Cc
%E gi
§§§§§ §i§§§
$88.. 288.,
8555585558
32PRNAPIL e SEsSSsese
CSRNAPI i S aEsalRaane
IB: Flag (cDx7) NI

KD WT Cc3128
e

§ THZ1 § THZ1-R
o o

001246N001246N

IB: RNAPII CTD p-Ser7
1B: RNAPII

1B: CDK9 p-T186

1B: CDK9

IB: CDK7

1B: TUBULIN

1.20
ELM

§ 0.80

o 0.60

c 0.
§020
[

0.00-¢ T T

u THZ1 (IC50 = 55 nM)
= THZ1 washout (IC50 = 99 nM)

4 THZ1-R (IC50 = 2,008 nM)

4 THZ1-R washout (IC50 = 5,600 nM)

61



Figure 2 | THZ1 irreversibly inhibits RNAPIl CTD phosphorylation by
covalently targeting a unique cysteine located outside the kinase domain of
CDK?. a, bio-THZ1 binds irreversibly to CDK7. Recombinant CAK complex was
incubated with bio-THZ1 +/- THZ1 at 37°C for 4 hrs and biotinylated proteins
were resolved by SDS-page. b, Docking model of THZ1 in the ATP-binding
pocket of CDK7 (PDB code 1UA2). CDK?7 depicted with grey ribbons and THZ1
in turquois. Key residues are indicated. C312 has been modeled into the crystal
structure. ¢, Mutation of C312 to serine (C312S) rescues wild-type kinase
activity in the presence of THZ1. HCT116 cells stably expressing FLAG-tagged
CDK7 proteins were treated with THZ1 or THZ1-R for 4 hrs. Exogenous CDK7
proteins were immunoprecipitated with FLAG antibody and subjected to in vitro
kinase assays. CS = coomassie stain. d, THZ1 inhibits RNAPIl CTD
phosphorylation. Jurkat cells were treated with THZ1 or THZ1-R for 4 hrs. and
proteins of interest resolved by SDS page. e, THZ1, but not THZ1-R, shows
irreversible inactivation of CDK7. Jurkat cells were treated with THZ1 or THZ1-R
for 4 hrs followed by washout of inhibitor-containing medium. Cells were then
allowed to grow in medium without inhibitor for 0 to 6 hrs. ‘N’ signifies cells where
medium was never washed out (je — 10 hr incubation with compounds). f,
Antiproliferative effects of THZ1 are impervious to inhibitor washout. Jurkat cells
were treated with THZ1 or THZ1-R in dose response format for 72 hrs.

Experiments were performed in biological triplicates and error bars are +/- SD.
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alone is insufficient to reduce RNAPII CTD phosphorylation in HCT116 cells
(Larochelle et al.,, 2012). It is possible that covalent inhibition and reversible
inhibition can engender different effects on kinase structure; we did not find
evidence that THZ1 impacts TFIIH or CAK complex stability (Supplementary Fig.
4h). It is also possible that inhibition of CDK12/13 (or another undetected kinase)
contributes to reduced RNAPII CTD phosphorylation, although our evidence that
RNAPII CTD phosphorylation levels are restored following expression of CDK7
C312S suggests otherwise.

To better understand the breadth of antiproliferative activity of THZ1, we
screened it against a diverse panel of over 1,000 cancer cell lines(Garnett et al.,
2012). THZ1 displayed broad-based activity with ICsos less than 200 nM against
53% of the cell lines tested (Fig. 3a; Supplementary Table 4). Elastic net
regression analysis incorporating gene expression, copy number, and sequence
variation genomics data (Garnett et al., 2012) across 527 of the cell lines tested
were used to identify genomic features common to sensitive cell lines. Gene
ontology (GO) term enrichment analysis (Huang da et al., 2009) indicated a
strong enrichment of (proto-)oncogenic transcription factors commonly
overexpressed in cancer and factors involved in RNAPII -driven transcriptional
regulation, suggesting the dominant activity of THZ1 was through modulation of

transcription (Fig. 3b; Supplementary Table 5).

In agreement with the net elastic regression analysis, T-ALL cell lines that

display characteristic misregulation of T-cell lineage-specific transcription factors,
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were broadly sensitive to THZ1, but not THZ1-R (Fig. 3c; Supplementary Fig. 6a
and Table 4). Treatment of T-ALL cell lines with THZ1 caused decreased cellular
proliferation and an increase in apoptotic index with concomitant reduction in
anti-apoptotic proteins, most notably MCL-1 and XIAP (Supplementary Fig. 6, 7).
These strong antiproliferative responses induced at sub-effective doses of THZ1
suggest that these cells may be particularly sensitive to small perturbations in
transcription and CDK7 kinase function. Indeed, THZ1 demonstrated efficacy
against primary leukemia cells and in a bioluminescent xenografted model using
the human T-ALL cell line, KOPTK1, when dosed twice daily (BID) at 10 mg/kg
(Fig. 3d, e; Supplementary Fig. 8 and Table 6). Importantly, THZ1 was well
tolerated at these doses with no observable body weight loss or behavioral
changes (Supplementary Fig. 8f), suggesting no overt toxicity to the animals.
These results were mirrored in cell culture with non-transformed BJ fibroblast and
retinal pigment epithelial (RPE-1) cells responding to relatively high doses of
THZ1 by undergoing cell cycle arrest rather than initiating apoptosis or cell death,
further suggesting that normal cells might tolerate transcriptional disruption
(Supplementary Fig. 9).

CDK7 is a component of the general transcription factor HH (TFIIH)
complex (Feaver et al., 1994, Serizawa et al., 1995; Shiekhattar et al., 1995), so

we next investigated how THZ1 treatment affects genome-wide gene expression.
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Figure 3 | THZ1 strongly reduces the proliferation and cell viability of T-ALL
cell lines. a, THZ1 exhibits strong antiproliferative effect across a broad range
of cancer cell lines from various cancer types. Cells were treated with THZ1 or
DMSO vehicle for 72 hrs and assessed for antiproliferative effect using resazurin.
b, Overexpression of transcriptional regulators, including (proto)oncogenic
transcription factors, is a strong predictor of cell line sensitivity to THZ1. GO
terms associated with overexpressed factors found in THZ1 —sensitive cell lines.
c, THZ1 exhibits strong antiproliferative affect against T-ALL cell lines. BJ
fibroblasts and RPE-1 cells are shown as normal cell lines. Cells were treated
with THZ1 or DMSO vehicle for 72 hrs. Experiments were performed in
biological triplicates and error bars are +/- SD. d, THZ1 reduces the proliferation
of KOPTK1 T-ALL cells in a human xenograft mouse model. Bioluminescent
images of two representative mice treated with either vehicle control, 10 mg/kg
THZ1 gD (once daily), or 10 mg/kg/day THZ1 BID (twice daily) for 29 days. e,
Relative bioluminescence (BLI) of mice treated with vehicle, 10 mg/kg THZ1 qD
(once daily), or 10 mg/kg/day THZ1 BID (twice daily) during the 29 days of
treatment. n=10 for all groups. Bioluminescence is shown relative to day 0 and
is plotted as average + SEM. Analysis of the BLI data by repeated measures
(RM) two-way ANOVA reveals the anti-proliferative effect of treatment with THZ1
BID is highly statistically significantly different (p<0.0001) as compared to the

other treatments.

66



We chose Jurkat T-ALL for these studies because it a well-studied T-ALL cell line
model with a defined core transcriptional regulatory circuitry, consisting of key
transcription factors, which is also found in human T-ALL primagrafts (Sanda et
al., 2012). Treatment with 250 nM THZ1, but not THZ1-R, led to progressive
reduction in global steady-state mRNA levels over time, with 75% and 96% of
mRNAs showing greater than 2-fold reduction by 6 and 12 hrs, respectively (Fig.
4a, Supplementary Fig. 10a and Table 7). Consistent with global downregulation
of mRNA transcripts, 250 nM THZ1 reduced RNAPII occupancy genome-wide at
both promoters and gene bodies (Fig. 4b). By comparison, Flavopiridol reduced
RNAPII density across only gene bodies (Fig. 4b). This is consistent with the
model that CDK7 regulates RNAPII initiation and pausing while CDK9 regulates
pause release leading to processive elongation (Feaver et al., 1994; Glover-
Cutter et al., 2009; Larochelle et al., 2012; Rahl et al., 2010; Serizawa et al.,
1995; Shiekhattar et al., 1995; Watanabe et al., 2000; Yamada et al., 2006).
Although 250 nM THZ1 inhibits global transcription, we found that some
cancer cell lines, particularly T-ALL, are sensitive to considerably lower
concentrations of THZ1. We postulated that the expression of certain genes
might be especially sensitive to low doses of THZ1 and therefore have a key role
in driving the cellular response. Indeed, we found that transcripts for only a
subset of genes were substantially affected by treatment with 50 nM THZ1, with
that for RUNX1 among the most profoundly affected (Fig. 4c). There are at least
two reasons that low dose THZ1 treatment might cause a preferential loss of

RUNX1 expression. Tumor cell oncogenes can acquire super-enhancers,
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Figure 4 | THZ1 preferentially downregulates Jurkat core transcriptional
circuitry. a, THZ1 treatment globally downregulates steady-state mRNA levels
in a time-dependent manner. Jurkat cells were treated with THZ1 (250 nM) for
the indicated amounts of time. Heatmaps display the Log2 fold change in gene
expression vs. DMSO for the 21,970 transcripts expressed at 12h in DMSO. b,
THZ1 reduces RNAPII occupancy across promoters and gene bodies. Metagene
representation of global RNAPII occupancy at promoters and gene bodies (top).
Average background subtracted ChlP-seq signal in 22,310 genes expressed in
6h DMSO conditions in units of rpm/bp. Gene tracks of RNAPII ChiIP-seq
occupancy at RUNX1 following the indicated treatments (bottom). Signal of ChlP-
seq occupancy is in units of reads per million (rpm). All treatments were 6 hrs
with 250 nM of THZ1, THZ1-R, or Flavopiridol. ¢, THZ1 treatment delineates a
subset of transcripts equally sensitive to low dose (50 nM) THZ1. Log2 fold
change in gene expression for 50 nM (x axis) and 250 nM THZ1 (y axis) following
a 4 hr treatment. Pearson coefficient r = 0.50. d, Gene tracks of H3K27Ac (top),
CDKY7 (middle), and RNAPII (bottom) ChlP-seq occupancy at the TSS, gene
body, and a previously described enhancer region in the first intron of RUNX7
(Nottingham et al., 2007). Total ChlP-seq signal is in units of rom. e, Positive
interconnected autoregulatory loop formed by RUNX1, TAL1, and GATAS3.
Genes are represented by rectangles, and proteins are represented by ovals
(Sanda et al.,, 2012). f, Transcripts down-regulated by low dose THZ1 are
enriched for transcripts downregulated following RUNX7 knockdown. Gene set

enrichment analysis of top 500 transcripts downregulated following a 4-hour

69



treatment with THZ1 (50 nM) in comparison to transcripts following a RUNX1

knockdown (Sanda et al., 2012). GSEA-supplied p-value < 0.001.
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which drive high-level expression yet can be especially sensitive to perturbation
(Chapuy et al., 2013; Hnisz et al., 2013; Loven et al.,, 2013; Shi et al., 2013).
Super-enhancer analysis in Jurkat cells revealed that RUNX17 contains an
exceptionally large super-enhancer domain containing a previously described
hematopoietic cell —specific enhancer (Fig. 4d; Supplementary Fig. 10b-d and
Table 8) (Nottingham et al., 2007). In addition, RUNX1 forms a core regulatory
circuitry with two additional transcription factors that play prominent roles in
leukemia biology, TAL1 and GATA3 (Fig. 4e) (Sanda et al., 2012). These factors
autoregulate their own gene expression while simultaneously regulating many
other genes that comprise the active gene expression program of Jurkat cells.
Treatment with 50 nM THZ1 led to significant reduction in both the transcript and
protein levels of RUNX1, TAL1, and GATA3 (Supplementary Fig. 10e and f).
Loss of the RUNXT1 driven transcriptional program is likely key to the response to
low dose THZ1 treatment, as gene set enrichment analysis revealed that the
Jurkat transcripts downregulated by 50 nM THZ1 were enriched in transcripts
similarly downregulated following RUNX1 depletion using shRNA (Fig. 4f).

Here we have reported the discovery and characterization of the first
covalent inhibitor of CDK7, THZ1. THZ1 employs a unique mechanism,
combining ATP-site and allosteric covalent binding, as means of attaining
potency and selectivity for CDK7. This mechanistic insight should be useful for
designing next generation inhibitors of CDKs, where high sequence and shape
homology in the ATP pocket has posed a formidable challenge to achieving

selectivity with conventional ATP-competitive inhibitors.  THZ1 displayed
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exquisite antiproliferative activity for T-ALL cell lines and other blood cancers,
where oncogenic transcription factors feature prominently in the disease state. In
Jurkat cells, low dose THZ1 had a profound effect on a small subset of genes,
including the key regulator RUNX1, thus contributing to subsequent loss of the
greater gene expression program and cell death. Identification of additional
cancer cell lines whose gene expression programs display vulnerability to THZ1
or other transcriptional inhibitors should delineate additional cancers that are

exquisitely susceptible to perturbation of transcription.
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Methods Summary

T-ALL culture conditions. Jurkat, Loucy, KOPTK1, and DND-41 cell lines were
grown in RPMI-1640 supplemented with 10% fetal bovine serum and 1%
glutamine. All cell lines were cultured at 37°C in a humidified chamber in the

presence of 5% COa,, unless otherwise noted.

Inhibitor treatment experiments. Time-course experiments such as those
described in Supplementary Fig. 5a were conducted to determine the minimal
time required for full inactivation of CDK7. Cells were treated with THZ1, THZ1-
R, or DMSO for 0-6 hrs to assess the effect of time on the THZ1 —mediated
inhibition of RNAPII CTD phosphorylation. For subsequent experiments cells
were treated with compounds for 4 hrs as determined by time-course experiment
described above, unless otherwise noted. For inhibitor washout experiments (Fig.
2e, f; Supplementary Fig. 5) cells were treated with THZ1, THZ1-R, or DMSO for
4 hrs. Medium containing inhibitors was subsequently removed to effectively
‘washout’ the compound and the cells were allowed to grow in the absence of
inhibitor.  For each experiment, lysates were probed for RNAPII CTD

phosphorylation and other specified proteins.

High-throughput cell line panel viability assay. Cells were seeded in 384-well

microplates at ~15% confluency in medium with 5% FBS and
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penicillin/streptavidin. Cells were treated with THZ1 or DMSO for 72 hrs and cell

viability was determined using resazurin.

RNA Extraction and Synthetic RNA Spike-In. Total RNA and sample
preparation was performed as previously described(Loven et al., 2012). Briefly,
following inhibitor treatment cell number was determined, total RNA was isolated,
and ERCC RNA Spike-In Mix (Ambion, cat# 4456740) was added to total RNA

relative to cell number.

77



Chapter 3: Small-molecule inhibition of functionally related
transcriptional co-factors produces synergistic effects in T-cell
acute lymphoblastic leukemia

Jessica Reddy'*, Brian J. Abraham', Alla Sigova', Richard Young'?

"Whitehead Institute for Biomedical Research, 9 Cambridge Center, Cambridge,
MA 02142 *Department of Biology, Massachusetts Institute of Technology,
Cambridge, MA, 02139

The results depicted in this chapter contribute to a manuscript currently in
preparation entitled “Smali-molecule inhibition of functionally related
transcriptional co-factors produces synergistic effects in T-cell acute
lymphoblastic leukemia®.

78



Personal contribution to the Project

This research is an extension of the work contained in Chapter 2, and Prof.
Young and | conceived the idea of combining BRD4 and CDK?7 inhibition as a
follow-up study. | led the project, designed and performed all experiments. Brian
Abraham helped perform computational analyses. | wrote the chapter with

assistance from Prof. Young and comments from all authors.

79



Abstract

Inhibitors that target the general transcriptional cofactors CDK7 and BRD4 have
been shown to each cause profound effects on tumor cell proliferation. These
inhibitors affect two different but closely related steps in transcriptional control,
but it is unknown if they produce additive, synergistic or antagonistic effects on
tumor cells. Here, we show that concurrent inhibition of CDK7 and BRD4 in T-
cell acute lymphoblastic leukemia cells with the tool compounds THZ1 and JQ1,
respectively, produces synergistic effects on cell proliferation and apoptotic
induction. Treatment of cells with each compound generally resulted in distinct
effects on gene expression. Combination treatment affected expression of a
larger set of genes than either inhibitor alone and, furthermore, had a more
profound effect on expression of key oncogenes, such as the super-enhancer—
driven RUNX1 gene. These results reveal that simultaneous inhibition of
transcriptional co-factors can produce synergistic effects on tumor cell growth
phenotypes that are likely due to combinatorial effects on tumor cell gene
expression.
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Introduction

Multiple studies have shown fhat inhibitors of the transcriptional cofactors
CDKY7 or BRD4 can have selective effects on expression of oncogenes in various
cancer cells (Kwiatkowski et al., 2014; Chipumuro et al., 2014; Christensen et al.,
2014; Wang et al., 2015; Loven et al., 2013; Chapuy et al., 2013; Shu et al,,
2016). For examples, CDK7 inhibition by THZ1 leads to selective loss of
expression of RUNX71 in T-cell acute lymphoblastic leukemia (T-ALL)
(Kwiatkowski et al., 2014), of MYC family proto-oncogenes and neuroendocrine
lineage-specific factors in small cell lung cancer (SCLC) (Christensen et al.,
2014), of MYCN expression in neuroblastoma (Chipumuro et al., 2014) and of an
“Achilles cluster” of oncogenes in triple-negative breast cancer (TNBC) (Wang et
al., 2015). BRD4 inhibition by JQ1 causes selective loss of expression of MYC
in multiple myeloma (MM) (Loven et al.,, 2013; Delmore et al.,, 2011), of
POUZ2AF1 in diffuse large B cell ymphoma (DLBCL)(Chapuy et al., 2013) and of
MYC and other oncogenes in TNBC (Shu et al., 2016). Although the effects of
both inhibitors on gene expression have been studied individually, the effects of
combined inhibition of CDK7 and BRD4 have yet to be investigated.

CDK7 and BRD4 contribute to two different but closely related steps in
transcriptional control. As a component of TFIIH, CDK7 is thought to function in
transcription initiation as well as elongation and does so, in part, by
phosphorylating the C-terminal domain (CTD) of RNA polymerase |l (Pol Il) at
serine 5 and 7 and CDK9 as part of the CAK complex (Akhtar et al., 2009;

Larochelle et al., 2012). BRD4, however, occupies acetylated chromatin at active

81



regulatory elements and recruits CDK9, which functions as a transcriptional
pause-release factor, permitting Pol Il transcription elongation (Dey et al., 2003;
Jang et al., 2005; Yang et al., 2005; Loven et al., 2013). Each factor contributes
to several related but distinct steps of transcription that may be largely redundant
or may suggest different results upon their perturbation.

Combination therapy can be clinically beneficial since it can help lower
doses necessary for treatment, limit the emergence of resistant clones, and
inhibit multiple oncogenic processes at once (Foucquier and Guedj, 2015). Due
to the functional inter-connectedness of CDK7 and BRD4, combination
treatments with inhibitors for the two proteins could result in additive, synergistic,
or antagonistic effects. Synergistic or additive effects of the combination of
inhibitors could inform future clinical investigation as well as lend insight into the
functional inter-play between CDK7 and BRD4. Furthermore, understanding the
effects of combined inhibition of multiple transcriptional steps with THZ1 and JQ1
could inform combinations with other inhibitors.

He;e, we sought to understand the consequences of combining the two
transcriptional inhibitors THZ1 and JQ1 on tumor cells. We discovered that the
two inhibitors produce synergistic effects on T-ALL cell growth and survival.
Consistent with their closely related roles in transcriptional regulation, CDK7 and
BRD4 occupy similar transcriptional regulatory regions on the genome. However,
the two inhibitors had vastly different effects on gene expression, suggesting that
different genes may be especially dependent on CDK7 or BRD4 for their

transcription. Simultaneous inhibition of CDK7 and BRD4 impacted more genes
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than inhibition with either alone, and the effects on gene expression were overall
greater when treating with the combination. These findings suggest that inhibiting
two functionally related transcriptional co-factors produces enhanced cytotoxicity

in T-ALL cells, likely due to combinatorial effects on tumor cell gene expression.

Results

THZ1 and JQ1 have synergistic effects on T-ALL cell proliferation

To confirm the separate effects of CDK7 and BRD4 inhibition on
proliferation of a T-ALL cell line, we treated Jurkat cells with either THZ1, JQ1, or
a combination of the two compounds. We first incubated the cells with varying
doses of the individual inhibitors for 72 hours and measured the fraction of viable
cells relative to cells treated with the vehicle control (Fig. 1A). Proliferation of the
cells displayed a dose-dependent response, with an IC50 of 38 nM and 490 nM
for THZ1 (Fig. 1, left) and JQ1 (Fig. 1B, right), respectively. This is largely
consistent with the range of IC50 values reported for similar cells treated with
these compounds (Kwiatkowski et al., 2014; Roderick et al., 2014).

To determine if combining THZ1 and JQ1 would result in additive,
synergistic, or antagonistic effects on cell proliferation, Jurkat cells were treated
with the two inhibitors over a range of doses and effects on proliferation were
then measured (Fig. 1B). To obtain a reference point to which the data could be
compared against, we used two separate models to predict an additive effect.

Effects that were greater than additive were considered synergistic and lower
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than additive were considered antagonistic. We first predicted the outcome of an
additive relationship assuming Bliss independence (Fitzgerald et al., 2006) (Fig.
1B, left panel). The Bliss independence model treats drug effects as probabilistic
processes (with values ranging from 0 to 1) and assumes that the drugs act
independently of each other (Foucquier and Guedj, 2015). This additive
prediction was then compared to the reduction in viability that we detected for
each dose combination (Fig. 1B, middle panel). Changes in viability larger than
those predicted through Bliss independence were tabulated (Fig. 1B, right panel,
values > 0 indicate synergism) and plotted (Fig. 1C). The two compounds
reproducibly produced synergistic effects on cellular viability over a range of dose
combinations, including those at or below the IC50s of the individual inhibitors
(Fig. 1B, right panel, Fig. 1C). We used an additional method to model additivity,
one that does not rely on the assumption that the drugs act independently. Based
in Loewe additivity principles, the Chou-Talalay method predicts the
concentration of a drug that could produce an effect that is equivalent to that
resulting from a different drug (Chou, 2006). For a given effect, such as 50%
inhibition of cell proliferation, an additive prediction across different dose
combinations is represented by an “isobole” line with negative slope (Fig. 1D).
Data-points from dose combinations below the isobole indicate that lower doses
are necessary to produce a given effect when treated in combination and is thus
considered synergistic (Fig. 1D; fractional inhibitory concentrations (FICs) of

each drug < 1).
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Figure 1 | THZ1 and JQ1 have synergistic effects on T-ALL Jurkat cell
proliferation. a. THZ1 and JQ1 inhibit cell proliferation with differing IC50s.
Jurkat cells were incubated with THZ1 or JQ1 over a range of doses (3, 10, 30,
100, 300, 1,000, 3,000, 10,000 nM) for 72 hours, and the fraction of proliferating
cells were quantified relative to cells treated with vehicle. Error bars represent SD
of 3 biological replicates. b. Combined treatment with THZ1 and JQ1 results in a
greater-than-additive effect on Jurkat cell proliferation. Jurkat cells were
incubated with THZ1 and JQ1 over a range of doses for 72 hours prior to
measurement of the anti-proliferative effect of each dose combination relative to
cells treated with vehicle. An additive relationship assuming Bliss independence
(Fitzgerald et al., 2006) was calculated (left) and compared to the actual data
(middle), and effects in excess of the predicted additive relationship were
quantified (right). Numbers represent averages of 5 biological replicates. c.
Excess over Bliss synergy. plots for serial dilutions of JQ1 in combination with
THZ1 in Jurkat cells. Excess over Bliss scores >0 indicate drug synergy, whereas
negative scores indicate antagonism. d. Combined treatment with THZ1 and JQ1
results in synergistic effects on Jurkat cell proliferation. Chou-Talalay
isobologram (Chou, 2006) of data presented in ¢. The numbers on the axes
represent fractional inhibitory concentrations (FIC) fb.or each inhibitor. The
coordinates of the FIC scores are d1/Dx1 and d2/Dx2 where Dx1 is the
concentration of drug 1 that alone produces the effect x, and Dx2 is the
concentration of drug 2 that alone produces the effect x. Values below diagonal

line indicate synergism.
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Thus, the results of both the Bliss and Chou-Talalay analysis methods indicate
that the two inhibitors have a synergistic effect on Jurkat cell proliferation.

To investigate whether the synergy observed with these inhibitors is
specific to the Jurkat cell line, we carried out a similar study with another T-ALL
cell line, KOPT-K1, which had comparable IC50 values for the separate inhibitors
(Fig. 2A). A synergistic relationship was also observed with these (Fig. 2),
demonstrating effects greater than those predicted through Bliss independence
(Fig. 2B, C) and through isobologram analyses (Fig. 2D). These results indicate
that the two inhibitors have a synergistic effect on proliferation of multiple T-ALL
cell lines. We selected the Jurkat cell line for further analysis of synergy because
our prior studies of these cells have explored their genetic alterations, super-
enhancer driven oncogenes, and gene expression program (Sanda et al., 2013;

Kwiatkowski et al., 2014; Mansour et al., 2014).

Combined treatment with THZ1 and JQ1 results in synergistic apoptotic induction

Decreases in cell proliferation can result from distinguishable cellular
processes including apoptosis and/or cell cycle arrest, so we sought to
distinguish between these possible phenotypes of treatment. To determine if
treatment with THZ1 and JQ1 results in induction of apoptosis, we administered
IC50 levels of THZ1, JQ1, or the combination of THZ1 and JQ1 to Jurkat cells

and labeled them with Annexin V and propidium iodidie for apoptotic/dead cell
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Figure 2 | THZ1 and JQ1 have synergistic effects on T-ALL KOPTK-1 cell
proliferation. a.THZ1 and JQ1 inhibit cell proliferation with differing 1C50s.
KOPT-K1 cells were incubated with THZ1 or JQ1 over a range of doses (3, 10,
30, 100, 300, 1,000, 3,000, 10,000 nM) for 72 hours, and the fraction of
proliferating cells were quantified relative to cells treated with vehicle. Error bars
represent SD of 3 technical replicates. b. Combined treatment with THZ1 and
JQ1 results in greater-than-additive effects on KOPT-K1 cell proliferation. KOPT-
K1 cells were incubated with THZ1 or JQ1 over a range of doses for 72 hours
prior to measurement of the anti-proliferative effect of each dose combination
relative to cells treated with vehicle. An additive relationship assuming Bliss
independence (Fitzgerald et al., 2006) was calculated (left) and compared to the
actual data (middle), and the effects in excess of the predicted additive
relationship were quantified (right). Numbers represent averages of 3 technical
replicates. ¢. Excess over Bliss synergy plots for serial dilutions of JQ1 in
combination with THZ1 in Jurkat celis. Excess over Bliss scores >0 indicate drug
synergy, whereas negative scores indicate antagonism. d. Combined treatment
with THZ1 and JQ1 results in synergistic effects on KOPT-K1 cell proliferation.
Chou-Talalay isobolograms (Chou, 2006) of data presented in ¢. The numbers
on the axes represent fractional inhibitory concentrations (FIC) for each inhibitor.
The coordinates of the FIC scores are d1/Dx1 and d2/Dx2 where Dx1 is the
concentration of drug 1 that alone produces the effect x, and Dx2 is the
concentration of drug 2 that alone produces the effect x. Values below diagonal

line indicate synergism.
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detection (Fig. 3A). While treatment with THZ1 or JQ1 produced small numbers
of Annexin V-positive cells, treatment with both inhibitors resulted in
approximately 40% of cells staining positive for Annexin V (Fig. 3A-B),
suggesting that treatment with the two inhibitors leads to synergistic induction of
apoptosis.

Both CDK7 and BRD4 inhibition have been shown to separately cause cell
cycle arrest (Kwiatkowski et al., 2014; Roderick et al.,, 2014), so we next
examined the effects of the two inhibitors individually and in combination on cell
cycle distribution. We treated the cells with THZ1, JQ1, or THZ1 and JQ1,
ethanol-fixed and stained the cells with propidium iodide to measure DNA
content per cell (Fig. 3C). Consistent with previous work, THZ1 or JQ1 alone
resulted in small but measurable cell cycle changes, but the combination
treatment substantially increased the fraction of cells with <2N DNA staining, an
indication of inviable cells (Fig. 3C-D). These findings indicate that cell fitness is
markedly decreased upon combination treatment with THZ1 and JQ1, as cell
cycle defects likely contribute to the observed increases in apoptosis and cell

death.

Protein targets of THZ1 and JQ1 co-occupy transcriptional regulatory elements
To gain insights into the molecular basis of the synergistic relationship of

THZ1 and JQ1, we first investigated the genomic occupancy of their targets,

CDK7 and BRD4, in Jurkat cells. CDK7 and BRD4 are thought to function in the

context of an active transcription apparatus at transcriptionally active enhancers
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Figure 3 | Treatment with THZ1 and JQ1 has synergistic effects on
apoptosis a. Combined treatment with THZ1 and JQ1 results in a greater level
of apoptosis and cell death than either inhibitor alone. Jurkat cells were treated
with THZ1 (50 nM), JQ1 (500 nM), THZ1 (50 nM) and JQ1 (500 nM) for 72 hours
and stained with Annexin V and propidium iodide for detection of apoptotic and
dead cells. b. Quantification of Annexin V+ cells. ¢. Combined treatment with
THZ1 and JQ1 results in a greater level of sub-G1 cells than either inhibitor
alone. Jurkat cells were treated with THZ1 (50 nM), JQ1 (500 nM), THZ1 (50 nM)
and JQ1 (500 nM) for 72 hours, fixed, and stained with propidium iodide for cell

cycle analysis. d. Quantification of sub-G1 cells.
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and promoters (Fig. 4A), but the two regulatory proteins may preferentially
occupy one type of element. We performed chromatin immunoprecipitation-
sequencing (ChlP-seq) using antibodies against CDK7 and BRD4, which
confirmed that CDK7 and BRD4 co-occupy active promoters, enhancers, and
constituents of super-enhancers (Fig. 4B-E). However, CDK7 signal was also
found across the body of many highly transcribed genes with RNA polymerase ||
(Pol 1l); this was not typically observed with BRD4 (Fig. 4B). This is consistent
with the view that CDK7 may be bound to actively transcribing Pol Il at some
genes (Glover-Cutter et al.,, 2009). Relative to CDK7, BRD4 was found to
preferentially occupy super-enhancers (Fig. 4D). These results indicate that
CDK7 and BRD4 can both occupy active enhancers and promoters across the
genome, but also indicates that the two proteins can have somewhat different

distributions at super-enhancers and gene bodies.

Effects of THZ1 and JQ1 on global gene expression

Previous studies have noted that treatment of tumor cells with THZ1 or
JQ1 can produce striking gene-selective effects (Kwiatkowski et al., 2014;
Chipumuro et al., 2014; Christensen et al., 2014; Wang et al., 2015; Loven et al.,
2013; Chapuy et al., 2013; Shu et al., 2016), but it is not know whether the same
set of genes is especially sensitive to the two inhibitors because a side-by-side
comparison has yet to be examined in a tumor cell line. We performed side-by-
side treatments with THZ1 and JQ1 to compare the effects of the two inhibitors

on global gene expression. To assess the immediate and thus most likely direct
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Figure 4 | CDK7 and BRD4 co-occupy regulatory regions in T-ALL Jurkat
cells. a. Cartoon depicting roles for CDK7 and BRD4 in transcriptional regulation

b. Gene tracks of CDK7, BRD4, H3K27ac and RNA Pol Il ChiP-seq occupancy
at the RUNXT locus, with the upstream super-enhancer indicated with a black
box. The x axis shows genomic position and the y axis shows signal of ChlP-seq
occupancy in units of reads per million. c. Gene tracks of CDK7, BRD4, H3K27ac
and RNA Pol Il ChiP-seq occupancy at the MYC locus, with upstream and down-
stream super-enhancers indicated with black boxes. The x axis shows genomic
position and the y axis shows signal of ChlP-seq occupancy in units of reads per
million. d. Meta-gene representation of average CDK7 (top, red line) and BRD4
(bottom, blue line) occupancy at super-enhancer constituents, all enhancers, and
promoters. The x axis shows regions +/- 2kb around enhancer constituents (left
and middle displays) or transcription start sites (right). The y axis shows signal in
rom/bp. e. Heat-map representation of CDK7 (red) and BRD4 (blue) occupancy
at individual super-enhancer constituents (left), all enhancers (middle), and
promoters (right). Each row represents the +/- 2kb centered on the middle of
each super-enhancer, enhancer, or TSS. Color scaled intensities are in units of

rom/bp.
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transcriptional effects, Jurkat cells were incubated for a short time (4 hours) with
THZ1 (50 nM) or JQ1 (500 nM), or a combination of these inhibitors, and the
effects on gene expression were monitored with microarrays (Fig. 5). Doses
similar to proliferation IC50 values were chosen as, at least for THZ1, similar
IC50 values were derived from changes in RNA Polymerase Il phosphorylation
states (Kwiatkowski et al., 2014). Treatment with THZ1 alone led to reduced
levels (> 1.5-fold loss) of 264 gene transcripts, whereas treatment with JQ1 alone
led to reduced levels (> 1.5-fold loss) of 1,356 gene transcripts (Figure 5A, B).
Approximately 40% of transcripts sensitive to THZ1 were also sensitive to JQ1,
and 8% of transcripts sensitive to JQ1 were also sensitive to THZ1 (Figure 5B).
These results demonstrate that THZ1 and JQ1 treatments both result in gene-
selective effects, but groups of genes are differentially sensitive to the two
inhibitors, suggesting that certain genes may possess unique dependencies on
CDK?7 and BRD4 for full expression.

Treatment of Jurkat cells with both inhibitors had substantial effects on a
larger number of genes than treatment with either inhibitor alone (2,249 with
combination vs. 264 and 1,356 with THZ1 and JQ1)(Fig. 5A-B). As expected,
most genes affected by either inhibitor were also sensitive to the combined
treatment (Fig. 5B). For the set of genes sensitive to THZ1 and JQ1, the
combined treatment typically caused a more substantial decrease in expression
than treatment with the individual inhibitors (Fig. 5C; p-values < 2.2e-16 for
comparisons to either THZ1 or JQ1 with Student’s two-tailed t-test). Furthermore,

the sum of the gene expression responses to individual treatments were largely
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Figure 5 | Combined treatment of THZ1 and JQ1 results in greater effects
on global gene expression than either inhibitor alone a. Combined treatment
with THZ1 and JQ1 affects the expression of a greater number of transcripts than
either inhibitor alone. Jurkat cells were treated with THZ1 (50 nM), JQ1 (600 nM),
or THZ1 (50 nM) and JQ1 (500 nMj for 4 hours followed by isolation of RNA,
addition of synthetic RNA spike-in, and hybridization on expression microarrays.
Heatmap displays the log2 fold change in gene expression versus vehicle for the
2,419 expressed transcripts that are downregulated at least 1.5-fold with any of
the three treatments. b. A greater number of transcripts are sensitive to
combined THZ1 and JQ1 treatment than with the individual inhibitors. Venn
diagram over-lap of sensitive (>1.5-fold loss in expression) transcripts from
treatments with THZ1, JQ1, and the two inhibitors together. 903 transcripts were
sensitive to the combined treatment but unaffected by THZ1 and JQ1 when
treated alone. ¢. Combining THZ1 and JQ1 results in greater changes in gene
expression than either inhibitor alone. Expression changes were quantified for
each condition of the 160 transcripts that were sensitive (>1.5-fold reduction in

expression) to all three treatments.
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predictive of their response to the combined treatment (data not shown),
consistent with an additive effect on gene expression. These results suggest that
the combination of THZ1 and JQ1 impacts a larger number of genes, and has a
more substantial effect on transcript levels for these genes, than does treatment

with either inhibitor alone.

Discussion

Despite growing evidence of THZ1 and JQ1 as effective anti-tumor
agents, the effects of treating the two inhibitors together have not been
investigated. Combination therapy has the potential to enhance therapeutic
effects while allowing for dose and toxicity reduction (Lehar et al.,, 2009;
Fitzgerald et al., 2006; Chou, 2010). Drug synergism decreases the likelihood of
resistance (Lowe et al., 2014), and, given recent studies describing resistance to
JQ1 in tumor cells (Rathert et al. 2015, Fong et al. 2015), combined treatment
with another inhibitor could hypothetically limit these effects. Indeed, the
combination of THZ1 and JQ1 had enhanced effects on T-ALL cell proliferation
and apoptosis, and experiments with various levels of the two drugs (Figs. 1, 2)
suggests that lower doses of the combination of inhibitors may be more effective
than either inhibitor alone.

Both THZ1 and JQ1 have been shown to produce anti-tumor effects in a
variety of cancer models by selectively affecting the expression of key genes on
which tumor cells depend for survival (Kwiatkowski et al., 2014; Chipumuro et al.,

2014; Christensen et al., 2014; Wang et al., 2015; Loven et al., 2013; Chapuy et
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al., 2013; Shu et al., 2016). We previously found that THZ1 treatment selectively
reduced the expression of RUNX7 while causing dramatic levels of apoptosis in
T-ALL cells (Kwiatkowski et al. 2014), consistent with previous work showing that
high levels of RUNX1 are required for survival (Sanda et al., 2012). Likewise, in
T-ALL cells JQ1 treatment has been shown reduce the levels of MYC and cause
anti-proliferative effects (Roderick et al., 2014; Knoechel, et al., 2014). Our
results confirm these findings. However, the question remains whether targeting
two regulatable steps of transcription has additional effects on gene expression
beyond targeting each one individually.

Treatment with both inhibitors affected more genes than treatment with the
inhibitors individually and increased the magnitude of expression changes for
several genes, which was particularly evident for RUNX17. This suggests that
inhibiting multiple steps of transcription may cause effects on tumor gene
expression programs that lead to a synergistic cellular response. We found that
both BRD4 and CDK7 proteins co-occupy enhancers and super-enhancers (Fig.
3B-E), but the genes sensitive to inhibition of either protein were largely different
(Fig. 4A-B), suggesting unique dependencies on the two proteins for gene
expression. More broadly, our results suggest that inhibiting two steps within the
transcriptional cascade can have increased effects on cell death, likely due to the
increased number and magnitude of gene expression responses.

Synergy between THZ1 and JQ1 suggests that combining different
transcriptional inhibitors may be therapeutically beneficial. It remains to be

tested if this relationship also exists in animal models of T-ALL. Our results
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suggest that genes depend on specific general transcriptional regulators in a
combinatorial manner, and, as a result, these inhibitors may cause unanticipated
and desirable effects on tumor cells. Thus, different nodes in transcriptional
control may be effectively targeted together in cancer therapy, and the
relationships between inhibitors of the pharmacologically tractable nodes should

be further explored.
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Methods

Cell culture

Jurkat and KOPTK1 T-ALL cells were cultured in RPMI GlutaMAX
(Invitrogen, 61870-127), supplemented with 10% fetal bovine serum, 100 U/ml|
penicillin and 100 pg/ml streptomycin (Invitrogen, 15140-122). Cell lines were

cultured at 37C in a humidified chamber in the presence of 5% CO2.

Proliferation Assays

Proliferation assays were conducted using Cell Titer Glo assay kit
(Promega cat# G7571). T-ALL cells grown in suspension were resuspended in
fresh media containing THZ1, JQ1, THZ1 and JQ1, or DMSO at the indicated
concentrations and then plated in 96-well plates at 10,000 cells/ well in a volume
of 100 uL. Anti-proliferative effects of compounds were assessed following 72 hr
incubations. Anti-proliferative effects were then determined using Cell Titer Glo
as described in product manual by luminescence measurements on a Tecan
Safire plate reader. IC50s were determined using GraphPad Prism 6 non-linear

regression curve fit.

Apoptosis Assays

Cells were treated with THZ1 (50 nM), JQ1 (500 nM), or THZ1 (50 nM)
and JQ1 (500 nM) or with DMSO for 72 hours, collected by centrifiguation and

then washed once in PBS, and processed with the Dead Cell Apoptosis kit
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according to manufacturers protocol (Invitrogen cat# V13242). Samples
‘were analyzed on a BD LSR (BD Biosciences) instrument and processed on

FlowdJo (Treestar).

Cell cycle analyses

Cells were treated with THZ1 (50 nM), JQ1 (500 nM), or THZ1 (50 nM)
and JQ1 (500 nM) or with DMSO for 72 hours, collected by centrifiguation and
then washed once in ice-cold phosphate-buffered saline (PBS), and
fixed overnight at —20C with 80% ethanol in PBS. Cells were then washed 3x,
pelleted, and resuspended in FxCycle PI/RNase staining solution (Life
Technologies, F10797) prior to FACS analysis. Samples were analyzed on a BD

LSR (BD Biosciences) instrument and processed on FlowJo (Treestar).

RNA extraction and Synthetic RNA Spike-In Addition

Total RNA and sample preparation was performed as previously
described (Loven). Briefly, Jurkat cells were incubated in media containing THZ1
(50 nM), JQ1 (500 nM), or THZ1 (60 nM) and JQ1 (500 nM) or with DMSO for
four hours. Cell numbers were determined with a Z Series Coulter Counter
(Beckman Coulter) prior to lysis and RNA extraction. Biological duplicates
(equivalent to 10 million cells per replicate) were collected, and RNA was isolated
using the RNeasy Plus kit (Qiagen, 74136) following the manufacturer's
instructions. ERCC RNA Spike-In Mix (Ambion, 4456740) was added to total

RNA relative to cell number, RNA was analyzed on Agilent 2100 Bioanalyzer for
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integrity. RNA with the RNA Integrity Number (RIN) above 9.8 was hybridized to

GeneChip PrimeView Human Gene Expression Arrays (Affymetrix).
Microarray Sample Preparation and Analysis

For microarray analysis, 100 ng of total RNA containing ERCC RNA
Spike-In Mix was used to prepare biotinylated aRNA (cRNA) according to the
manufacturer’s protocol (30 IVT Express Kit, Affymetrix 901228). Briefly, total
RNA undergoes T7 oligo(dT)-primed reverse transcription to synthesize first-
strand cDNA containing a T7 promoter sequence. This cDNA is then converted
into a double-stranded DNA template for transcription using DNA Polymerase
and RNase H to simultaneously degrade the RNA and synthesize second strand
cDNA. In vitro transcription synthesizes aRNA and incorporates a biotin-
conjugated nucleotide. The aRNA is then purified to remove unincorporated
NTPs, salts, enzymes, and inorganic phosphate. Fragmentation of the biotin-
labeled aRNA prepares the sample for hybridization onto GeneChip 3
expression arrays. Samples were prepared for hybridization using 10 pg of
biotinylated aRNA in a 1X hybridization cocktail according the Affymetrix
hybridization manual. Additional hybridization cocktail components were provided
in the Affymetrix GeneChip Hybridization, Wash and Stain Kit. GeneChip arrays
(Human PrimeView, Affymetrix 901837) were hybridized in a GeneChip
Hybridization OvRPM. Washing was done using a GeneChip Fluidics Station 450
according to the manufacturer's instructions, using the buffers provided in the

Affymetrix GeneChip Hybridization, Wash and Stain Kit. Images were extracted
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with Affymetrix GeneChip Command Console (AGCC), and analyzed using
GeneChip Expression Console. A Primeview CDF that included probe
information for the ERCC controls (GPL16043), provided by Affymetrix, was used
to generate .CEL files. We processed the CEL files using standard tools available
within the affy package in R. The CEL files were processed with the expresso
command to convert the raw probe intensities to probeset expression values.
The parameters of the expresso command were set to generate Affymetrix
MASS5-normalized probeset values. We used a loess regression to re-normalize
these MAS5 normalized probeset values, using only the spike-in probesets to fit
the loess. The affy package provides a function, loess normalize, which will
perform /oess regression on a matrix of values (defined using the parameter mat)
and allows for the user to specify which subset of data to use when fitting
the loess (defined using the parameter subset, see the affy package
documentation for further details). For this application the parameters mat and
subset were set as the MAS5-normalized values and the row-indices of the
ERCC control probesets, respectively. The default settings for all other
parameters were used. The result of this was a matrix of expression values
normalized to the control ERCC probes. Probe set-level expression was
collapsed to log2 RefSeq transcript-level transcription by taking the probe-set
with the maximum average signal across all experiments. Log2 values of
biological replicates were averaged. Fold-changes were taken by subtracting

average log2 DMSO signal from average log2 treatment signal. Expressed genes
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were those with log2(expression) > log2(100) in the corresponding DMSO

sample. Expression heatmaps in Figure 5A were made using heatmap.2.

Chromatin Immunoprecipitation and Sequencing

Cells were crosslinked for 20 min at room temperature by the addition of
one-tenth of the volume of 11% formaldehyde solution (11% formaldehyde,
50mM HEPES pH 7.3, 100mM NaCl, 1mM EDTA pH 8.0, 0.5mM EGTA pH 8.0)
to the growth media followed by 5 min quenching with 100 mM glycine. Cells
were washed twice with PBS, then the supernatant was aspirated and the cell
pellet was flash frozen in liquid nitrogen. Frozen crosslinked cells were stored at -
800C. 50 uL of Dynal magnetic beads (Sigma) were blocked with 0.5% BSA
(w/v) in PBS. Magnetic beads were bound with 5 ug of the indicated antibody.
For CDK7 occupied genomic regions, we performed ChiP-Seq experiments
using a Bethyl Laboratories (A300-405A-1) antibody. The affinity-purified
antibody was raised in rabbit against an epitope corresponding to amino acids
300-346 of human CDK7.For H3K27Ac occupied genomic regions, we
performed ChlIP-Seq experiments using an Abcam (AB4729A) antibody. The
affinity-purified antibody was raised in rabbit against an epitope corresponding to
amino acids 1-100 of human Histone H3 that is acetylated at K27. For RNA
polymerase Il occupied genomic regions, we performed ChlP-Seq experiments
using a SantaCruz Biotechnology (sc-899) antibody. The affinity purified antibody
was raised in rabbit against an epitope mapping to the N-terminus of murine

RBP1, the largest subunit of RNA Pol Il. For BRD4 occupied genomic regions,
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we performed ChIP-Seq experiments using a Bethyl Laboratories (A301-985A)
antibody. The affinity purified antibody was raised in rabbit against an epitope
corresponding to amino acids 1312-1362 of human BRD4. Crosslinked cells
were lysed with lysis buffer 1 (50mM HEPES pH 7.5, 140mM NaCl, 1mM EDTA,
10% glycerol, 0.5% NP-40, and 0.25% Triton X-100), pelleted and resuspended
in lysis buffer 2 (10 mM TrisHCI pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA). The subsequent pellet was resuspended in and sonicated in sonication
buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 1 mM EGTA,
0.1% Na-deoxycholate, 0.1% SDS, and 1% Triton X-100). Cells were sonicated
for 10 cycles at 30 s each on ice (21-24 W) with 60 s on ice between cycles.
Sonicated lysates were cleared and incubated overnight at 4C with magnetic
beads bound with antibody to enrich for DNA fragments bound by the indicated
factor. Beads were washed two times with sonication buffer, one time with
sonication buffer with 500 mM NaCl, one time with LiCl wash buffer (10 mM
TrisHCI pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate)
and one time with TE. DNA was eluted in elution buffer (50 mM TrisHCI pH 8.0,
10 mM EDTA, 1% SDS). Cross-links were reversed overnight. RNA and protein
were digested using RNase A and Proteinase K, respectively and DNA was

purified with phenol chloroform extraction and ethanol precipitation.

ChIP-Seq analysis
Raw ChIP-Seq reads were mapped to the hg19 revision of the human
reference genome using bowtie (Langmead, Genome Biology, 2009) with

parameters —k 2 —-m 2 —sam —best and —I set to the read length. Wiggle files for
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displaying read counts in bins relative to genomic regions (Figure 4B, C) were
created using MACS (Zhang, Genome Biology, 2008) with parameters —
space=50 —nomodel —shiftsize=200 and were subsequently normalized to the

millions of mapped reads (RPM).

Enhancers and super-enhancers (Figure 4B, C, D, E) were identified by their
enrichment in H3K27ac ChlIP-Seq signal and were identified as in Mansour et al,
2014. Briefly, enhancer peaks of H3K27ac ChlP-Seq signal were identified with
MACS with input control and parameters —keep-dup=auto —p 1e-9. For super-
enhancers, two sets of MACS peaks identified with —keep-dup=auto —p 1e-9 or —
keep-dup=all —-p 1e-9 were collapsed and used as input for ROSE
(https://bitbucket.org/young_computation/rose/) with parameters —s 12500 —t
2000 —g hg19 and input control. Constituent enhancers of super-enhancers were
identified as those H3K27ac peaks (--keep-dup=auto —p 1e-9) that contacted
super-enhancers.

Metagenes and heatmaps are both produced from a matrix of adjusted
read counts in bins across a set of genomic loci created using bamToGFF
(https://github.com/BradnerlLab/pipeline). Presumed PCR duplicate reads were
removed using samtools rmdup (Li, Bioinformatics, 2009). Promoters were
defined as regions +/- 2000 bp from the transcription start sites of RefSeq
transcripts. Enhancer and super-enhancer constituents were created by taking
+/- 2000 bp from the center of peaks as defined above. Metagenes and

heatmaps (Figure 4D, E) were created at promoters, enhancers, and super-
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enhancer constituents using bamToGFF with parameters —m 200 —r —d to get the
RPM-normalized density of reads in these 200 equally-sized bins. Metagenes
were produced from the mean of each bin across all genomic regions.
Heatmaps were created using the values of each bin in each region and are

sorted by the means of CDK7 density across all bins in that region.
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Chapter 4: Conclusions and future directions

Conclusions

Transcription factors are attractive targets in cancer therapy, but
developing potent inhibitors against them has proven difficult. General
transcriptional regulator proteins are more chemically tractable as they can
contain substrate-binding or catalytic domains, but targeting them might resutt in
substantial off-target toxicities, given their supposed general functions in
transcription. Recent work, however, has demonstrated that inhibitors against
GTRs can result in gene-selective effects on tumor cell oncogenes. Tumor cells
appear to be especially vulnerable to GTR inhibitors because of their
dependency on high-level expression of these oncogenes. The cells in turn
possess dependencies, or “addictions” on the GTRs that regulate oncogene
expression.

Several GTRs contain substrate-binding or catalytic domains, and, in my
thesis | examined the cellular and molecular effects of inhibiting one such GTR,
CDK7, with the novel small-molecule inhibitor THZ1. In addition, | determined
whether combining THZ1 and BRD4 inhibitor JQ1 could result in synergy in
cancer cells. Furthermore, we are currently testing potential synergy in a
xenograft mouse model of human T-ALL in collaboration with Kwok-Kin Wong’s
laboratory at the Dana-Farber Cancer Institute. In Chapter 2, | described results

demonstrating exquisite sensitivity of T-ALL cells to THZ1, suggesting that these
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cells may be “transcriptionally addicted” to CDK7, which was likely due at least in
part to selective down-regulation of the oncogenic TF RUNX1. In Chapter 3, |
showed that THZ1 and JQ1 treatment results in synergistic effects on T-ALL cell
survival. The two inhibitors cause vastly different effects on gene expression,
suggesting that different genes may be especially dependent on CDK7 and
BRD4. Furthermore, combining the two inhibitors increases the number of
sensitive genes and severity of effect on gene expression. These results suggest
that critical oncogenes may be differentially dependent on CDK7 and BRD4, and
the sum of these transcriptional changes may have caused the synergistic

cellular response.

Future directions

Overall, my results provide evidence for CDK7 as a transcriptional
dependency in tumor cells, synergism between CDK7 and BRD4 inhibition, and
differential dependency on the two GTRs for oncogene expression. My work
inspires three main avenues for future research, of which | discuss next: 1)
further study into the molecular basis underlying synergism between THZ1 and
JQ1, 2) investigation of the mechanisms contributing to THZ1 and JQ1

resistance, and 3) the discovery of other transcriptional addictions in cancer cells.

Investigation into the molecular basis underlying THZ1 and JQ1 synergism

Molecular basis of differential dependencies on GTRs

117



Studies with JQ1 and THZ1 have demonstrated gene-selective effects in
response to BRD4 or CDK7 inhibition in cancer cells (Loven et al., 2010; Chapuy
et al., 2013; Kwiatkowski et al., 2014; Christensen et al., 2014; Chipumuro et al.,
2014; Wang et al., 2015). My results indicate that these gene-selective effects
are largely dissimilar, suggesting that different genes may be especially
dependent on the two GTRs for expression. This unique reliance on certain
GTRs could result from the absence of functionally redundant pathways. For
example, other kinases have been shown to phosphorylate Serine 5 on the Pol Il
CTD, including CDK8 (Ramanathan et al., 2001), CDK9 (Czudnochowski et al.,
2012), and the MAP kinase ERK2 (Tee et al., 2014). Likewise, other pause
release factors, such as MYC, likely contribute to P-TEFb recruitment in addition
to BRD4 (Rahl et al., 2010; Lin et al., 2012). Genes that appear uniquely
dependent on BRD4 may lack alternative mechanisms for P-TEFb recruitment.

Because CDK7 and BRD4 have differing mechanistic functions, genes
that are uniquely dependent on either inhibitor are expected to have different
transcriptional defects. Transcription initiatioﬁ is expected to change with CDK7
loss, in contrast to BRD4 inhibition, which predominantly affects elongation.
Therefore, THZ1 treatment likely causes transcription initiation defects at CDK7-
dependent genes, and these changes are not expected for BRD4-dependent
genes. To investigate this possibility, changes in transcription initiation and
elongation can be assessed by examining the distribution of Pol Il molecules in
its various phosphorylated states on the bodies of genes uniquely sensitive to

each inhibitor. For example, genes uniquely sensitive to THZ1 may have reduced
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levels of phosphorylated Serine 5 of Pol 1| CTD at regions proximal to promoters
as compared to genes insensitive to the inhibitor. Likewise, reduced levels of
phosphorylated Serine 2 of Pol Il CTD are expected in response to JQ1
treatment for genes sensitive to the inhibitor. These experiments could provide a
molecular explanation for why certain genes may be sensitive to one GTR
inhibitor but not the other, and vice versa.

Genetic heterogeneity among different cells within a tumor cell population
influences the oncogenic addictions that drive individual cells. Since different
oncogenes appear to be especially dependent on different GTRs, cell-to-cell
heterogeneity in drug sensitivity likely exists within tumor populations. This is
exemplified by the portion of cells corresponding to leukemic stem cells in AML
and T-ALL that are tolerant to JQ1 (Rathert et al., 2015; Fong et al., 2015) and
NOTCH inhibition (Knoechel et al., 2014). Single cell methodologies, such as
single molecule RNA fluorescence in situ hybridization (RNA-FISH), can be used
to detect cell-to-cell variability in oncogene sensitivity to GTR inhibitors.
Furthermore, single-cell quantification of nascent and steady-state transcript
levels following combined treatment could reveal heterogeneous responses to

the inhibitors within the cell population.

Functional interdependence of CDK7 and BRD4
Approximately 100 transcripts were sensitive to treatment with either
THZ1 or JQ1, suggesting that activities of each target are required for full

expression of these genes. Furthermore, combined treatment of the drugs
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affected expression to a greater extent than single-drug treatments, further
supporting the idea that CDK7 and BRD4 both contribute to expression of these
genes. The combined treatment resulted in gene expression changes
corresponding in magnitude to the sum of changes with single-drug treatments,
suggesting a functionally non-redundant role for CDK7 and BRD4 at these
genes. If functional redundancy existed between CDK7 and BRD4, combined
inhibitor treatment would be expected to “unmask” any compensatory action of
the two proteins. However, the question still remains of how functionally inter-
connected are CDK7 and BRD4 at these genes.

CDK7 and BRD4 are generally thought to function in a sequential order
through their regulation of Pol Il and P-TEFb, respectively. An additional layer of
regulation might also implicate functional convergence of the two proteins. CDK7
has been shown to phosphorylate CDK9 through its CAK activity, which
contributes to full activation of P-TEFb (Larochelle et al., 2012). Furthermore,
studies have shown that CDK7, CDK9, and BRD4 can regulate the activities of
each other through CDK-mediated phosphorylation and atypical BRD4 kinase
activity (Devaiah et al., 2012; Devaiah and Singer, 2012). These collective
functional links may therefore contribute to defects in transcription elongation that
are enhanced with the combined treatment. These upstream transcriptional
defects may play roles in driving synergistic cellular responses in response to the
two inhibitors. If CDK7 and BRD4 have inter-connected roles in regulating their
activities and that of Pol |l, investigating the reciprocal effects of inhibiting each

protein on a genome-wide level would reveal these functional differences. For
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example, phosphorylated substrates of CDK7 could be affected by BRD4
inhibition, and likewise, THZ1 treatment may affect the genomic occupancy of

BRD4.

Investigate mechanisms of resistance to THZ1 and JQ1

Compare transcriptional states of drug-resistant and drug-sensitive cells

Cancer cells can acquire resistance to transcriptional inhibitors through
activation of alternative enhancers to maintain expression of critical oncogenes.
This has been shown in AML cells in response to prolonged sub-lethal treatment
with JQ1 (Rathert et al., 2015). A unique enhancer was found in MLL-AF9-driven
AML cells that had become resistant to JQ1, but not in JQ1-sensitive cells, which
drove high-level expression of MYC. This enhancer did not rely on BRD4 activity,
but instead was bound by Wnt pathway effector TFs. Furthermore, JQ1-resistant
cells were more sensitive to treatment with a Wnt inhibitor than JQ1-sensitive
cells. T-ALL cells that acquired resistance to NOTCH1 inactivation with gamma
secretase inhibitors (GSls) were found to be more sensitive to JQ1 than GSI-
sensitive cells (Knoechel et al., 2014). A new enhancer proximal to MYC was
found in the GSl-resistant cells and was heavily occupied by BRD4. These
studies exemplify the plasticity of enhancer activation in the development of
resistance to transcriptional inhibitors.

Monitoring transcriptional changes following prolonged treatment with the

inhibitors would lend insight into mechanisms that confer resistance. ChlP-seq
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experiments with H3K27ac antibodies after prolonged inhibitor treatment would
capture these changes and allow for the identification of new enhancers that
drive oncogene expression in resistant cells. Monitoring genome-wide H3K27ac
occupancy over time would reveal the dynamics of these enhancers: the rate at
which they are formed or whether or not they are maintained after the drug is
withdrawn. Examining transcription factor binding motifs within these acquired
enhancers would help generate hypotheses of new transcriptional drivers in
resistant cells. The role of these candidate drivers in maintaining resistant cell
states could be determined through loss-of-function experiments with small-
molecule inhibitors, if available, or through CRISPR/Cas9-mediated editing or
silencing methods. Furthermore, examining genome-wide occupancy of other
drug targets in resistant cells could indicate if cancer cells shift dependencies on
one GTR to another during the acquisition of resistance to transcriptional

inhibitors.

Determine if THZ1-resistant cells display increased sensitivity to JQ1 (and vice
verse) Cells that acquire resistance to one inhibitor could have increased
sensitivity to another, as evidenced by JQ1-resistant AML cells with enhanced
sensitivity to Whnt inhibition. Increased sensitivity to other inhibitors in drug-
resistant cells could demonstrate the possibie utility of these drugs as second-
line therapeutics. Furthermore, cancer cell line profiling of the anti-proliferative

effects of THZ1 and JQ1 have revealed cell lines relatively insensitive to the two

drugs. The K562 chronic myelogenous leukemia cells are insensitive to JQ1
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(IC50 > 5 uM), likely due to activation of new enhancers driving MYC expression
immediately following treatment with JQ1 (Rathert et al., 2015). Short, 2-hour
treatments with JQ1 led to the reduction in MYC expression levels in K562 cells,
but these levels rebounded after two days, along with concomitant activation of a
new 3’ enhancer proximal to the MYC gene. Additionally, combination treatment
with both JQ1 and another transcriptional inhibitor, such as THZ1, could negate
this compensatory activity and render these cells sensitive to treatment. Cancer
cell lines resistant to THZ1 have been identified (for example, D1.1, P31/FUJ,
and L-428 hematopoietic cancer lines), and these cells may likewise be more

sensitive to JQ1 on its own or when treated in combination.

Side-by-side comparisons with other transcriptional inhibitors
Understanding the functional relationships between GTRs will inform
rational design of drug combinations. Combining certain inhibitors targeting
transcriptional regulators may result in unfavorable or antagonistic effects (Prebet
et al., 2014, Isaa et al, 20015). These results necessitates studying the
functional interdependence between GTRs and developing models describing
synergistic, additive, or antagonist relationships between inhibitors that target
them. DOT1L and BET inhibitors — two classes of inhibitors that are currently
being evaluated separately in clinical trials—were recently shown to be
synergistic, likely through an unanticipated functional relationship involving
CBP/P300-induced acetylation bridging the activities of the two proteins (Gilan et

al,, 2016). This study could potentially inform rational combinations involving
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BET inhibition, perhaps with members of the super elongation complex that have
been shown to interact with DOT1L (Wong et al., 2015). Lastly, GTR inhibitors
that affect different oncogenes will potentially provide novel strategies to target
previously-undruggable oncogenic transcription factors whilst increasing our
understanding of oncogene-specific dependencies.

There are several GTRs with catalytic or substrate-binding domains that
serve as potential targets. Kinase activities include CDK8, CDK12, CDK13,
CDK19, and TFIIF subunit RAP74. CDK8 is a known oncogene in colorectal
cancer, and tool compounds have been recently developed that target it (Dale et
al., 2015; Koehler et al., 2016; Schiemann et al., 2016; Bergeron et al., 2016).
Studies have demonstrated gene-selective functions of CDK8 in regulating genes
involved in Wnt/B-catenin, interferon beta, HIF1 alpha, response to serum
starvation pathways (Firestein et al., 2008; Bancerek et al., 2013; Galbraith et al.,
2013; Donner et al.,, 2010). Furthermore, CDK8 has been shown to
phosphorylate Smad proteins, which are effectors of TGF-b and BMP receptor
signaling (Kato et al., 2002; Alarcon et al., 2009). Consistent with other Mediator
subunits, CDK8 is bound to enhancers and promoters of actively transcribed
genes and at greater levels to super-enhancers (Kagey et al., 2010). Examining
the functional relationships of CDK8 and other SE-bound factors could therefore
lend insight into the outcomes of inhibiting them together. Lastly, CDK12 and
CDK13 are kinases thought to function in transcription elongation through
phosphorylation of Pol Il CTD Serine 2. CDK19 is paralogous to CDK8 and is

another Mediator kinase, and RAP74 has been shown capable of auto-
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phosphorylation (Rossignol et al., 1999).

In addition to CBP/p300, the TFIID subunit TAFII250 has been shown to
have HAT activity (Lee and Young, 2000). If TAFII250 share substrates and is
functionally redundant with CBP/p300, inhibitors targeting these proteins could
affect similar genes and combined treatment could exacerbate the expression of
this set. Alternatively, it is possible that the two HAT complexes acetylate vastly
different substrates, or that different genes are especially dependent on either
one. In this case, combined inhibition would affect a larger set of genes. In
addition, combination with JQ1 and TAFII250 inhibitors could be synergistic as
was shown with CBP/p300 bromodomain inhibitor (Picaud et al., 2015).

Cohesin, which is a ring-like complex involved in chromosomal
organization, contains two subunits with ATPase activity, SMC1 and SMC3, that
serve as potential targets, as cohesin is critical for enhancer-promoter
interactions and has been shown to preferentially occupy super-enhancers.
Importantly, recent data demonstrates the critical contribution of inappropriate
chromosomal interactions in driving tumorigenesis (Hnisz et al., 2016),
necessitating a means to target these aberrant structural processes.
Furthermore, the SMC1B cohesin subunit was among the group of transcripts
sensitive to both THZ1 and JQ1, and its loss in expression was accentuated with
the combined treatment. If SMC1B is required for proper complex formation,
these changes might affect enhancer-promoter interactions, as well as higher
order structures facilitated by cohesin, that ultimately influence cellular responses

to the drugs. Analyzing how chromatin interactions are affected in response to
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the inhibitors, through technologies such as chromatin interaction analysis by
paired-end tag sequencing (ChlA-PET), could reveal effects on chromosome
structure of GTR inhibitors. Cohesin mediates chromosomal loops that help
insulate groups of genes from surrounding transcriptional activity, facilitating the
formation of insulated neighborhoods. GTR inhibitors could coordinately affect
the expression of genes that exist within the same insulated neighborhood, and
this aspect may also influence sensitivity to inhibitors.

Lastly, drugs initially developed to target processes other than
transcription could directly influence it. For example, chromatin
immunoprecipitation experiments recently demonstrated binding of the cell cycle
kinase CDK6 to the P16 promoter (Kollmann et al., 2013), suggesting that it may
also function in transcriptional control. CDK®6 inhibitors, such as abemaciclib, are
currently in clinical trials. In addition, the heat shock factor HSP90 has been
shown to be involved in transcriptional pause release (Sawarkar et al., 2012),
and the ERK2 kinase has recently been implicated in transcription initiation
through its ability to phosphorylate the CTD of Pol Il at Serine 5 (Tee et al.,
2014). These non-canonical transcriptional functions highlight that drugs in
development for different molecular processes may have mechanisms of action

that are unexpectedly similar to those of transcriptional inhibitors.

Conclusions

My studies with THZ1, as monotherapy and in combination with JQ1,
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demonstrate how gene-selective effects could result in tumor cell sensitivity.
Transcription of certain oncogenes appears to be especially dependent on
particular GTRs, suggesting that different oncogenes may respond to different
inhibitors of GTRs. Inhibition of multiple GTRs can result in synergistic effects,
and combining multiple GTR inhibitors may negate the emergence of resistant
clones caused by transcriptional re-wiring. GTR inhibitors may also be suitable
adjuvants in therapies involving other targeted inhibitors and chemotherapeutics

that are currently in practice.
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Supplementary Table 1 | Literature compounds that inhibit CDK?7
Compounds (with references) that have demonstrated activity against CDK7 and

other CDKs.

Supplementary Table 2 | KiNativ’™ kinome profiling identifies CDK7 as a
target of phenylamino-pyrimidine-based compounds. Loucy cells were
treated with DMSO, THZ1 (1 uM), or THZ1-R (1 uM) for 4 hrs. PBS-washed cell
pellets were flash frozen and subjected to KiNativ™ kinome profiling at ActivX
Biosciences, Inc. according to their specifications using their desthiobiotin-ATP
probe. Peptide sequences shown above belong to the indicated kinase(s) and
were detected by mass spectrometry (MS) under DMSO control conditions
following enrichment for biotinylated proteins by streptavidin pulldown and
subsequent proteolysis. Kinases labeled by the reactive desthiobiotin-ATP probe
indicate that the kinase was accessible to desthiobiotin-ATP probe binding.
Results shown are normalized to these paired DMSO controls and numbers
represent the percentage (compared to DMSO control) of MS signal lost for
sequences of an indicated kinase, eg — numbers approaching 100% indicate that
test compound effectively out-competed the desthiobiotin ATP probe for binding
to the kinase, resulting in decreased labeling and enrichment for peptides

representing this kinase.

Supplementary Table 3 | THZ1 displays time-dependent inactivation of

recombinant CDK7. CDK?7 is inhibited in a time-dependent manner. Kp values
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were determined at three different time points (20, 60, and 180 minutes) for
THZ1 and THZ1-R using the LanthaScreen® Eu Kinase Binding Assay for each
individual kinase according to the manufacturer’'s specifications. The ratio of the
Kp values generated at 20 and 180 minutes was used to assess whether kinases

displayed time-dependent inactivation.

Supplementary Table 4 | THZ1 displays broad-based antiproliferative
activity against cancer cell lines. THZ1 exhibits strong antiproliferative effects
across a broad range of cancer cell lines from various cancer types including
blood cancers. Cancer cells were treated with THZ1 or DMSO vehicle for 72 hrs

and assessed for antiproliferative effect using resazurin.

Supplementary Table 5 | Genomic features identified as predictors of
response to CDK-7-IN-1 by elastic net regression. IC50 data was used to
identify genomic features across 527 number of cell lines with available genomic
data (MRNA, copy number variations and mutational data). For each gene
association the frequency and the magnitude of the effect of the interaction are
presented. Negative effects correspond to sensitivity features (for gene
expression, high expression in sensitive cell lines for mutation presence of the
mutation in sensitive cell lines). Functional enrichment analysis of the genomic
features identified by elastic net regression. The functional enrichment tool
(DAVID) from the National Institute of Allergy and Infectious Diseases was used

to identify functional classes of genes enriched in the elastic net output.
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Supplementary Table 6 | Pharmacokinetics properties of THZ1 in KOPTK1
T-ALL xenograft mouse model. Blood plasma and liver harvested from THZ1 —
treated mice were analyzed for the presence of THZ1. Concentration is given in

ng/ mL and micromolar (uM).

Supplementary Table 7 | Gene expression tables. Spike-in normalized mean
Log2 treatment microarray expression grouped with corresponding DMSO or

untreated controls and corresponding treatment-vs.-DMSO fold-changes.

Supplementary Table 8 | Super-enhancer identification and gene
assignment. Total H3K27Ac ChlIP-seq signal (length * density) and Input DNA
control signal in all stitched enhancers in Jurkat. Enhancers are ranked by
increasing Input-subtracted H3K27Ac ChIP-seq signal. Super-enhancers were
assigned to the RefSeq transcript whose TSS falls nearest to the center of the

super-enhancer.

Extended Data Figure 1 | THZ1 demonstrates time-dependent inhibition of
CDK? in vitro and covalent binding of intracellular CDK7. a, THZ1 but not
THZ1-R shows time-dependent inhibition. LanthaScreen® Eu Kinase Binding
assay was conducted at Life Technologies in a time-dependent manner (20, 60,
and 180 min.) showing that THZ1 but not THZ1-R shows time-dependent

inhibition of CDK7. b and ¢, Pre-incubation of THZ1 increases CDK7 inhibitory
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activity in vitro. Recombinant CAK complex was incubated with THZ1 (b) or
THZ1-R (c) in dose response format with or without pre-incubation prior to ATP
(25 yM) addition. Kinase reaction was then allowed to proceed for 45 minutes at
30°C. d, Workflow of bio-THZ1 pull down competition experiment. e, bio-THZ1
pulls down CDK7 from cellular lysates. Loucy cellular lysates were incubated
with bio-THZ1 (1 pM) with or without THZ1 (10 uM) and streptavidin-precipitated
proteins were probed for CDK7. IB = immunoblot. f, Free intracellular THZ1
competes in a dose-dependent manner for bio-THZ1 binding to CDK7. Loucy
cells were treated with increasing concentrations of THZ1 or with 10 uM THZ1-R
for 4 hrs. Cellular lysates were incubated with bio-THZ1 and processed as
indicated in a. g, bio-THZ1 labels CDK7 in lysates. Loucy cellular lysates were
incubated with bio-THZ1 at 4°C for 12 hrs followed by immunoprecipitation of
CDK7 at 4°C for 3 hrs. Precipitated proteins were washed and probed with

streptavidin-HRP.

Extended Data Figure 2 | THZ1 covalently binds CDK7 C312

a and b, Total ion chromatograms (TIC) and extracted ion chromatograms (XIC)
for CDK7 peptides recorded during analysis of CAK complexes treated with
DMSO (a) or THZ1 (b). c, Efficiency of labeling was estimated to be
approximately 85% gauged by the reduction in signal of triply and quadruply
charged YFSNRPGPTPGCQLPRPNCPVETLK ions (residues 294-318). The
peptides VPFLPGDSDLDQLTR (residues 180-194) and LDFLGEGQFATVYK

(residues 15-28) were used for normalization. d, Orbitrap HCD MS/MS spectrum
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of a quadruply charged CDK7 derived peptide (residues 294-318) labeled by
THZ1 at C312. Fragment ions containing the peptide C-terminus (y-type) or N-
terminus (b-type), along with the associated mass errors are shown in red and
blue, respectively. Fragment ions marked by (*) contain the inhibitor and have
the expected heavy isotope contribution from chlorine. The site of labeling was
determined to be C312 (as opposed to C305) based on fragment ions observed
in additional MS/MS spectra (for example y11°* observed with < 3 ppm mass
error by fragmentation of the +6 charged precursor; see inset mass spectrum).
e, C312S mutation eliminates THZ1 covalent binding. Cellular lysates from
HCT116 cells expressing either FLAG-CDK7 WT or C312S were incubated with
bio-THZ1 for 12 hrs at 4°C and then room temperature for 3 hrs to facilitate
covalent binding. Precipitated proteins were then probed for the presence of

FLAG-tagged CDK?7.

Extended Data Figure 3 | THZ1 inhibits CDK12 but at higher concentrations
compared to CDK7. a, Protein sequence alignment of the C-terminal regions of
all human (hs) CDKs and mouse (m) CDK?7 using Uniprot default settings. Note
that the canonical cell cycle CDKs 1,2,4 as well as 5 do not have C-terminal
domains that extent to the equivalent position of CDK7 C312 and therefore do
not display aligned sequence in this region. b, bio-THZ1 covalently pulls down
CDKY7 from cellular lysates. Jurkat cellular lysates were incubated with bio-THZ1
(1 uM) at 4°C for 12 hrs and 2 hrs at room temperature. Precipitated proteins

were washed with or without urea (4M), here used as a denaturing agent, and
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probed for the indicated CDKs. ¢, bio-THZ1 pulls down FLAG-CDK12 from
lysates. Lysates from 293A cells stably expressing FLAG-tagged WT CDK12
were incubated with bio-THZ1 (1 pM) at 4°C for 12 hrs and 2 hrs at rt.
Immunoprecipitated proteins were probed with FLAG antibody to recognize
CDK12 or with CDK7 antibody. d, bio-THZ1 pulls down cyclin K from cellular
lysates. Jurkat cellular lysates were incubated with bio-THZ1 (1 uM) at 4°C for
12 hrs and 2 hrs at rt. Precipitated proteins were probed for the indicated
proteins. e, THZ1 inhibits CDK12 in an in vitro kinase assay. 293A cells stably
expressing FLAG-tagged WT CDK12 were treated with THZ1 or THZ1-R for 4
hrs. Exogenous CDK12 was immunoprecipitated from cellular lysates using
FLAG antibody. Precipitated proteins were washed and subjected to in vitro
kinase assays at 30°C for 30 minutes using the large subunit of RNAPII (RPB1)
as substrate and 25 yM ATP. CS = coomassie stain. f, Quantitation of in vitro

kinase assay conducted in (d).

Extended Data Figure 4 | THZ1 irreversibly inhibits RNAPII CTD and CAK
phosphorylation. a, THZ1 exhibits time-dependent inactivation of intracellular
CDK7. Loucy cells were treated with THZ1 or THZ1-R for O to 4 hrs. At each
time point cells were harvested, lysed, and the cellular lysates were probed with
antibodies against the specified proteins. b, THZ1 inhibits RNAPII CTD
phosphorylation. Loucy cells were treated with THZ1 or THZ1-R for 4 hrs.
Cellular lysates were then probed with antibodies recognizing the Ser-2, Ser-5,

and Ser-7 CTD RNAPII phosphoepitopes. ¢, Loucy cells were treated with THZ1
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or THZ1-R for 4 hrs followed by washout of inhibitor-containing medium. Cells
were allowed to grow in medium without inhibitar for O to 6 hrs. At each time
point cells were lysed and the cellular lysates were probed with antibodies
against the specified proteins. ‘N’ signifies cells where medium was never
washed out. d, Apoptotic signaling is maintained despite washout of THZ1.
Loucy cells were treated with THZ1 or THZ1-R for 4 hrs followed by washout of
inhibitor-containing medium, at which point cells were allowed to grow in medium
with or without inhibitor for 0 to 48 hrs. At each time point cells were lysed aﬁd
the cellular lysates were probed with antibodies against the specified proteins. e,
Antiproliferative effects of THZ1 are impervious to inhibitor washout. Loucy cells
were treated with THZ1 or THZ1-R in dose response format for 72 hrs.
Antiproliferative effects were determined using cell titer glo analysis. f, THZ1
reduces the T-loop phosphorylation status of CDK1 and CDK2 in Jurkat cells
over a 3 hour exposure. Asynchronous cells were treated with increasing
concentrations of THZ1 or THZ1-R for 3 hrs. Cellular lysates were then probed
with antibodies against the indicated proteins or phosphoproteins. g, THZ1, but
not THZ1-R, completely inhibits T-loop phosphorylation of CDK1 and CDK2
following treatment over one cell cycle. Loucy cells were treated with THZ1,
THZ1-R, Flavopiridol, or DMSO vehicle at the indicated concentrations for 24 and
14 hrs, respectively (roughly one cell cycle). Cell lysates were harvested and
probed with antibodies against the specified proteins or phosphoproteins. h,
Hela S3 cells stably expressing FLAG-WT CDK7 were treated with THZ1 (1 uM)

or DMSO vehicle for 5 hrs with and without the presence of doxycycline.
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Proteins were immunoprecipitated using FLAG antibody. Precipitated proteins
were probed using the indicated antibodies. * indicates heavy-chain from IgG

antibody.

Extended Data Figure 5 | Mutation of CDK7 Cys-312 to serine rescues Ser-
5/7 and partially Ser2 RNAPII CTD phosphorylation. a, Expression of C312S
rescues Ser-5/7 and partially rescues Ser-2 RNAPII CTD phosphorylation. Hela
S3 cells stably carrying a doxycycline-inducible FLAG-C312S CDKY7 construct
were treated with THZ1 or DMSO for 5 hrs with and without the presence of
doxycycline. Cellular lysates were then probed for the indicated proteins. b,
Phenotypic rescue is specific to C312S mutation as rescue is not achieved with
overexpression of FLAG-WT CDK7. Hela S3 cells stably carrying doxycycline-
inducible FLAG-WT and C312S CDKY7 constructs (or empty vector) were treated
with THZ1 or DMSO for 5 hrs in the presence of doxycycline. ¢, Expression of
C312S largely restores CDK1/2 T-loop phosphorylation. Hela S3 cells stably
carrying a doxycycline-inducible FLAG-C312S CDKY7 construct were treated with
THZ1 or DMSO for 5 hrs with and without the presence of doxycycline. Cellular
lysates were then probed for the indicated proteins or phosphoproteins. d,
Overexpression of FLAG-CDK7 C312 rescues the expression of a subset of
transcripts in Hela S3 cells. Log2 fold change in gene expression in Hela S3
cells expressing FLAG-CDK7 WT (x axis) and FLAG-CDK7 C312S (y axis)
following a 4 hr treatment with 500 nM THZ1. e, Gene ontology molecular

function analysis of transcripts increased by 1 log2 order or more following
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expression of FLAG-CDK7 C312S compared to FLAG-CDK7 WT in the

presence of 500 nM THZ1.

Extended Data Figure 6 | THZ1 potently disrupts T-ALL proliferation.

a, THZ1, but not THZ1-R, exhibits strong antiproliferative effect against T-ALL
cell lines. Cells were treated with THZ1, THZ1-R, or DMSO vehicle for 72 hrs
and assessed for antiproliferative effect by Cell Titer Glo analysis. Error bars are
+/- SD. b, THZ1 causes cell cycle arrest. Jurkat (top) and Loucy (bottom) T-ALL
cells were treated with THZ1 for the indicated time periods. Cell cycle
progression was assessed using FACS cell cycle analysis. 2N = G1, 4N = G2. c,
Treatment with THZ1 decreases CDK1/2 T-loop phosphorylation. Jurkat cells
were incubated with THZ1 for the indicated duration of time and lysates were

probed for the specified proteins.

Extended Data Figure 7 | Treatment with THZ1 induces apoptosis in T-ALL
cells.

a, Representative Annexin V and propidium iodide stainings for Jurkat cells
incubated with THZ1 for the indicated amount of time and harvested to determine
the percentage of apoptotic and/ or dead cells by Annexin V and propidium
iodide staining, respectively. The percentage of cells in each cell population is
shown in the four quadrants. b, Treatment with THZ1 induces apoptosis.
Quantitation of Annexin V and propidium iodide staining data from a.

Experiments were performed in biological triplicates and error bars are +/- SD.
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¢, Representative Annexin V and propidium iodide stainings for Loucy cells
incubated with THZ1 for the indicated amount of time and harvested to determine
the percentage of apoptotic and/ or dead cells by Annexin V and propidium
iodide staining, respectively. The percentage of cells in each cell population is
shown in the four quadrants. d, Treatment with THZ1 induces apoptosis.
Quantitation of Annexin V and propidium iodide staining data from ec.
Experiments were performed in biological triplicates and error bars are +/- SD. e
and f, Sustained treatment with THZ1 induces apoptosis coincident with loss of
RNAPII CTD phosphorylation and reduction in anti-apoptotic proteins. Jurkat (e)
and Loucy (f) cells were incubated with THZ1 for the indicated duration of time
and lysates were probed for the specified proteins. Apoptosis was monitored by

PARP cleavage.

Extended Data Figure 8 | THZ1 demonstrates potent killing of primary
chronic lymphocytic leukemia (CLL) cells and anti-proliferative activity
against primary T-ALL cells and in vivo against a human T-ALL xenograft.
a, CLL cells were cultured in vitro for 24 hrs in the presence of multiple doses of
the specified compound. Results shown are mean normalized % death based on
Annexin V / Pl single and double positive cells (+/- SD) normalized to baseline
death in the DMSO control wells. 10 patient samples were exposed to THZ1,
THZ1-R and Flavopiridol (THZ1 vs. THZ1-R p = 1.5E-38; THZ1 vs. Flavopiridol p
= 0.05). P-values were generated using an analysis of variance model. b,

Patient-derived xenografts (patient ID# 3255-1, M18-1-5, D135-1-5; n=3) were
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treated with THZ1 for 3 hrs followed by compound washout. An aliquot of input
cells was then counted by flow cytometry using a known quantity of flow
cytometry calibration beads (data not shown; Molecular Probes). The remaining
cells were plated onto MS5-DL1 feeder cells in the presence of serum-free media
(supplemented with 0.75uM SR1, 10ng/ml IL7, 10ng/ml [L2). 72 hrs later,
cultures were harvested by vigorous pipetting with Trypsin, filtered through nylon
mesh to deplete feeders, and counted by flow cytometry using a known quantity
of flow cytometry calibration beads and with gating to discriminate between T-
ALL cells and carryover feeders. The final cell number was normalized to the
input cell number to calculate fold expansion. This experiment was performed
once per patient- derived sample. ¢, Bioluminescent images of two
representative mice treated with either vehicle control, 10 mg/kg THZ1 gD (once
daily), or 10 mg/kg/day THZ1 BID (twice daily) for indicated number of days. d,
Spleen tissue from mice treated with THZ1 show decreased RNAPII CTD
phosphorylation. Mice were treated with THZ1 10 mg/kg qD or BID or vehicle
control. The animals were sacrificed and spleen tissues were isolated. Lysates
prepared from homogenized spleen tissue were probed for RNAPII CTD
phosphoepitopes. e, THZ1 binds directly to CDK7 in mouse tissues. Mice were
treated with THZ1 10 mg/kg qD or BID or vehicle control. The animals were
sacrificed and spleen tissues were isolated. Lysates prepared from
homogenized spleen tissue were incubated with bio-THZ1 for 12 hrs at 4 °C and
2 hrs at rt to induce covalent bond formation. Proteins pulled down were then

probed for the presence of CDK7. f, Body weights of mice treated with either
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vehicle control, 10 mg/kg THZ1 qD (once daily), or 10 mg/kg/day THZ1 BID

(twice daily) over the duration of the drug treatment.

Extended Data Figure 9 | THZ1 inhibits RNAPIl CTD phosphorylation and
causes cell cycle arrest in non-transformed cell lines. a and b, THZ1 inhibits
RNAPII CTD phosphorylation. RPE-1 (a), and BJ fibroblasts (b) were treéted with
THZ1 or THZ1-R for 4 hrs. Cellular lysates were then probed with antibodies
against the indicated proteins. ¢ and d, THZ1 causes cell cycle arrest in non-
transformed cells. RPE-1 (c¢) and BJ fibroblasts (d) cells were treated with THZ1,
Flavopiridol, Staurosporine, or DMSO vehicle for the indicated time periods. Cell
cycle progression was analyzed following permeabilization and staining with
propidium iodide. e and f, THZ1 inhibits proliferation of non-transformed cell
lines. RPE-1 (e) and BJ fibroblasts (f) cells were treated with THZ1, THZ1-R,
Flavopiridol, or Staurosporine for 72 hrs and antiproliferative effect was

determined by Cell Titer Glo. Error bars are +/- SD.

Extended Data Figure 10 | High dose THZ1 reduces global steady-state
mRNA levels, but low dose THZ1 preferentially downregulates components
of the TAL1/RUNX1/GATA3 transcriptional circuit. a, THZ1, but not THZ1-R,
causes global downregulation of steady-state mRNA levels. Jurkat cells were
treated with THZ1 (250 nM) or THZ1-R (250 nM) for 4 hrs. Total RNA was
isolated and ERCC spike-in controls were added relative to cell number and

analyzed using Affymetrix Primeview microarrays. Heatmaps displaying the
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Log?2 fold change in gene expression vs. DMSO for 22,310 genes expressed in
DMSO conditions at 6h in THZ1 or THZ1-R. b, Total H3K27Ac ChiP-seq signal
(length * density) in enhancer regions for all stitched enhancers in Jurkat.
Enhancers are ranked by increasing H3K27Ac ChlIP-seq signal. ¢ and d, Gene
tracks of H3K27Ac (top), CDK7 (middle), and RNAPII (bottom) ChIP-seq
occupancy at the TSS, gene body, and enhancer regions of TAL1 (c) and MYB
(d). e, THZ1 downregulates mRNA transcripts of the TAL1/RUNX1/GATA3
transcriptional circuitry. RT-gPCR expression analysis in Jurkat cells of
transcripts identified as downregulated following THZ1 treatment relative to
DMSO. All experiments shown were performed in biological triplicate. Each
individual biological sample was gPCR-amplified in technical triplicate. Error
bars are +/- SD. Tagman universal expression probes and normalized to ACTB.
f, THZ1 treatment reduces the protein levels of TAL1/RUNX1/GATA3
transcriptional circuitry. Jurkat cells treated with THZ1 for the indicated time

points were probed for the specified proteins.
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Extended Data Figure 2
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