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by

Dexter X. Jin

Submitted to the Department of Biology on February 6, 2018

in partial fulfillment of the requirements for the Degree of Doctor of Philosophy

Abstract

The mammary epithelium is an architecturally complex tissue comprising of multiple cell

lineages. Development and maintenance of this tissue are carefully orchestrated by balancing stem and

progenitor cell self-renewal and differentiation. The mammary epithelium must also endure the

successive regenerative cycles of pregnancy and lactation. Therefore, it is not surprising that the fidelity

of these processes is of the utmost importance to ensure proper homeostasis of this tissue. In fact,

dysregulation of these processes frequently results in progression toward cancer, and later, potentially

metastatic disease. The clinical relevance of metastasis is hard to overstate, as it is responsible for over

90% of cancer-related deaths. In this thesis, I have identified a number of determinants involved in breast

cancer progression and mammary differentiation. First, I describe SMARCE, a SWI-SNF component, as a

prognostic factor of carcinoma progression. We show that SMARCE 1 cooperates with ILF3 to regulate a

basement membrane module and that it is functionally required to degrade basement membrane.

Afterwards, I describe CREB3L1 as a key mediator of PERK-driven metastasis. We also showed that the

unique mode of action of CREB3L1 provides a therapeutic opportunity to drug invasive breast cancers.

Finally, I describe a 3D differentiation screen which identified the collagen receptor tyrosine kinase,

DDR1, as a regulator of mammary stem cell differentiation. Mechanistically, we coupled ex vivo

functional assays with single cell transcriptomic sequencing to show that DDR1 is required for basal fate

commitment to activate JAG I expression, which indirectly stimulates luminal NOTCH 1 signaling to

drive lobulogenesis. Collectively, these data provide insight into key molecular regulators of breast cancer

progression and mammary differentiation.

Thesis Supervisor: Piyush B. Gupta

Title: Professor of Biology
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Chapter 1.1: Introduction

Introduction

Breast cancer is one of the most prevalent and deadliest forms of cancer in women (1). The most

common cause of breast cancer death is metastasis, which is responsible for the vast majority of solid

cancer mortalities in general (2). Therefore, it is critical to understand breast cancer and its progression

towards metastatic disease. However, breast cancer is also a very complex disease with numerous

subtypes resulting from aberrant differentiation (3, 4). Despite dedifferentiating from normal cells within

the mammary gland, parallels have often been drawn between the subtypes of breast cancer and the cell

types within the mammary gland, with some cells of origin even having been identified (5, 6). In drawing

these parallels, it has been noted that some of the most recurrently mutated genes in breast cancer play

vital roles in mammary differentiation (7-9). Moreover, these genes have provided mechanistic insights

into how cancers arise and progress (10, 11). Thus, understanding differentiation in the mammary gland

has proven to be useful to understanding breast cancer development and progression.

Mammary gland and its development

The mammary gland is a distinctive organ which separates mammals from other animals (12). This

exocrine gland is specialized for milk production following childbirth (12). The mammary gland exists

among a variety of species, ranging from the egg-laying platypus to placental mammal primates. Within

this variety of species is mice, which is fortuitously a great model system to understand development. This

is owing to the fact that the mice are amenable to sophisticated in vivo manipulations.

The mammary gland can broadly be subdivided between the epithelial compartment and the

stromal compartment (12). The stroma of the mammary gland is comprised of several distinctly

functioning components including fibroblasts, endothelial cells, adipocytes, and immune cells (12). The

mammary stroma also includes several non-cellular components which make up the extracellular matrix

(ECM), such as collagens (12).

Development of the mammary gland can be generally subdivided into embryonic development and

postnatal development (13). Embryonic mammary development initiates during the first trimester (in the

mouse this happens at approximately embryonic day 10.5) from the ectoderm, one of the three primary cell

types that form during embryogenesis (12, 13). In humans, this layer of cells migrates to the mammary bud

sites to give rise to distinct multilayered ectodermal structures called mammary placodes (13, 14). This site

is surrounded by a layer of mesenchymal cells, which arose from mesoderm - another one of the three

primary cell types that form during embryogenesis (13). The mesenchymal component gives rise to multiple

cell types of the mammary gland, including the adipose cells and the fibroblast cells (12). The mesenchyme

and epithelium of the gland interact with each other to promote the development of the gland. Then the
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epithelial cells, which developed from the prior ectodermal cells, proliferate to form multiple rudimentary

tree-like structures that invade into the mesenchymally-derived components in a process called branching

morphogenesis (12, 13). Meanwhile, the epidermal cells, which also developed from ectodermal cells, that

are adjacent to an end of the tree-like epithelial structure gives rise to the nipple. Eventually, the

aforementioned trees connect at the nipple (15).

Afterwards, the mammary gland allometrically grows until puberty, which initiates post-natal

development. This aspect of organ development that is unique to the mammary gland (15). During puberty,

branching morphogenesis reinitiates and the ducts of the mammary gland rapidly proliferate and invade

through the mammary stroma. However, this time the ducts of the gland also fill in the gland by sprouting

secondary ductal branches which are lateral to the primary ducts (13). During this stage, composite

structures, known as terminal ductal lobular units (TDLUs) also arise (13). These composite structures are

comprised of two major anatomical mammary units - ducts and lobules (Figure IA). Adolescent branching

morphogenesis requires hormone signals and growth factors (13, 16). For instance, one of the most well-

known hormones, estrogen, has been shown to contribute heavily to ductal growth since studies of mice

without the estrogen receptor noted deficiencies in ductal outgrowth and branching morphogenesis (16).

The next stage of mammary development is pregnancy. During this period, the mammary gland

undergoes another drastic expansion. First, the gland undergoes another round of increased branching,

which results in tertiary ductal branches, to allow for more lobules to develop throughout the gland (13).

By the end of pregnancy, the lobular component represents the majority of the mammary gland and these

lobules have gained the capacity to secrete (13). During this stage, hormones such as estrogen were shown

to play a key role again. Mice that had the estrogen receptor conditionally knocked out after ductal

elongation lacked lobular development (13). Unlike during pubertal development, progesterone, another

hormone, was also found to be important for development during pregnancy (13, 17). Studies of mice that

lacked the progesterone receptor reported deficiencies in tertiary branching of ducts and in lobular

development (13, 17). Following pregnancy, the mammary gland continues to expand and secretes milk in

a process called lactation. Additionally, a third major hormone, oxytocin, is released during nurturing to

activate contraction to push out milk (13).

After pregnancy and lactation, the mammary gland retracts to a virgin-like state in a process termed

involution. Here, the milk-producing cells are apoptotically lost and the ductal architecture is pruned to

reduce branching (18). Moreover, proteases break down the ECM of the mammary gland, which in turn

promotes additional apoptosis throughout the gland resulting in further retraction of the mammary tree (18).

Interestingly, while the gland appears morphologically similar to the virgin-like gland, studies that

performed gene expression profiling of the mammary gland pre- and post-pregnancy have found that the

post-involution gland is actually quite distinct from the virgin gland (18, 19).

8



Much of what is understood about the development of the mammary gland was revealed by mouse

models. However, a number of differences hinder direct translation of studies from mouse mammary gland

development to human mammary gland development. For instance, during gestation, the human gland

forms several trees which coalesce at the nipple, whereas the mouse gland forms a single tree (15).

Additionally, during fetal and adolescent development, the mouse mammary gland has a terminal end bud

(TEB) that is not present in the human mammary gland (15). Moreover, following puberty, the human gland

has lobules as a part of the TDLUs, whereas the mouse mammary gland, which has lost its TEB, is primarily

a ductal tree. Only after the first round of pregnancy will the mouse mammary gland have lobules that have

evaded involution. Furthermore, mouse and human mammary glands also differ in that the human lobules

tend to be surrounded by fibroblast- and ECM-rich stroma (18). In contrast, the stroma of the mouse

mammary gland tends to be much more adipocyte-rich (18).

The mammary epithelium

Epithelial cells are defined, in part, by their ability to form tightly packed sheets of cells. To do so,

epithelial cells use specialized cell adhesion molecules such the epithelial cadherin (E-cadherin; CDH 1),

which function to bind cells to each other (20, 21). These sheets of cells can be organized in a variety of

shapes such as simple single-layered epithelia or as complex as multilayered epithelia (21). Epithelial cells

can also function in a diverse and distinct manner of ways ranging from secreting to absorbing to sensing

(21).

In the mammary gland, the epithelium is a remarkably complex and dynamic tree-like structure (5,

12). In adults, the branched ductal component of the epithelia networks the nipple to the TDLUs. This

network of ducts acts as a route for milk to travel; starting from production centers found in the lobular

component of the TDLUs.

Cross-sectional inspection of the mammary epithelium reveals that it is organized as an intricate

bilayered structure with two major epithelial cell lineages. In the inner, lumen-facing portion of the

epithelium are the luminal cells (Figure 11B). These cells form a circular perimeter around the lumen.

Luminal cells characteristically express cytokeratins such as KRT8, KRT18, and KRT19 (5, 22). From a

cell surface marker perspective, luminal also express high amounts of another epithelial cell adhesion

marker (EpCAM) and a variable amount of CD49f, otherwise known as ITGA6 (5). Immediately adjacent

to these luminal cells are the basal cells, which sequester the luminal cells from the basement membrane

(Figure 1B) (5, 12). Basal cells express high amounts of cytokeratins such as KRT5 and KRT14 (5). These

cells typically also have high expression of CD49f, but low expression of EpCAM (5). This distinction is

in cell surface markers (EpCAM and CD49f) is often used to isolate each of the two epithelial compartments
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in humans. The mouse ductal organization is similarly subdivided among the two cell lineages, except at

the TEBs which contain multilayer outgrowths (12).

The mammary epithelial hierarchy

In a proposed mammary epithelial hierarchy, putative MaSCs would give rise to distinct unipotent

progenitors, which would then contribute to the luminal and basal compartments (Figure 2). Lineage tracing

studies, which function by following the individually labeled cells and their matching labeled progeny, had

elucidated the existence of lineage-committed mammary cells. In 2011, Van Keymeulen et al had identified

long-lived lineage-committed clones that contribute during various stages of mammary development (23).

Based on the trait that these cells survive multiple rounds of pregnancy, lactation, and involution, they

suggest that these long-lived unipotent clones drive adult development and homeostasis. However, these

labeled luminal cells were not sufficient to recreate a mammary epithelium without a basal counterpart (23).

In contrast, a small subset of the basal compartment was shown to be sufficient to repopulating the entire

mammary epithelium with high efficiency (24).

In the luminal compartment of the hierarchy, there are multiple subtypes of luminal cells. First, a

putative common luminal progenitor is thought to give rise to the ductal luminal lineage and the alveolar

luminal lineage through ductal luminal progenitors and alveolar luminal progenitors, respectively. The

ductal luminal cells are found in the inner layer of the ducts, while the alveolar luminal cells are found in

the inner layer of the lobules. In mouse models, CD61, otherwise known as ITGB3, was shown to mark

luminal progenitors (25). Later studies revealed that ductal committed luminal progenitors were a distinct

subset of luminal progenitors and they are typically positive for CD133 (PROM1) but have lost CD61.

Consistent with its role as a ductal progenitor, Anderson et al reported that branching morphogenesis was

severely dysregulated when analyzing mice that lacked CD133 (26). Moreover, Sleeman et al indicated that

CD133 specifically marks the estrogen-responsive cells in the mammary gland (27). Most recently, Wang

et al confirmed that CD133 marks all the estrogen-responsive cells (28). They also reported that these cells

robustly contributed to the ductal tree (28). Interestingly, lineage tracing also showed that estrogen receptor

negative cells could also contribute to ducts (28). Taken together, these studies highlighted the existence of

a ductal luminal progenitor and suggests that multiple ductal luminal progenitors may even exist.

Meanwhile, alveolar luminal progenitors were also found to be a unique subset of luminal progenitors. In

2002, Wagner et al had tracked cells that expressed the whey acidic protein (WAP) and found that these

cells could contribute to the secretory cells of the luminal layer, but not to the hormone-responsive cells

(29). During pregnancy, these alveolar luminal progenitors later go on to give rise to functional mature

alveolar cells (5). These mature alveolar cells are responsible for secreting the components that make up

milk (30). They are localized in the lobules.
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In the basal portion of the hierarchy, the distinction between various basal cell types has been

challenging to make. The current model posits a putative myoepithelial progenitor which gives rise to

terminally differentiated myoepithelial cells, which provide the muscular force necessary to guide milk

throughout the gland. However, the basal compartment is much less stratified than the luminal

compartments. Even in recent single-cell transcriptomic sequencing studies, distinctions between basal

cells has been challenging to demarcate (31).

Given the existence of a basal and a luminal lineage, many had hypothesized the existence of a

bipotent stem cell that is capable of giving rise to cell types in both lineages. In 1998, Stingl et al had

reported the isolation of a putative human multipotent stem cell based on two metrics: the ability of a cell

to form a single colony that spans both lineages when seeded onto two-dimensional surfaces and the ability

of a cell to form a structure that also spanned both lineages when embedded into a three-dimensional (3D)

matrix. By 2006, Shackleton et al. and Stingl et al. showed that a single mammary stem cell could generate

a functional mammary gland (32, 33). More recently, by using genetic mouse models, which combine 3D

imaging with a multi-color based fate mapping system, Rios et al followed the progeny of individually

labeled cells (34). In this mouse model, a unique combination of fluorescent proteins is expressed in KRT5-

or KRT14-positive cells. This specific fluorescent combination is passed to daughter cells allowing for the

progeny to be distinguishable from the progeny of other labeled cells. Each uniquely labeled set of cells is

called a clone. Rios et al found that a subset of these uniquely labeled clones was capable of contributing

to both basal and luminal lineages in vivo (34). These clones could also contribute to morphogenesis during

pregnancy, lactation, and could even be followed after involution (34). Taken together, these data indicated

the existence of bipotent MaSCs in vivo. Following this observation, Wang et al identified a subset of basal

cells which express Procr (24). Lineage tracing of Procr-positive epithelial cells revealed that they

contributed to all lineages of the mammary epithelium, indicating that Procr marks a MaSC subset of basal

cells. With the identification of the bipotent stem cell, the apex of the potential hierarchy was unveiled.

Mammary epithelial differentiation

Alongside the understanding of the numerous cell types along the mammary hierarchy, much

effort has gone into understanding the regulators of mammary differentiation. This body of work has

revealed several functional and mechanistic insights into how mammary epithelial cells differentiate and

the cell types they give rise to.

For instance, SOX9 and SLUG were found to be key determinants of the mammary stem cell

state (35). Functionally, the combination of both SOX9 and SLUG were sufficient to transition cells to a

mammary stem cell state which was capable of repopulating a mammary gland (35). These transcription

factors were shown to activate autoregulatory networks to maintain a stem cell state (35). Consistent with
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these ideas, recent lineage tracing studies by Malhotra et al, and more recently by Wang et al, found that a

subset of SOX9 positive clones contributed to multiple lineages, indicating that they were bipotent stem

cells (28, 36). Guo et al had also noted that expression of SOX9 in differentiated luminal cells also

conferred differentiated luminal cells with luminal progenitor activity, suggesting an independent role for

SOX9 in luminal differentiation (35). In keeping with these data, Malhotra et al and Wang et al also found

that SOX9 positive clones often specifically contributed significantly to luminal differentiation (28, 36).

Moreover, Malhotra et al showed that conditional loss of SOX9 after puberty results in a loss of the

luminal compartment (36).

GATA3, which is expressed in the luminal layer of the mammary epithelium, was found to be

involved in differentiation and maintenance of luminal cells. Asselin-Labat et al showed that

overexpression of GATA3 in a MaSC-enriched population promotes luminal fate commitment (25). A

prior study by Kouros-Mehr et al showed that loss of GATA3 in mice led to a disruption in ductal and

lobular formation (11). Furthermore, Kouros-Mehr had found that short-term, conditional loss of GATA3

in adult mammary glands pushed luminal cells toward a proliferative and less differentiated stated (11).

Corroborating these data, Asselin-Labat et al found that GATA3 loss led to an expansion of luminal

progenitors (25). Mechanistically, GATA3 has been shown to promote ductal differentiation by activating

expression of FOXAI (11).

Bernardo et al had reported FOXA 1 to be a determinant of ductal development but not lobular

development (37). By using a FOXAI knock-out mouse model, they showed that ductal expansion was

defective, while milk-producing alveoli had formed normally during pregnancy (37). FOXAI was also

found to be necessary for hormone-responsive cells which are found in the ducts. They showed that this

was, in part, due to transcriptional regulation of ESRI expression by FOXAI (37). This potentially

establishes a feedback loop to stabilize the differentiation state, since ESRI has been shown to regulate

expression of GATA3 (38).

ELF5 was shown to contribute to alveologenesis during pregnancy. Mice that lacked ELF5 have

also been found to be deficient in their ability to lactate (39-41). Loss of ELF5 also resulted in an increase

in the progenitor population of the luminal lineage, suggesting it may be particularly important for

luminal maturation. ELF5 was shown to regulate STAT5A, and reciprocally STAT5A was also shown to

regulate ELF5 (42, 43). Interestingly, GATA3 has also been indirectly implicated in regulating STAT5A

(44). Taken together, this implicates a second potential loop downstream of GATA3, which regulates

lobular development independent of regulating ductal development.

In addition to the aforementioned phenotypes, loss of ELF5 was also shown to hyperactivate

Notch signaling (39). While it has not yet been shown in mammary development, Notch signaling has

been found to upregulate ELF5 expression in other systems for development (45). In mouse models,
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NOTCH 1 was also shown to be important for luminal differentiation down the alveolar lineage (46).

NOTCH 1 is turned off by the time cells have terminally differentiated (46). Furthermore, Notch signaling

was shown to play an important role in luminal lineage determination in an independent manner. Notch

signaling was reported to suppress p63 to promote luminal fate commitment (47). Conversely, p63 has

also been shown to antagonize Notch signaling (47).

RUNX I was shown to be critical for exit from the bipotent state. By screening in multipotent

cells, loss of RUNX 1 was found to inhibit terminal differentiation (48). Moreover, reactivation of

RUNX1 allowed cells to differentiate as measured by structure maturation in 3D and by following lineage

commitment in colony assays (48). RUNX 1 was also found to be expressed in all epithelial cells, except

alveolar cells, suggesting that it represses alveolar differentiation (49). Consistent with this idea, RUNX 1

was found to repress ELF5 (49).

During mammary development, epithelial cells must often invade through the stroma to expand

the gland. However, epithelial cells are not well equipped to push through the gland due to their

propensity to stay tightly packed. However, mesenchymal cells, unlike their epithelial counterpart, are

loosely organized and motile cells (50). The epithelial-to-mesenchymal transition (EMT) is a process

which confers epithelial cells with mesenchymal properties. These cells, and by extension the process that

creates these cells, have been well characterized in the context of developmental processes and during

wound healing. Important transcription factors implicated in the EMT program include SNAIl, SNAI2

(otherwise known as SLUG) and TWISTI (51, 52). These transcription factors act as key repressors of E-

cadherin, which is important for stabilizing the epithelial cell state. While activation of these transcription

factors promotes EMT, loss of E-cadherin has also been shown to be sufficient to induce an EMT (53).

EMT has been shown to play an important role during branching morphogenesis, whereby cells in the

mouse TEB undergo an EMT to gain the capacity to invade through the stroma (12, 54).

Another process important for the development of the mammary gland revolves around the

endoplasmic reticulum (ER), which is a major organelle responsible for protein folding and maturation of

a significant fraction of the proteome (55). Since homeostasis of this organelle is critical to the survival of

the cell, the ER is protected by three major pathways which make up the unfolded protein response

(UPR). The UPR has often been linked to specialized secretory cell types such as the pancreatic 13 cells

(56). In these cells, an immense load is placed on the ER to create the products important for the function

of these specialized cell types (56). However, the UPR also plays a key role during mammary

morphogenesis. Hasegawa et al had found that loss of XBP1, a key mediator of one of the three major

pathways of the UPR, resulted in deficient branching morphogenesis in mice (57). These mice also had

trouble lactating (57). Independently, Zhu et al reported that mammary epithelial cells lacking another

UPR regulator, BiP, were incapable of repopulating mammary glands (58).
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The cellular microenvironment and its role in mammary development

The stromal cells of the mammary gland are also quite important for the development of the

mammary gland. In fact, it has been reported that stromal cells of the mammary gland can reprogram

other cell types to adopt the fate of the mammary epithelia. For instance, Sakakura et al had shown that

the mammary epithelium could adopt salivary gland fate when mixed with the salivary mesenchyme (59).

Conversely, Cunha et al demonstrated that the salivary epithelium could adopt a mammary epithelial fate

when mixed with mammary mesenchyme (60). Furthermore, Gilbert Smith and colleagues showed that

many cell types could be inoculated with dispersed normal mouse mammary epithelial cells into cleared

mammary fat-pads and incorporate into mammary outgrowths (61-63). Taken together, these results

highlight the importance of the stroma in defining the mammary epithelium. Several of the major stromal

cell types have been implicated in additional specific roles in mammary development (12).

For instance, the majority of the mammary gland by area is filled with adipocytes. Adipocyte

precursors appear as early as during embryonic development of the mammary gland. When developed,

adipocytes are lipid-filled cells. In the mammary gland, adipocytes have been reported to regulate

angiogenesis by secreting VEGF, a key angiogenic factor (64). It was also noted that adipocytes may

regulate milk production with lipid reservoirs. This hypothesis arose since it was noted that during

pregnancy and lactation, lipid content was reduced in adipocytes (12, 65, 66).

Fibroblasts are another cell type that appears as early as during embryonic development of the

mammary gland. Fibroblasts were found to support mammary epithelial survival and morphogenesis. A

major function of the fibroblasts is to provide the components that make up the ECM (12). They also

secrete growth factors and cytokines which regulate cellular function in the gland. Consistent with these

characteristics, fibroblasts have been implicated in branching morphogenesis by providing growth factors

and by breaking down the environment with proteases (67).

Outside of the cellular component, the stroma also plays critical roles in mammary gland

development by way of its non-cellular component, the ECM. The ECM of the mammary gland surrounds

the epithelium. This positioning allows the ECM to provide signals in the form of direct interactions and

growth factors which impact numerous stages of mammary development (68). While the most well-

known secreted regulators of mammary gland development are steroid hormones such as estrogen and

progesterone, there are many other secreted regulators of the mammary gland. Many ECM components

contain domains that can attract and bind ligands such as growth factors which, upon contact with the

local epithelia, bind to the receptors found on the epithelial cells. This ligand-receptor interaction then

stimulates signaling pathways in the epithelial cells to promote a variety of activities. For instance, in

mice, growth factors, such as those in the FGF family, drive ductal expansion (69). These FGFs are
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frequently deposited by the stromal cells into the ECM. FGFs are embedded into the ECM by binding

Perlecan, a heparin chain containing component of the ECM. Upon binding to their receptors, FGFs were

reported to activate mammary epithelial proliferation (68). Consistent with this, it was also found that

overexpression of heparanases, which free FGFs from Perlecan, in the mammary gland results in

excessive branching, which mimics excessive FGF signaling (68, 70, 71).

Outside of growth factor regulation, the composition of the ECM was also shown to be important

for mammary development in many ways, including by establishing epithelial cell polarity. Through

defining cell polarity, ECM composition was shown to be important to establishing the spatial orientation

of luminal and myoepithelial cells. It was found that it was necessary for ECM to have Laminin- 111 to

establish the proper luminal/myoepithelial spatial orientation (68). Cell polarity has also been shown to be

important for end bud formation and ductal development (72). ECM density has also been shown to be

important for directing ductal morphogenesis (68).

Another hint that the ECM composition is important to the development of the mammary gland

comes in the form of studies on remodeling. In particular, proteases such as MMP-3 have been shown to

be important for secondary and tertiary ductal branching (73). MMP-2 was reported to be important for

TEBs to penetrate the stroma. MMP-2 has also been shown to be important for epithelial cell survival

(73).

In addition to the ECM, cellular receptors of the ECM have been implicated in mammary

development. One of the most famous sets of ECM sensors, the integrin family has been implicated in

roles during a variety of stages of mammary development. Integrins are a family of transmembrane

receptors which bind the cells to the ECM. Upon activation, integrins can transduce signals to activate

many cellular functions such as proliferation, motility, and differentiation. While aforementioned

discussions of integrins indicated that are used as markers to distinguish lineages in the mammary gland,

studies have shown that integrins also play functional roles in regulating mammary development (74). For

instance, B1 -integrin was implicated in ductal branching, since blocking engagement with 81 -integrins

resulted in a deficiency in ductal branching (75). Similarly, a2-integrin loss also resulted in deficient

ductal branching, albeit with a milder phenotype (76). Furthermore, genetic ablation of B I -integrins in the

basal lineage of mouse mammary glands was shown to perturb stem cell self-renewal (77). Integrin-

mediated complexes are also thought to act as mechanical sensors of the physical properties of the ECM.

Fitting this idea, filamin, an integrin-associated scaffold protein, has been found to transduce signals

defined by the mechanical cues of the ECM to control morphogenesis (78).

The Discoidin Domain Receptor (DDR) family contains another group of transmembrane

receptors that are activated by collagens. These DDRs are receptor tyrosine kinases (RTKs).

Characterization of DDRs revealed that DDR1 recognizes all collagens, while DDR2 specifically
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recognizes fibrillary collagens. Studies during mouse mammary development by Vogel et al found that

loss of DDR1 in mice disrupts ductal morphogenesis and lactation (79). DDR1 was also shown to

maintain the epithelial differentiation state of cells by stabilizing E-cadherin (80). Interestingly, induction

of EMT in systems has been shown to correlate with a switch from DDR 1-expression to DDR2-

expression (53).

Breast cancer progression

The vast majority of breast cancers are carcinomas, a type of cancer that initiates from epithelial

cells. Broadly speaking, breast carcinomas can be histopathologically subdivided into in situ and invasive

variants of lobular and ductal carcinomas, with ductal carcinomas in situ being the most prevalent form of

breast cancer (3). While the exact initiating steps of breast cancer are poorly understood, progression has

been histologically characterized. First, cells become clonally hyper-proliferative and begin to exhibit

cytological abnormalities to form atypical ductal or lobular hyperplasias, two types of precancerous

lesions. After measuring beyond a size threshold, fulfilling cytological requisites, or being found in more

than a single duct, atypical ductal hyperplasias are classified as ductal carcinomas in situ (DCIS) (81).

Similarly, once atypical lobular hyperplasias have expanded beyond individual lobes and have fulfilled

cytological criteria, they are considered to be lobular carcinomas in situ (82). As carcinomas in situ grow,

they distend the mammary gland but they continue to remain encapsulated in the site or in situ.

Molecular, epidemiological, and pathological studies have established that in situ carcinomas are, indeed,

predecessors to invasive carcinomas (83, 84).

Progression of breast cancer can be classified by clinical stage, which ranges from 0 to 4 (85).

Pathologic staging of breast cancers focuses on three different characteristics: Tumor size (T), the amount

of carcinoma spread to lymph nodes (N), and metastatic spread (M). In this TNM system, carcinomas in

situ are considered stage 0, with no spread to lymph nodes or metastatic dissemination (85). Despite this

staging, carcinomas in situ are quite heterogeneous, spanning from less aggressive forms that are difficult

to distinguish from atypical hyperplasias to more aggressive forms which are molecularly very similar to

invasive carcinomas (83, 84).

As carcinomas progress, they can lose their epithelial properties, resulting in dedifferentiation. A

distinct but similarly prognostic manner of categorizing breast cancers is focused on the degree of

dedifferentiation via histological grade. Dedifferentiation is associated with poor prognosis. To categorize

the amount of dedifferentiation in breast cancer, one often uses the Nottingham Grading System, which

focuses on three morphological features (86). The first characteristic revolves around the architectural

pattern of the tumor. Normally, breast tissues have tubular structures, but as breast cancers become

dedifferentiated, they lose this architectural tendency. The second attribute focuses on the size and the
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shape of the nucleus. The third attribute focuses on the mitotic rate, which is used to measure the amount

of growth occurring in the tumor. Taken together, these features measure the abnormality of a tumor

relative to a normal mammary gland. As tumors become increasingly dissimilar from the normal gland,

their grade increases (86).

Studies have attempted to identify differential genetic lesions between carcinomas in situ and

invasive carcinomas. But they revealed that invasive cancers are surprisingly similar to their carcinomas

in situ counterparts (84). Alongside these clinical stages, breast cancers are also typically

immunohistochemically profiled for expression of the estrogen receptor, progesterone receptor, as well as

for HER2 overexpression as measured by protein or RNA. However, carcinomas in situ and invasive

carcinomas have also been shown to be similar in these clinical aspects as well (84). Part of the challenge

in identifying differences between in situ and invasive carcinomas lies in the fact that carcinomas in situ

are variable. In fact, high-grade DCIS has been surprisingly associated with the disruption of the

myoepithelium and the basement membrane (87).

Complicating these classifications of breast cancer, gene expression profiling studies have

reported that breast cancers can also be further distinguished into a series of intrinsic subtypes including

luminal A, luminal B, Her2-amplified, claudin-low, and basal-like (7). Based on the gene expression

profiles of these subtypes, parallels have been drawn to normal mammary cell types. For instance, the

claudin-low subtype of breast cancer has been most closely aligned with the MaSC/basal signature (88).

In BRCA 1 mutated breast cancer patients, luminal progenitor cells were even found to be the cell of

origin for the basal-like subtype of breast cancer (6). The remaining subtypes are thought to fall along the

luminal hierarchy, however, the exact origins of the remaining intrinsic subtypes are an active area of

scholarship (5). This is particularly important because these cells of origin are thought to influence the

metastatic capabilities of carcinoma cells (89).

Dysregulation of developmental pathways in breast cancer

Given these observations, many have pursued the idea that dysregulation of genes involved in

differentiation may be important to tumor initiation and progression. Indeed, profiling of breast cancers

by several groups including the cancer genome atlas (TCGA) have revealed recurrent mutations of a

number of factors involved in differentiation (7-9). In fact, some of the most recurrently mutated genes in

breast cancer include the aforementioned CDHI, GATA3, FOXA1, and RUNX 1.

As outlined earlier, lobules and ducts in the mammary gland are quite distinct, both

morphologically and transcriptomically. As their names would suggest, lobular carcinomas arise from

lobules and ductal carcinomas arise from ducts. Unsurprisingly, different genes drive the pathology of

these different variants of breast cancer. For instance, RUNX1 and FOXAI had been indicated to play
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more of a role in driving lobular carcinomas. Large-scale mutation profile studies of lobular carcinomas

showed enrichment for mutations in RUNX1 and FOXA1 (7). Functionally, Kas et al reported that

mutagenic screening in a mouse model for invasive lobular carcinomas identified FOXAI and RUNXI as

candidate drivers, indicating functional roles for these genes in lobular carcinoma progression (90).

GATA3 expression was found to be prognostic for breast cancer survival, with higher expression

correlating with better survival. Moreover, forced expression of GATA3 in breast cancers differentiated

mammary tumors and reduced metastatic capacity (11). More recently, it was also shown that GATA3

suppresses metastatic dissemination by upregulating a microRNA which consequently suppresses

angiogenesis and ECM remodeling factors that promote invasion and promotes dedifferentiation of

carcinomas (10). Taken together, these data indicate a tumor suppressive role for GATA3.

While initially described as a transdifferentiation process to convert epithelial cells to

mesenchymal cells, EMT is also often associated with dedifferentiation (91, 92). Even though EMT is

essential for proper development, the traits acquired during EMT are dangerous in cancers (50, 91).

Activation of EMT confers carcinoma cells with stem cell properties in the form of tumor-initiating

capacity (50). EMT also endows cells with the ability to resist apoptosis, senescence, and suppress the

immune system (50). Therefore, it is not surprising that one of the most mutated genes in breast cancer is

CDH1 (7-9). As mentioned earlier, loss of CDH1 is used as a model to induce an EMT in cells (53). EMT

has also been shown to be critically necessary for carcinoma cells to disseminate from the primary tumors

to distant sites (91).

A growing body of scholarship has the elucidated the increasing importance of the UPR in

carcinomas (93). Within these studies, Feng et al reported that while generally more resistant to

therapeutic agents, tumor cells that have undergone an EMT are especially sensitized toward small-

molecules that stress the ER (94). This was due to the baseline activation of the UPR, which was later

found to provide cells with the capacity to efflux cytotoxic drugs (95). Additionally, PERK and XBP1,

two key components of the UPR, were shown to promote metastatic capabilities in mouse models for

human breast cancer (94, 96). Interestingly, prolonged activation of the UPR has been implicated with

activation of apoptotic pathways, yet these tumor cells seem to evade such a response (97).

Metastasis

Metastasis is a multi-step process which begins with encapsulated primary tumors and ends with

disseminated macroscopic lesions at sites away from the initial location (98). During this process, tumors

first locally disrupt their environment and obtain access to the vasculature. Subsequently, tumor cells

break into the lumen of blood or lymphatic vessels and travel through the vasculature until they arrive at a

distant organ site. At this point, it becomes important for these cells to extravasate through the blood
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vessels into the distant tissues. To complete the cascade, cells must survive the foreign environment and

proliferate to generate macroscopic growths.

During the early stages of cancer, the primary tumor is confined by and to its environment. In

particular, the basement membrane (BM) - a subset of ECM - plays a key role in delimiting the epithelial

cells from stromal cells (68). As carcinomas progress, they secrete proteases which break down

components of the basement membrane. This loss in signals from the basement membrane alters several

characteristics in tumor cells, such as cell polarity (99). Tumor cells must also overcome the tumor

suppressive effects of myoepithelial cells which can secrete protease inhibitors to maintain the integrity of

the basement membrane (100).

After invading through the adjacent stroma, carcinoma cells eventually reach lymphatic sites.

During intravasation, invasive carcinoma cells gain access to the lumen of the vessels by breaking

through the endothelial architecture. In doing so, tumor cells enter circulation, where they must endure

many challenges such as withstanding cell death in the form of anoikis, a programmed cell death that is

triggered by the loss of anchorage, or in the form of shear stress due to the high flow rates in the vessels

(98). Circulating Tumor Cells (CTCs) are also challenged with evading the immune system (98).

However, CTCs now have the potential to access many distant sites by traversing the endothelial lumen.

CTCs are often thought to persist in circulation until they are trapped in smaller vessels.

To access the parenchyma of a distant site, tumor cells must escape the vasculature. One manner

of exiting the vasculature is through a process called extravasation (98). During this process, cells

permeabilize the walls of the vasculature (101). Once they have entered these new distant sites, tumor

cells must survive the new environment which are usually hostile to these invasive tumor cells. Most of

the time, tumor cells will become dormant or die (102). However, sometimes cells are capable of exiting

dormancy and colonizing the metastatic site, which ends the cascade (98, 102).

Unlike with the primary tumor, the metastatic spread is often incurable due to the systemic nature

of dissemination. Currently, treatment of metastasis is more limiting than those of primary tumors since

metastases are inaccessible for surgical resection. Moreover, metastatic cells are also frequently resistant

to therapeutic agents (98, 103). Finally, cytotoxic therapies typically target proliferative cells. This

approach precludes treatment of dormant tumor cells, which can later exit dormancy and cause relapse

(98).

Breast cancer treatment

Understanding breast cancer and its progression would greatly benefit treatment of breast cancers.

Currently, invasive carcinomas are treated in a similar manner to a subset of in situ tumors. The treatment

of carcinomas in situ involves surgically removing tumors. To improve treatment, radiation has been used
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in conjunction with surgery. This combination was shown to significantly reduce the rate of local

recurrence (84). Afterwards, clinical features such as expression of the estrogen receptor or HER2

overexpression are used to decide on the additional therapies such as estrogen antagonists or HER2

targeting antibodies that will be used. Alongside those treatments, more aggressive carcinomas in situ are

also treated with chemotherapy. However, chemotherapy has been shown to have marginal benefits, while

still being a cytotoxic therapy with several side effects (104).

By understanding breast cancers and their progression, it would be possible to design more

rationally targeted therapeutics. In fact, examples of these sorts of success include the aforementioned

anti-HER2 treatments for tumors which have been clinically categorized as HER2 high (105). Another

example of a targeted therapy is anti-estrogen therapy, which is used to treat tumors which depend on

estrogen signaling (105). However, for breast cancer, these remain the major standard lines of targeted

treatment.

In this thesis, I sought to improve breast cancer treatment by understanding how breast cancers

progress toward invasiveness, identifying novel targeted approaches to treat invasive breast cancers, and

understanding mammary differentiation to open up future avenues of study into breast cancer

development.
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Chapter 1.3: Figures

A
Cross-section

IW Luminal Cell
4W Basal Cell

Figure 1. Overview of the mammary gland (A) Schematic of the mammary gland. The mammary epithelium has
been colored gray. Black lines indicate sample ducts and lobules. (B) Cross-section of the mammary epithelium
reveals a bilayered architecture. The inner layer contains luminal cells and the outer layer contains basal cells.
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Figure 2. A proposed mammary hierarchy. On the leftmost side are stem cells which give rise to a common
luminal progenitor and a basal progenitor. The common luminal progenitor can give rise to ductal and alveolar
luminal progenitors, while basal progenitors differentiate into myoepithelial cells. The ductal luminal progenitor
differentiates into mature ductal cells and the alveolar luminal progenitor differentiates into mature alveolar
cells.
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Chapter 2.1: Abstract

Advances in mammography have sparked an exponential increase in the detection of early-stage

breast lesions, most commonly ductal carcinoma in situ (DCIS). More than 50% of DCIS lesions are

benign and will remain indolent, never progressing to invasive cancers. However, the factors that promote

DCIS invasion remain poorly understood. Here, we show that SMARCEI is required for the invasive

progression of DCIS and other early-stage tumors. We show that SMARCEl drives invasion by

regulating the expression of secreted proteases that degrade basement membrane, an ECM barrier

surrounding all epithelial tissues. In functional studies, SMARCEl promotes invasion of in situ cancers

growing within primary human mammary tissues and is also required for metastasis in vivo.

Mechanistically, SMARCEl drives invasion by forming a SWI/SNF-independent complex with the

transcription factor ILF3. In patients diagnosed with early-stage cancers, SMARCEl expression is a

strong predictor of eventual relapse and metastasis. Collectively, these findings establish SMARCEI as a

key driver of invasive progression in early-stage tumors.
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Chapter 2.2: Introduction

The past two decades have brought an exponential increase in the diagnosis of early-stage breast

lesions, most commonly ductal carcinoma in situ (DCIS). DCIS remains encapsulated within the ductal-

lobular architecture of mammary epithelium; in contrast, invasive breast cancers have escaped this

architecture by breaking through the basement membrane, a layer of ECM rich in collagen (IV) and

laminins that separates epithelial tissues from the adjacent stromal microenvironment (Fig. SlA) (1). This

distinction has a critical impact on patient prognosis: whereas women with DCIS show no reduction in

survival 5 y after diagnosis, those with invasive cancers have a 15-74% reduction in 5-y survival rates

depending on the extent of tumor invasion at diagnosis (2).

Given these observations, there is significant interest in finding genes that promote the invasive

progression of early-stage tumors (3). Previous studies have sought molecular alterations present in

invasive tumors but not DCIS, leading to the identification of hundreds of genomic and gene-expression

alterations specifically associated with invasive cancers (4-6). However, it is unclear if genes that are

amplified or up-regulated in invasive cancers also functionally drive DCIS invasion. In large part, the

difficulty in addressing this question can be traced to a paucity of experimental systems that model cancer

invasion within a microenvironment that faithfully replicates human breast tissue.

The treatment of early-stage cancers remains an unresolved issue. Women with early-stage breast

cancers-which include DCIS and stage I tumors that have not entered the lymph nodes-are typically

treated by lumpectomy followed by localized radiation. However, recurrence with metastasis occurs in a

significant fraction of women with stage I cancers; if such tumors could be prospectively identified, it

would be possible to preemptively adopt a more aggressive therapy. Conversely, even though the standard

treatment is curative for DCIS, more than half of these lesions are indolent and would never become life-

threatening if left untreated (7-9), indicating that there is systematic overtreatment of a significant

fraction of patients with DCIS. Collectively, these considerations underscore the importance of defining

the genetic drivers of DCIS progression.

In the present study, we identify SMARCE 1 as a key driver of early-stage tumor invasion and

show that its expression in patients is a strong predictor of whether early-stage tumors will ultimately

progress and metastasize.
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Chapter 2.3: Results

SMARCE1 Regulates an ECM Invasion Module That Is Up-Regulated upon DCIS Progression

Expression profiling studies have identified ~350 genes that are up-regulated as DCIS tumors

progress to invasive cancers (4). We hypothesized that upstream regulators of these transcriptional

changes might be master regulators of DCIS progression. Genes with shared upstream regulators form

"transcriptional modules" that exhibit correlated fluctuations in their expression (10). We identified two

transcriptional modules associated with DCIS progression, containing genes that were highly correlated in

their expression across 158 breast cancers (average p = 0.44, P < 10'; Fig. 1A, Fig. SIB, and SI

Materials and Methods).

The larger of these modules encoded for multiple secreted proteases that degrade collagen and

laminin, the two main components of basement membrane. Among these proteases were three collagen-

degrading matrix metalloproteinases (MMPs): MMP1, MMP2, and MMP13 (11, 12). This module also

included the urokinase plasminogen activator (PLA U) and its membranous receptor (PLA UR), which

together degrade laminin (13). In addition, this module included ECM components that stimulate cancer

cell invasion, such as COL]A2, fibronectin (FN1), periostin (POSTN), and SPARC, among others (see

complete list of genes above). The module also included three lysyl oxidases (LOX, LOXLJ, and LOXL2)

that remodel ECM by cross-linking collagen, previously implicated in invasion (14). Given these

observations, we refer to this set of genes as an "ECM invasion module."

To identify potential regulators of this ECM invasion module, we applied perturbation gene

signatures and the Apriori algorithm to estimate the contributions of transcription and chromatin-

modifying factors to module gene expression. This analysis identified SMARCEI as a candidate regulator

of the ECM invasion module (P < 10-42 ; Fig. IB); SMARCEl was not identified as a candidate regulator

of identically sized random gene modules (Fig. SI C and D) (15). To validate that SMARCEI regulates

this module, we used shRNAs to inhibit SMARCEI expression in the invasive SUM 159 and

MDA.MB.231 breast cancer cell lines (Fig. S2A). Whereas SMARCEl inhibition significantly reduced

the expression of genes in the ECM invasion module, it had no effect on the expression of a random set of

control genes (Fig. I C and Fig. S2B).

SMARCEl Promotes Invasion Through Basement Membrane

We next assessed if SMARCE 1 is required for cancer cells to up-regulate proteases and invade

through basement membrane. When seeded into 3D basement membrane, the SUM 159 and

MDA.MB.231 breast cancer lines form clonal spheroids that are initially noninvasive but, over time,

invade into the surrounding matrix (16, 17). One week after seeding, the cultured spheroids can be

classified by automated image analyses as noninvasive (T-I), partially invasive (T-1I) or highly invasive
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(T-III; Fig. 2A and Fig. S3 A and B). To quantify matrix protease activity, we supplemented the basement

membrane cultures with a modified collagen (IV) substrate that fluoresces upon proteolytic cleavage.

Although minimal in the noninvasive spheroids, MMP activity increased progressively upon invasion,

with a fourfold increase in partially invasive spheroids and a 10-fold increase in highly invasive spheroids

(Fig. S3C). Consistent with prior studies, this indicated that invasive progression is associated with up-

regulated protease activity.

In the MDA.MB.231 and SUM159 lines, SMARCEI inhibition almost completely blocked the

formation of highly invasive spheroids (i.e., T-III) while also significantly reducing partially invasive

spheroids (i.e., T-II; Fig. 2B and Fig. S3D); SMARCE l inhibition had no effect on the number or size of

the spheroids formed and overall cell numbers (Fig. 2B and Fig. S3 D-F). SMARCEl inhibition also

resulted in a 75% reduction in the activity of secreted matrix proteases that cleave collagen type IV (Fig.

2B and Fig. S3D). Consistent with these findings, SMARCEl protein levels were elevated in partially and

strongly invasive spheroids (Fig. S3G). To assess reversibility and sufficiency, we inhibited SMARCEl

expression with a doxycycline-inducible shRNA (Fig. S3H). Although doxycycline addition for 7 d led to

a fivefold increase in noninvasive spheroids, reexpression of SMARCEl by doxycycline removal was

sufficient to trigger invasiveness within 30 h (Fig. 2 Cand D). SMARCEI overexpression also triggered

invasiveness in the noninvasive HMLER breast cancer cell line (Fig. S31). Collectively, these findings

indicated that SMARCEl was dispensable for proliferation, but was required for tumor spheroids to up-

regulate protease activity and invade through basement membrane.

Because SMARCEl is a component of the SWI/SNF complex, its inhibition could, in principle,

disrupt the functions of the complex. If this were the case, disrupting the SWI/SNF complex would

phenocopy SMARCEI inhibition. However, inhibiting SMARCC1, a core component of the SWI/SNF

complex, abolished cell growth (Fig. S4A). Because SMARCEl is not required for proliferation (Fig.

S4B), we conclude that its inhibition does not disrupt the core functions of the SWI/SNF complex.

SMARCE1 Is Required for Invasion and Metastasis in Vivo

We next assessed SMARCEl 's in vivo function by using an orthotopic mouse model of human

breast tumor formation and spontaneous metastasis. In this model, primary tumors are formed by

introducing MDA.MB.23 1 -LM2 cells stably expressing luciferase and GFP into the mammary glands of

nonobese diabetic (NOD)/SCID mice. Inhibiting SMARCEl had no effect on primary tumor growth (Fig.

S5A); however, SMARCEl inhibition significantly reduced local tumor invasion and entry into the

circulation (Fig. 3 A and B). In contrast to control tumors, which had prominent invasive fronts with

numerous cancers cells invading into the surrounding tissue, SMARCE 1-inhibited tumors were well-
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encapsulated with few cells invading into the adjacent tissue (Fig. 3A). Mice harboring SMARCEl-

inhibited tumors also exhibited 30-fold lower levels of circulating tumor cells (Fig. 3B).

In addition, inhibition of SMARCEI resulted in a 500-fold reduction in lung metastases (Fig.

3C). Staining with an anti-GFP antibody further confirmed that the lungs of animals bearing SMARCEl-

inhibited tumors were nearly devoid of cancer cells (Fig. S5B). To further clarify the steps in the

metastatic cascade in which SMARCEl was required, we performed tail-vein injections and

longitudinally monitored lung metastasis. Eighteen days after injection, metastatic tumor burden was ~10-

fold lower in mice injected with SMARCEl-inhibited cancer cells compared with mice injected with cells

expressing a control LacZ shRNA (Fig. S5C). This 10-fold difference in metastatic burden remained

unchanged at later time points (Fig. S5C), suggesting that SMARCEI was important specifically for

extravasation or metastatic colony formation, but not for growth of the metastases within the lung

parenchyma. Collectively, these observations indicated that SMARCEI is required for the invasion and

metastasis of breast cancers, but is dispensable for their growth.

SMARCE1 Predicts Prognosis in Patients with Early-Stage Tumors

We next investigated the clinical relevance of these findings by assessing if SMARCEl

expression could be used to prospectively identify breast tumors with a propensity to metastasize.

Immunostaining for SMARCE l in tissue microarrays indicated that its expression was lowest in early-

stage breast cancers, increased during tumor progression, and was highest in tumors invading into

adjacent lymph nodes (P = 0.007; Fig. 4A). Patients with early-stage breast tumors expressing high levels

of SMARCEI were significantly more likely to show relapse with metastases over a follow-up period of

more than 15 y [hazard ratio (HR) = 4.13, P < 0.0003; Fig. 4B]. Importantly, this prognostic value was

observed across multiple independent breast cancer datasets (Fig. S6A) and was independent of

confounding factors such as grade and tumor size (Fig. S6 B and C). In contrast, SMARCEI expression

was not predictive of metastasis for patients diagnosed with later-stage tumors that had already invaded to

adjacent lymph nodes (Fig. 4C and Fig. S6D). In addition, stratifying tumors based on expression of other

members of the SWI/SNF complex was not predictive of metastasis (Fig. S6 E-H).

Stratifying by SMARCEl expression had similar prognostic value for other types of epithelial

tumors. In patients diagnosed with early-stage lung cancers, SMARCEl expression was strongly

predictive of future relapse and metastasis (HR = 7.30, P <0.0001; Fig. S61), but was not predictive for

patients diagnosed with later-stage lung cancers (Fig. S6J). SMARCEl expression was also predictive of

relapse in early-stage ovarian cancers (HR = 3.35, P = 0.0052; Fig. S6K), but had no predictive value for

later-stage cancers (Fig. S6L). These findings complemented the functional observations detailed earlier
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and indicated that SMARCEl expression is strongly predictive of relapse and metastasis for early-stage

tumors.

SMARCE1 Is Required to Escape the Ductal-Lobular Architecture of Normal Mammary Tissues

Breast tumors are initially confined in situ within the architecture of normal mammary tissue. To

assess SMARCEl in this context, we used a recently reported 3D model that supports the outgrowth of

mammary tissues from primary human breast cells (18). In this model, human mammary tissues are

expanded in hydrogels that mimic the microenvironment of the human breast (Fig. S7A) (18). To model

in situ cancer, we microinjected fluorescently labeled cancer cells into the expanded mammary tissues

(Fig. 5A).

When inoculated in situ, SUM 1 59-dsRed breast cancer cells proliferated and, over a span of 6 d,

migrated to ducts and lobules adjacent to the initial site of injection. As early as 3 d after inoculation, the

cells projected long filopodia (>100-ptm average length) into the surrounding matrix (Fig. 5 B-F). By 11

d, a subset of the inoculated cancer cells had escaped into the surrounding ECM (Fig. 5B and Fig. S7B).

In contrast, nonneoplastic MCF 1 OA cells only spread internally within the mammary tissues and were

unable to invade into the surrounding ECM (Fig. 5B and Fig. S7B).

When SMARCEl expression was inhibited, the SUM 159 cells still proliferated and spread to

adjacent ducts and lobules within the normal breast tissues, indicating that SMARCEl was dispensable

for both of these processes. However, the SMARCEl-inhibited cells were unable to extend filopodial

projections or invade into the surrounding ECM (Fig. 5 B-F). To control for differences in proliferation,

we coinjected dsRed-labeled SUM 159 cells expressing a control shRNA together with Venus-labeled

SUM 159 cells inhibited for SMARCE 1 expression into shared tissues. The proliferation rates of these

lines were indistinguishable, indicating that differences in proliferation were not responsible for the

phenotypic differences observed (Fig. S7C). These observations indicated that SMARCEI was

dispensable for proliferation and migration of cancer cells growing in situ, but was essential for their

escape from the normal tissue architecture and invasion into the surrounding matrix.

SMARCE1 Binds ILF3 and Is Recruited to ILF Motifs

To probe SMARCE I's function, we identified its binding partners in noninvasive and invasive

cells by using immunoprecipitation (IP)-MS (Fig. S8A). To determine if SMARCEl binds to its partners

together with the SWI/SNF complex, we also performed IP-MS against a core component of the complex

(SMARCC 1). As expected, SMARCE I and SMARCC 1 were both associated with the SWI/SNF complex

in the invasive and noninvasive cells (Fig. 6A). However, SMARCEl was uniquely bound to one factor,

ILF3, specifically in invasive cells. Unlike SMARCE1, SMARCCI did not bind ILF3 in noninvasive or
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invasive cells. These findings indicated that SMARCEl specifically interacts with ILF3 in invasive cells

independently of the core SWI/SNF complex (Fig. 6 A and B).

Because SMARCEl lacks a sequence-specific DNA binding domain, these findings suggested a

model in which ILF3 could be directing the genomic localization of SMARCEl. If this were the case, we

would expect ILF3 to also be required for the expression of SMARCE 1-regulated genes, in particular

those in the ECM-invasion module. Consistent with this, mouse embryonic fibroblasts overexpressing

ILF3 up-regulated nearly all of the genes in the SMARCE 1-regulated ECM invasion module (63 of

81; P < 7.1 x 108; Fig. 6C) (19). Moreover, inhibition of ILF3 caused a twofold reduction in the

formation of invasive spheroids in the 3D basement membranes (Fig. 6D). However, unlike SMARCEI,

ILF3 expression was not correlated with or predictive of progression in patients with early-stage cancers

(P = 0.0685; Fig. S8B), suggesting that its mRNA expression is not limiting in patient tumors.

We next performed ChIP and sequencing (ChIP-seq) to identify the binding sites of SMARCEl

in the genomes of noninvasive and invasive cells (Fig. 6E) and examine their proximity to ILF3 motifs.

SMARCEl was bound to -550 genomic sites in noninvasive cells, and 58% of these sites were also

bound by SMARCEI in invasive cells (321 of 554; P < 0.01; Fig. S8C). However, SMARCEl was bound

to an additional 8,000 sites in invasive cells (Fig. S8C), the majority of which were localized to regulatory

regions with acetylated H3K27 histones (63% in invasive vs. 7% in noninvasive; P < 0.01). The

SMARCE I -bound sites in invasive cells were strongly enriched at the enhancers of genes associated with

DCIS progression (P < 0.01; Fig. 1). In addition, the SMARCEI-bound sites in invasive cells were

frequently associated with ILF3 motifs, which, when present, were invariably found at the center of the

SMARCE 1-bound sites (Fig. 6F). In contrast, ILF3 motifs were not enriched at SMARCEI -bound sites in

noninvasive cells or at SMARCC 1 binding sites (Fig. 6F and Fig. S8D). These findings were consistent

with the observation that SMARCEl binds to ILF3 only in invasive cells, and further supported a model

in which ILF3 was directing the genomic localization of SMARCEl in invasive cells.
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Chapter 2.4: Discussion

These observations establish SMARCEI as a clinically relevant driver of the invasive progression

of early-stage breast cancers. We find that SMARCEl drives invasion by regulating a module of genes

encoding proinvasive ECM and secreted proteases that degrade basement membrane. In functional studies

in 3D cultures and animal models, SMARCEI is dispensable for tumor growth but is required for the

invasive and metastatic progression of cancers. The clinical relevance of these findings is underscored by

how we were first led to SMARCE1-namely through the analysis of heterogeneous breast tumors

containing regions of DCIS and invasive cancer-and by our subsequent analyses of hundreds of patient

tumors, indicating that its expression is strongly predictive of metastasis across a spectrum of cancer

types.

Currently, most women with early-stage tumors are treated with breast-conserving surgery (i.e.,

lumpectomy) followed by localized radiation. Although effective for most early-stage tumors, this

treatment leads to recurrence with metastasis in -25% of women with lymph node-negative stage I or

stage IIA cancers over a follow-up period of 10 y (20). Our analyses of patient tumors indicate that these

poor-prognosis cancers express high levels of SMARCE 1 at the time of diagnosis. As a consequence,

stratifying patients on the basis of SMARCE 1 expression would prospectively identify a subset of early-

stage tumors that would be better treated with a more aggressive therapy regimen.

Conversely, epidemiological studies have suggested that more than half of DCIS lesions are

indolent and would never become life-threatening if left untreated (7, 21). This has led to an increasing

awareness that the current clinical paradigm may be overtreating a significant fraction of women

diagnosed with indolent DCIS tumors. To rigorously assess this possibility, several clinical trials are

currently under way to determine whether watchful surveillance would lead to equivalent outcomes for

such women. Our findings indicate that SMARCE 1 should be added to the pathological features used to

identify indolent DCIS lesions that are candidates for watchful surveillance.

Although our functional studies focused exclusively on SMARCEl's role in breast cancer, our

analyses of the expression profiles of patient tumors suggest that it is likely to also play an important role

in regulating the invasiveness of other cancer types. High SMARCEl expression is predictive of relapse

and prognosis in early-stage lung and ovarian cancers, but provided little predictive value for later-stage

cancers of these types. This suggests that these tumors use a common underlying mechanism to invade

and, ultimately, metastasize. Consistent with this, a shared functional requirement for the invasive

progression of all carcinomas is the degradation of the basement membrane that surrounds epithelial

tissues. This is the very function conferred by SMARCE 1 through the up-regulation of proteases that

degrade collagen IV and laminins.
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At a mechanistic level, prior studies of SMARCE I function have focused on its ability to recruit

the SWI/SNF complex to genes regulated by hormone receptors (224-24). However, our ChIP-seq and

MS observations indicate that SMARCEl binds most enhancers in the absence of hormone receptors and

the SWI/SNF complex, indicating that both are dispensable for SMARCE I's regulatory functions in

invasive cells. Moreover, our findings suggest that ILF3 is a key cofactor that mediates SMARCEl 's

proinvasive regulatory functions. Further study will be needed to determine how SMARCEl partitions

between ILF3-bound and SWI/SNF-bound complexes, and why our findings contrast with those of a

recently published study on SMARCEI in breast cancer (25).

To date, experimental studies of early-stage breast cancer have been significantly limited by a

lack of model systems that faithfully recapitulate the tissue microenvironment of early-stage lesions as

they occur in human breast tissue. We have addressed this limitation by contributing a model of breast

cancer progression in which human cancer cells are integrated in situ into the ductal-lobular architecture

of primary human mammary tissues. The development of this model leverages a recently reported method

for expanding primary human mammary tissues in culture by using 3D hydrogel scaffolds (18). Because

comparable methods have recently been reported for other human tissue types (26, 27), we are hopeful

that the strategy used here will prove broadly useful for modeling in situ tumors arising within the

relevant human tissue microenvironment.
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Chapter 2.5: Methods

In vivo and 3D hydrogel studies were performed as previously described (18, 28). All

computational analyses, reagents, public datasets used, and other protocols are described in SI Materials

and Methods.
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Chapter 2.8: Figures and Tables
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Fig. 1. SMARCEI regulates an ECM invasion module that is up-regulated upon DCIS progression. (A)
Expression of genes in the ECM invasion module across 158 primary human breast tumors. Tumors were sorted
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Fig. 2. SMARCEl is required for cancer cell invasion through basement membrane. (A) Epifluorescence images
of tumor spheroids formed by SUM159 cells in 3D basement membrane (BM). (Top) Noninvasive (T-1),
partially invasive (T-II), or highly invasive (T-III) spheroids. (Bottom) Collagen IV hydrolysis (green) in DQ
collagen IV-supplemented BM. (Scale bars: 100 pm.) (B) Quantification of tumor spheroid invasiveness,
protease activity, and number in control and shSMARCE1 SUM159 cells. (Top) Quantification of T-I, T-11, and
T-Ill spheroids. (Bottom) Spheroid MMP activity relative to shLuc controls and spheroid number per BM. (C)
SMARCEl reexpression rescues invasive progression in tumor spheroids. (Top) Experimental design to measure
effect of SMARCE1 reexpression on spheroid invasiveness. (Bottom) Representative images of tumor spheroids
12, 30, and 48 h after doxorubicin (dox) withdrawal (SMARCEI ON) or continued treatment with doxorubicin
(SMARCEI OFF). (D) Quantification of noninvasive spheroids after SMARCEI inhibition for 7-9 d (+dox) and
subsequent reexpression of SMARCEl (dox off) for 48, 72, or 96 h. All spheroids were quantified at day 11 (n =
4; *P <0.05).
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Chapter 2.9: Supplemental Data

SI Materials and Methods

Cell Culture and Reagents

SUM 159 breast cancer cells (Asterand) were cultured in F12 with 5% FBS (Sigma Aldrich),

insulin, and hydrocortisone. MDA.MB.231 cells and their highly metastatic derivative line (LM2) (29)

were cultured in DMEM supplemented with 10% FBS. MCF1 OA cells (American Type Culture

Collection) were cultured in MEGM (CC-3150; Lonza) with 100 ng/mL cholera toxin. All media was

supplemented with L-glutamine and penicillin-streptomycin, and cells were grown on tissue culture grade

plastic at 37 'C, 5% CO2 in a humidified chamber.

Module Identification

Gene expression data from 158 breast tumors was downloaded from the Gene Expression

Omnibus (GEO) database (accession no. GSE3143), and the list of genes up-regulated as DCIS tumors

progress to invasiveness was obtained from Neubauer and coworkers (4). Expression data were log-

transformed and median-normalized, and Spearman correlations were computed across the 158 tumors for

each pair of genes in the DCIS-to-invasive progression signature. In cases in which multiple probes

corresponded to a single gene, the maximum intensity probe was used. Hierarchical clustering of this

pairwise correlation matrix identified two modules of sizes 88 and 45 (Fig. SIB).

Computational Identification of Candidate Upstream Regulators

A set of 1,124 chromatin modifiers and transcription factors was identified by selecting all genes

containing the following Gene Ontology (GO) terms: GO:0016568, GO:0006338, or GO:0003700. With

each gene, we associated a set of direct and indirect downstream targets by mining tumor expression data

(accession no. GSE3143) for pairwise association rules with the Apriori algorithm and by extracting

perturbation gene sets when available from the MolSigDB.

As the Apriori algorithm requires categorical data, genes were categorized into "high" or "not

high" expression in each tumor. For any given gene and breast tumor, the threshold for "high expression"

was set to be at least 1.8-fold higher than the median expression across all 158 tumors. Any genes that did

not vary significantly across tumors were removed before running the algorithm. We implemented

Apriori by identifying, for a given gene A, all genes B such that Pr(B high I A high)> Pr(B high),

discovering all genes B whose expression was conditionally increased at least twofold when gene A was

highly expressed. This associated a set of genes with each gene A. In cases in which both Pr(B high I A

high)> Pr(B high) and Pr(A high I B high)> Pr(A high), we assigned directionality to this statistical
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interaction if there was at least a twofold difference between the conditional probabilities. Activated

downstream targets were also identified by extracting, when available, perturbation gene sets from

MolSigDB for chromatin modifiers and transcription factors. Gene sets larger than 1,000 or smaller than

100 were excluded to improve statistical robustness.

We identified the overlap between each of the target sets derived and the gene modules of interest

("ECM invasion" or a "random" module of 88 genes), and determined statistical significance by using the

hypergeometric test. The following is a list of genes in the ECM invasion

module: AEBP], ANGPTL2, AXL, BGN, CJR, CIS, C5orfl3, CALD], CDHJ1, CFH, CLECJJA, CLEC2

B, COLJOAJ, COLJJA], COLJ6A], COL]A2, COL3A], COL5A2, COL6AJ, COL6A2, COL6A3, COMP,

CTGF, CTSK, DPYSL3, ECM2, EDNRA, EFEMP2, EMP3, FAP, FBLN2, FBNJ, FN], GAS], GPNMB, H

SD17B6, IGFBP3, IGFBP7, ISLR, KIAA 1199, KIA 1462, LAMA4, LAMB], LAMC, LGALS, LOX, LO

XL, LOXL2, LRRC15, LUM, MAF, MFAP2, MICAL2, MMP, MMP1, MMP13, MMP2, MRC2, MYL9,

NBL1, NDN, NID2, NNMT, OLFML2B, PDGFRA, PDGFRB, PLA U, PLA UR, PLS3, POSTN, PTRF, RA

RRES2, RECK, SEC23A, SERPINFJ, SERPING], SERPINHJ, SLC16A3, SPARC, SPON], SRPX2, SULF

1, TGFB 1I, TGFBI, THBS2, THY], TWIST], and WWTR.

Three-Dimensional Invasion Assays

Invasion through basement membranes was assessed by seeding cells in growth factor-stripped

Matrigel (BD Biosciences). Briefly, Matrigel was thawed on ice, and 0.1 mL was added per chamber and

allowed to solidify for 30 min at 37 'C, 5% CO2 , in a humidified incubator. When indicated, the Matrigel

was supplemented with 1% DQ-collagen IV to assess protease activity (Life Technologies). Cells were

seeded on top of the basement membrane in a single-cell suspension with 500 cells in 0.2 mL and allowed

to settle for 20-30 min. The cultures were layered with additional basement membrane through the

dropwise addition of 200 pL of media supplemented with 10% Matrigel. A total of 0.2 mL of media was

exchanged after 4 d, and cultures were fixed and imaged on day 7. Invasion through polymerized ECM

was assessed by seeding 1,000 cells into 200 ptL of polymerized 1.3 mg/mL collagen I (Coming).

Spheroids were scored on a three-point scale based on the degree of invasiveness. Noninvasive type I

structures have smooth edges with no visible cellular protrusions. Type II structures exhibit partial

invasiveness as evidenced by cells protruding from the colony mass and occasional scattering of the

peripheral cells. Type III structures are fully scattered and have lost a central mass. Form factors for the

structures were calculated in Cell Profiler.

For microinjection assays, patient-derived mammary tissues were grown in 3D hydrogel culture

for 2 wk, as previously described (18). Briefly, reduction mammary tissue was mechanically and

enzymatically dissociated with collagenase and hyaluronidase. Purified epithelial tissue fragments were
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seeded into ECM hydrogels consisting of 1.7 mg/mL collagen I (Corning), 10 ptg/mL hyaluronan

(Millipore), 40 ptg/mL laminin isolated from Engelbreth-Holm-Swarm sarcoma cells (Life Technologies),

and 20 ptg/mL fibronectin (Life Technologies), pH 7.3, in MEGM (Lonza).

Cells for injection were harvested by trypsinization and resuspended in their respective medium

at concentrations of 20-40 million cells per milliliter. Immediately before injection, Trypan blue solution

was added at a concentration of 0.03% for visualization and cell viability monitoring purposes. Injection

pipets were made by using a pipet puller (P-97; Sutter Instrument) and a microforge (MF-900; Narishige).

A typical injection pipette, made from a capillary glass (Sutter Instrument), had an outside diameter of

approximately 50 pm and an opening with a diameter of approximately 25 ptm. Cells were injected into

the luminal space of mammary tissues growing in an ECM hydrogel by using a micromanipulator (MN-

151; Narishige) and a microinjection device (IM-200; Narishige) under a stereomicroscope (Stemi SV6;

Zeiss).

Live imaging was performed at indicated time points after injection by using a stereomicroscope

(Discovery V8; Zeiss) and a camera (AxioCam MRc; Zeiss). Filopodial length was calculated from

bright-field images in ImageJ. For comixing experiments, an equal number of Venus-labeled

shSMARCE1 cells and dsRed-labeled shLacZ cells were injected into the tissues. The structures were

imaged for 6 d, and the fraction of total fluorescent intensity within the imaged focal plane of a structure

was determined for Venus and dsRed signal by using ImageJ.

Microscopic Imaging and Analysis

Confocal images of spheroids were captured by using a Zeiss LSM 700 series microscope, and

processed by using the ZEN imaging software using a maximum intensity projection from a Z-stack.

Co-IP and MS Analysis

A total of 2 x 107 cells were seeded onto a 15-cm dish 24 h before nuclear protein extraction.

Nuclear protein was collected by using the NE-PER kit (Thermo Fisher). A total of I mg nuclear protein

extract was incubated overnight with 50 p.L Protein A/G Dynabeads conjugated with 2 jig control IgG,

anti-SMARCE I (no. 70540; Abcam) or anti-SMARCC 1 antibodies (no. 9746; Santa Cruz). Eluate from

the aforementioned IP was separated by SDS/PAGE, the gel was silver-stained, and bands were cut out

for analysis by LC-MS/MS.

Western Blotting
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Western blotting was performed as previously described (28). Primary antibodies include anti-

SMARCEl (no. 70540; Abcam), anti-SMARCC1 (no. 9746; Santa Cruz), anti-FLAG (F3165; Sigma),

anti-ILF3 (no. 133354; Abcam), and anti-P-Actin (no. 5125; Cell Signaling Technology).

Tumor Dataset Analysis

Cancer patient gene expression datasets were downloaded from GEO

(www.ncbi.nlm.nih.gov/geo). Early-stage breast tumor data were obtained from accession nos. GSE 11121

(Fig. 3) and GSE21653 (Fig. S6) and late-stage breast tumor data from accession nos. GSE20685 (Fig. 3)

and GSE21653 (Fig. S6). Early-stage lung tumor data were obtained from accession no. GSE31210 (Fig.

S6) and late-stage lung tumor data from accession no. GSE30219 (Fig. S6). Ovarian cancer data were

obtained from KMplot Ovarian Cancer 2015 version (30) (Fig. S6). Early-stage breast tumors were

defined as node-negative (i.e., N stage 0), whereas late-stage breast tumors were defined as those with N

stage > 1. Early-stage lung tumors were defined as stage IA or IB (N stage 0), whereas late-stage lung

tumors were defined as those with N stage > 1. Early-stage ovarian cancers were defined as stage I or II,

whereas late-stage cancers were defined as stage III or IV. Tumors were binned into SMARCE1-high (top

third of SMARCE 1 expression) and SMARCE 1-low (bottom third of SMARCE 1 expression) based on

the expression of probe 211989_at. ILF3 binning was performed with 208930_s_at. HRs and P values

were calculated for these two groups by log-rank (Mantel-Cox) test.

In Vivo Tumorigenicity and Metastasis Assays

All mouse procedures were approved by the animal care and use committees of the Massachusetts

Institute of Technology and conducted in accordance with institutional policies. For tumor-seeding

studies, 1 x 106 of the highly metastatic MDA.MB.231 (LM2) cells were suspended in 50 pL of 1:1 mix

of Matrigel and DMEM and injected into the mammary fat pad of NOD/SCID mice (Jackson Labs). At 3

wk, tumors were surgically resected and weighed. Mice were monitored for an additional 4 wk until they

were killed and lungs were collected. To measure metastases, freshly collected lungs were soaked in D-

luciferin (150 pg/mL; PerkinElmer) for 15 min and imaged with the IVIS system (Perkin-Elmer) at

nonsaturating exposures. Radiance was quantified with Livingimage version 4.4 software.

For tail-vein injections, 1 x 106 LM2 cells were suspended in DMEM and injected into the tail vein of

NOD/SCID mice. Living mice were visualized for tumor cell burden using the IVIS System (Perkin-

Elmer) approximately weekly; mice were injected with 200 pL of luciferin and imaged 10 min later at

nonsaturating exposures.

Measurement and Quantification of Circulating Tumor Cells
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A total of 1 x 10 5 luciferase-labeled MDA.MB.231-LM2 cells were injected into the fat pad of

NOD/SCID mice. Seven weeks after tumor implantation, 400 pL of peripheral blood was collected.

Blood samples were centrifuged at 600 x g to precipitate the cell fractions. One milliliter of red blood cell

lysis buffer (Stem Cell Technology) was applied to resuspend the pellet on ice for 5 min. The samples

were then centrifuged again at 2,000 rpm. A total of 200 ptL PBS solution containing luciferin was used to

resuspend the pellet, and luciferase activity of all samples were immediately measured by using the IVIS

imaging system. To quantify the number of luciferase-positive cells, a standard curve of MDA.23 1.LM2

cells, ranging from 1,000 to 12, were mixed with 400 pL of blood samples from tumor-free NOD/SCID

mice and followed by the same purification and measurement processes described earlier. A linear

correlation between luciferase activity and cell number was then generated by linear regression, and the

number of luciferase-positive circulating tumor cells per milliliter from each tumor-bearing mouse was

calculated by using the resulting formula.

Immunohistochemistry

Matrigel spheroids were fixed with 4% paraformaldehyde for 30 min, washed with PBS solution,

and permeabilized by using 0.1% Triton X-100 in PBS. Spheroids were treated with H 202-MeOH

solution (10% H20 2 + 50% MeOH + 40% PBS solution) at 4 'C for 30 min and washed with PBS

solution. Blocking, antibody incubations, and HRP detection was performed by using a DAKO EnVision

Kit (K4010) following the manufacturer's instructions. Anti-SMARCEl (Abcam 70540) was used at

1:250.

Resected tumors were fixed in 10% neutral-buffered formalin and embedded in paraffin. Serial sections at

5 ptm were used for histological analyses. For SMARCEl staining, breast tumor microarray was ordered

from US Biomax (BR2082). Briefly, slides were deparaffinized by using xylene and a series of alcohols,

followed by heating in 10 mM citrate buffer (pH 6.0) for antigen retrieval. Sections were blocked and

incubated with primary antibodies (GFP; Cell Signaling no. 2956; or SMARCEI; Abcam no. 70540),

washed, incubated with corresponding secondary antibodies, and stained with appropriate detection

reagents. Nuclei were counterstained with hematoxylin. H&E staining was performed by using standard

procedures.

To quantify SMARCEl expression, each tissue section was scored on (i) the percentage of

positive cells on a scale of 0-3-0 (0% positive cells), 1 (<25%), 2 (25-75%), 3 (>75%)-and (ii) the

staining intensity on a scale of 0-3: 0, negative staining; 1, weak staining; 2, moderate staining; or 3,

strong staining. The two scores were multiplied, resulting in a value ranging from 0 to 9, whereby low

SMARCEI expression ranged from 0 to 3, medium SMARCEl expression ranged from 4 to 6, and high

SMARCE I expression ranged from 7 to 9.
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ChIP

ChIP was performed with a SMARCEl antibody (no. 70540; Abcam) or a SMARCCI antibody

(no. 9746; Santa Cruz) as described previously (27). ChIP-seq libraries were prepared at the

Massachusetts Institute of Technology BioMicroCenter by using Beckman Coulter SPRIworks, and run

on a HiSeq 2000. Reads were aligned to the human genome build hgl9 with a maximum of two

mismatches. ChIP-seq peaks were identified by using MACS with default settings. Peaks with a P value

less than 10-9 were used in follow-up analyses.

ILF3 Gene Expression and Motif Generation

Log2-transformed gene expression data were downloaded from GEO accession no. GSE67591.

Gene expression of the 88 ECM module genes or a module of 88 random genes was plotted as a ratio of

expression in the overexpression vs. WT conditions. All genes with a greater than twofold change in gene

expression in the ILF2/3-overexpressing cells vs. WT cells were used to run motif analysis with HOMER

(Hypergeometric Optimization of Motif Enrichment). An enriched ILF motif was generated by analyzing

sequences flanking the transcription start site ( 2 kb) of the selected genes.

Overlap Analysis

ChIP-Seq peaks were mapped to the closest mapped gene by using HOMER. H3K27Ac peaks

called from seven cell lines from the ENCODE (Encyclopedia of DNA Elements) project were

downloaded. Active enhancers from all cell lines were merged and filtered for blacklist regions.

SMARCEl peaks that overlapped with merged H3K27Ac peaks were called by using HOMER.

Significance of the overlap between the invasive ductal carcinoma (IDC) signature genes (4) and the

SMARCEI-bound genes was performed by using a binomial test using the background of all genes.
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Fig. S1. Computational analysis of gene modules involved in DCIS-to-IDC progression. (A) Schematic
representation of the transition from DCIS to invasive breast cancer. In DCIS (Left), cancer cells (red) remain
encapsulated within the ducts (blue) and are surrounded by the basement membrane (green). Subsequently, as
cells transition to invasive carcinoma (Right), they degrade the basement membrane and invade into surrounding
tissues. (B) Spearman correlations were calculated from all pairwise comparisons of genes up-regulated in
invasive tumors vs. DCIS tumors. Hierarchical clustering was performed on the pairwise correlation matrix.
Plotted is a heat map of the clustered correlation matrix. Red indicates a high correlation, and black indicates
low/no correlation. The blue bar marks genes present in module 1, and the green bar marks genes present in
module 2. (C) Expression of genes in a random module across 158 primary human breast tumors. Tumors were
sorted based on their average expression of the 88 genes in the module (AVG), and divided into ten groups
(deciles). The heat map denotes the average expression in the corresponding decile. (D) A violin plot showing the
contributions of 1,124 transcription and chromatin-modifying factors to expression of the random module.
Statistical significance was computed by using the hypergeometric test. SWI/SNF complex genes are highlighted
in yellow.
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Fig. 2. Knockdown of SMARCE1 in breast cancer cells
(A) Western blot showing the expression of SMARCEl

reduces the expression of ECM invasion module genes.
in control and shSMARCEl (shi and sh2) SUM159 and

MDA.MB.231 cells. (B) Quantitative PCR analysis of expression of ECM invasion module genes and random
module genes in MDA.MB.231 cells transduced with control or SMARCEl shRNAs. Gene expression is
normalized to GAPDH and plotted as fold change relative to the control cell line (n = 4 plotted as mean SEM).
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Fig. S3. SMARCEI inhibition blocks invasion through basement membrane. (A) Epifluorescence images of
tumor spheroids formed by MDA.MB.231 cells in 3D basement membrane (BM) showing noninvasive (T-I),
partially invasive (T-II), or highly invasive (T-III) characteristics. Below are epifluorescence images showing
collagen hydrolysis (green signal) of type I, II, and III spheroids cultured in DQ collagen (IV)-supplemented BM
cultures. (Scale bar: 100 pm.) (B) Basement membrane invasiveness of type I, II, and III structures in SUM159
cells was calculated by using image segmentation analysis and form factor calculation and normalized to T-I
spheroids. (C) Quantification of MMP activity in each SUM 159 spheroid type, normalized to T-I. (D)
Quantification of spheroids formed by control and shSMARCEI MDA.MB.231 cells (Upper) and quantification
of spheroid counts and MMP activity of the same cells (Lower). (E) Quantification of the size of spheroids
formed by control and shSMARCEI (shI and sh2) SUM159 and MDA.MB.231 cells, respectively. (F) MTS
proliferation assays (Celltiter Glo-based) were performed in basement membrane cultures 3 d after seeding for
SUMI 59 control (shLuc) and SMARCEl KD lines (shl and sh2). (G) SUMI 59 cells were cultured in basement
membrane for 7 d and immunohistochemically stained for SMARCEl. Representative images of type I, II, and
III colonies are shown. Note the stronger staining in invasive regions. (H) Western blot showing the expression
of SMARCEI in SUM159 cells infected with a doxorubicin (dox)- inducible shRNA. Cells were grown in the
absence of doxorubicin (-), presence of 1 ptg/mL doxorubicin (+), or with doxorubicin followed by doxorubicin
withdrawal for 30, 48, or 72 h. (I) HMLER cells infected with control (Ctrl) or FLAG-SMARCEl (SMARCEl-
OE) constructs were seeded into polymerized collagen matrices and grown for 7 d. Shown is the quantification
of the fraction of noninvasive structures from control (n = 87) and SMARCEl-OE (n = 71; *P <0.05).
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Fig. S4. SMARCE1 does not affect proliferation of breast cancer cells. SUM159 breast cancer cells expressing a

control shRNA (Ctrl) or shRNAs targeting SMARCC1 (A) or SMARCEI(B) were cultured in 2D for 4 d. Cell
viability was measured with CellTiter Glo and plotted for 0, 2, and 4 d.
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Fig. S5. The role of SMARCEl in tumorigenesis and metastasis in vivo. (A) (Left) Quantification of primary
tumor weight in mice inoculated with MDA.MB.23 1- LM2 cells expressing an shRNA targeting LacZ (shLacZ;
n = 6) or SMARCEl (shSMARCE1; n = 6). (Right) Representative images of tumor sections stained with H&E.
(B) Lung sections from mice inoculated with shLacZ or shSMARCE1. MDA.MB.23 1 -LM2 cells were stained
with H&E and an a-GFP antibody. Dotted line indicates the border of a metastatic lesion. (C) Quantification of
metastatic burden in lungs of mice injected in the tail vein with shLacZ or shSMARCEI MDA. MB.231-LM2
cells at 18, 25, 32, and 39 d postinjection. Shown are representative luminescent images from tail vein-injected
mice (shLacZ or shSMARCE1) 39 d following injection.
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Fig. S6. SMARCEI predicts outcome in patients with early-stage tumors. (A) A cohort of patients with early-
stage breast tumors (GSE21653, node-negative patients; n = 116) were binned into SMARCEl high (top tertile),
SMARCEl medium (middle tertile), or SMARCEl low (bottom tertile) categories, and disease-free survival
curves were plotted. The top and bottom tertiles were compared with the log-rank test to determine an HR and P
value. (B and C) A cohort of patients with breast cancer (node-negative, GSE 11121; n = 200) were binned into
SMARCEl high, medium, or low by tertile, and tumor size (B) and tumor grade (C) were plotted. (D) A cohort
of patients with late-stage breast tumors (GSE21653, node-positive patients; n = 133) were binned into
SMARCEl high (top tertile), SMARCEl medium (middle tertile), or SMARCEl low (bottom tertile) categories,
and disease-free survival curves were plotted. The top and bottom tertiles were compared with log-rank test to
determine an HR and P value. (E-H) Early-stage breast tumors (GSE1 1121) were stratified based on the tertile
expression of SMARCCI (E), SMARCC2 (F), SMARCBI (G), or SMARCA4 (H), and were plotted for
metastasis-free survival. (I-L) Patients were binned into SMARCEl high (top tertile), SMARCEl medium
(middle tertile), or SMARCEl low (bottom tertile) categories, and survival curves were plotted. A cohort of
patients with early-stage lung tumors (stage IA or IB, GSE31210; n = 168) (I) and late-stage lung tumors (stage
II or above, GSE30219; n = 94) (J) were analyzed for relapse-free survival. A cohort of patients with early-stage
(stage I or II; n = 133) (K) and late-stage (stage III or IV; n = 1,148) (L) ovarian cancers (KMplot ovarian
cancer, 2015 version) were analyzed for overall survival. The top and bottom tertiles were compared with log-
rank test to determine an HR and P value.
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Fig. S7. SMARCE1 is required for cancer cells to escape the ductal-lobular architecture of normal mammary

tissues. (A) Schematic of how primary mammary samples were processed to produce tissue outgrowths. Patient

samples were mechanically and enzymatically dissociated then purified with differential pelleting and plating

(Materials and Methods). Shown is a representative tissue grown in culture for 3 wk and stained for phalloidin

(green, Right). (B) Images from Fig. 5B were split into a merge (bright-field and epifluorescence; Top) and

epifluorescence-only image (Bottom) for each condition indicated. Representative images at 0, 3, 6, and 10/11 d

after injection are shown. (C) DsRed-labeled SUM159 shLuc cells and Venus-labeled SUM159 shSMARCE1
cells were coinjected into tissues, and fluorescence intensities were measured over 6 d. Plotted is the fraction of

fluorescent intensity contributed from dsRed (red) and Venus (green).
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Fig. S8. SMARCE1 physically binds ILF3 and is recruited to ILF motifs in the genome. (A) Schematic
representation of the MS design. The HMLE-Twist-ER cell line is noninvasive in the absence of 4OHT, but can
be induced into an invasive state through the addition of 40HT. SMARCEI and SMARCCI were immu-
noprecipitated in HMLE-Twist-ER cells grown in the presence (125 nM) or absence of 40HT, and their
coprecipitates were determined by using MS. (B) ILF3 expression was examined in a cohort of early-stage
breast tumors (N stage 0, GSE1 1121; n = 200). Patients were binned into ILF3 high, ILF3 medium, or ILF3 low
tertiles, and metastasis-free survival curves were plotted. (C) Binding of SMARCEl and SMARCC1 in the
genome of HMLE-Twist-ER cells was analyzed by ChIP-Seq. SMARCEl and SMARCC1 peaks were
determined by using MACS. Shown is the fraction of SMARCEI peaks that overlap with SMARCCI (red, SWI/
SNF-dependent) in noninvasive (no 40HT) cells and invasive (+40HT) cells. Also shown is the total number of
observed peaks. (D) A de novo motif for ILF was generated by using HOMER on genes that were more than
twofold up-regulated in ILF2/3-overexpressmg murine fibroblasts relative to genetically matched controls.
Regions around SMARCCI-bound peak centers were subdivided into bins of size 50 bp. Within each bin, motif
density per peak was calculated.
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Cancer-specific PERK signaling drives

invasion and metastasis through CREB3L1
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Chapter 3.1: Abstract

PERK signaling is required for cancer invasion and there is interest in targeting this pathway for

therapy. Unfortunately, chemical inhibitors of PERK's kinase activity cause on-target side effects that

have precluded their further development. One strategy for resolving this difficulty would be to target

downstream components of the pathway that specifically mediate PERK's pro-invasive and metastatic

functions. Here we identify the transcription factor CREB3L1 as an essential mediator of PERK's pro-

metastatic functions in breast cancer. CREB3L1 acts downstream of PERK, specifically in the

mesenchymal subtype of triple-negative tumors, and its inhibition by genetic or pharmacological methods

suppresses cancer cell invasion and metastasis. In patients with this tumor subtype, CREB3L1 expression

is predictive of distant metastasis. These findings establish CREB3L1 as a key downstream mediator of

PERK-driven metastasis and a druggable target for breast cancer therapy.
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Chapter 3.2: Introduction

The PERK kinase plays a critical role in tumor invasion and metastasis. PERK signaling-which

is activated downstream of the unfolded protein response (UPR) (1, 2) and the integrated stress response

3-enables cancer cells to survive the adverse conditions typically observed in tumor microenvironments

(4,5,6). Upon its activation, PERK phosphorylates eIF2a, which reduces global protein synthesis while

selectively increasing the translation of ATF4 (7). In addition to enabling cell survival, PERK-ATF4

signaling triggers multiple steps in the metastatic cascade (8), including angiogenesis (9), migration (10),

survival 1, and colonization at secondary organ sites12. PERK is also required for the metastatic

dissemination of cancer cells that have undergone an epithelial-to-mesenchymal transition (EMT) (13).

Given its critical role in driving metastatic progression, PERK has been a focus of drug discovery

programs for cancer, which have identified several small-molecule inhibitors of this kinase that reduce

metastatic dissemination (13). While these molecules reduce metastatic spread, they also cause rapid

onset of pancreatic atrophy, precluding their further consideration for clinical development (14). Since

similar phenotypes are observed in PERK-knockout mice, PERK is likely to be essential for normal

pancreatic function (15, 16). This has raised concerns about whether this key pathway is a viable target

for therapy. One way to circumvent this difficulty would be to target downstream factors that specifically

mediate PERK's pro-metastatic functions, but do not contribute to the pathway's functions in non-

cancerous tissues. While this strategy is promising in principle, it is not currently known if the PERK

pathway's pro-metastatic functions can be genetically separated from its role in normal homeostasis.

In this study, we show that this is indeed the case, and identify a key transcription factor

(CREB3L1) downstream in the pathway, that specifically functions to promote metastasis in cancer cells

that have activated PERK. Since CREB3LI must be proteolytically cleaved in order to become active,

this provides a unique opportunity to target this factor with small-molecule inhibitors for therapy (17).

While CREB3L1's role in cancer is currently controversial-with some studies suggesting that this factor

promotes metastasis, and others suggesting it suppresses metastasis (18, 19)-we resolve this discrepancy

by showing that CREB3L1 specifically promotes metastasis in tumors that have activated both PERK

signaling and the EMT program. Collectively, our findings establish CREB3LI as a promising target

downstream of the PERK pathway for therapeutic blockade in cancer.
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Chapter 3.3: Results

Cancer-specific PERK signaling correlates with metastasis

Consistent with prior reports (13), we found that PERK is activated by phosphorylation in human

breast cancers (Supplementary Fig. 1 a). To identify factors downstream of PERK specifically upregulated

in human breast cancers, we compared PERK pathway gene expression between a large cohort of breast

cancers (n = 1093) and normal breast tissues (n = 112) (TCGA, breast cancer data set). Of the ~400 genes

downstream of PERK (20) (Supplementary Data 1), only 23 showed at least a twofold increase in

expression in cancers relative to normal tissues (Fig. la, b; CSPS, cancer-specific PERK set). Expression

of these genes depended on PERK activity, since inhibition of PERK with a small-molecule inhibitor

(GSK2656157 (14)) led to a significant decrease in the expression of 18 out of 23 CSPS genes

(Supplementary Fig. lb). Breast cancers that highly expressed these cancer-specific PERK genes were

significantly more likely to develop distant metastases over 10 years (HR = 1.8, p <0.005, log-rank test;

Fig. Ic). Expression of these genes was also predictive of tumor progression in lung and gastric cancers

(Fig. Id, e).

CREB3L1 upregulates CSPS genes and is required for invasion

CREB3L1 was the only transcription factor among the cancer-specific PERK genes we identified

(Fig. la, b). Analysis of ChIP-seq data indicated that CREB3L1 was enriched near CSPS gene loci (14/23

genes, p < 0.01, binomial test; Fig. 2a and Supplementary Fig. 2a); CREB3L 1 was localized to active

regulatory regions marked by H3K27-acetylated histones (86% of bound sites; Fig. 2b) (21). To

functionally assess CREB3L1 's role in regulating these genes, we used shRNAs to stably inhibit

CREB3L 1 expression in two invasive breast cancer cell lines, SUM 159 and MDA.MB.231

(Supplementary Fig. 2b). Inhibiting CREB3L1 reduced the expression of 10 of these 14 CSPS genes

(Fig. 2c and Supplementary Fig. 2c). Taken together, these data indicated that CREB3L1 directly

promotes the transcription of CSPS genes.

We next used three approaches to assess if CREB3L1 was required for cancer cell invasion. First,

we compared CREB3L1 expression between non-invasive and invasive breast cancer lines (22, 23),

which revealed that this factor's expression was increased over 50-fold in the invasive lines

(Supplementary Fig. 3a). Second, we inhibited CREB3L 1 expression to test if it was required for the

invasiveness of invasive cancer lines. In both the SUM159 and MDA.MB.231 lines, CREB3L1 inhibition

caused a sixfold reduction in cellular invasion through basement membrane-coated transwell chambers

(Fig. 2d and Supplementary Fig. 3b). In contrast, knockdown of CREB3L 1 does not affect cell growth of

SUM 159 and MDA.MB.231 cells (Supplementary Fig. 3c, d). Lastly, we tested the requirement of

CREB3LI for invasion in 3D. When seeded as single cells into 3D cultures in basement membrane,
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SUM 159 and MDA.MB.231 breast cancer lines form clonal structures that can be classified as benign

(non-invasive), intermediate (partially invasive), or invasive. Knockdown of CREB3L1 prevented the

formation of invasive spheroids, while increasing the formation of non-invasive spheroids (Fig. 2e and

Supplementary Fig. 3e).

CREB3L1 is localized to ER membranes and can migrate to the nucleus to activate transcription.

Its nuclear migration is triggered via cleavage by the site 1 (SIP) and site 2 proteases (S2P), which

produces an activated, truncated form of CREB3L1 (24); the truncated CREB3L1 is then free to migrate

into the nucleus and activate transcription (Fig. 2f). Both the full length and truncated form of CREB3LI

were upregulated in invasive cancer cells when compared to non-invasive cells (Supplementary Fig. 3f).

We found that the aforementioned decrease in invasive spheroids following knockdown of CREB3L1 is

rescued by overexpression of a constitutively active form of CREB3L1 (CREB3LA 3 7
5-519; Supplementary

Fig. 3g, h). Next, we examined if CREB3L1 was sufficient to promote invasion in non-invasive cells.

Overexpression of CREB3L11175-A19 resulted in a fourfold increase in cellular invasion in a non-invasive

HMLE cell line (Fig. 2g), indicating that CREB31 I's expression was sufficient to promote invasion.

CREB3L1-induced ECM deposition activates FAK

To further explore the mechanism through which CREB3L1 promotes invasion, we performed

gene ontology analysis of CREB3L1-regulated CSPS genes. The analysis suggested that CREB3L1 might

regulate ECM production and remodeling (Supplementary Fig. 4a; p < 10 5, hypergeometric test), key

processes associated with cancer cell invasion. Consistent with this, CREB3L1 inhibition strongly

reduced activation of FAK-a kinase regulated by cell-ECM interactions and known to be important for

cellular migration (Fig. 2h) (25, 26). To assess if CREB3L1 was important for migration, we seeded

CREB3L 1-inhibited or control cells into transwell chambers. We found that CREB3L 1 inhibition caused

a fivefold reduction in migratory potential (Supplementary Fig. 4b). Since CREB3L 1 regulates the

expression of ECM genes, e.g., COLJA2 and FNJ (Fig. 2c and Supplementary Fig. 2c), we hypothesized

that its inhibition could be reducing FAK activity by decreasing ECM production. Consistent with this,

addition of type I collagen (encoded by COLJA] and COLJA2) rescued FAK activity in the CREB3L1-

inhibited cells (Supplementary Fig. 4c). If CREB3L1's pro-invasive effects were arising through ECM

production, it should be possible to rescue the migration of CREB3L 1-inhibited cells by supplementing

them with exogenous pro-invasive ECM. In fact, cells inhibited for CREB3L1 expression were able to

better heal wounds when treated with exogenous type I collagen or fibronectin (Fig. 2i). Collectively,

these results suggested that CREB3L1 may promote migration and invasion by inducing ECM

production.
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CREB3L1 is required for breast cancer metastasis

We next assessed CREB3L1's role in vivo using the MDA.MB.231-LM2 orthotopic

transplantation model of human breast cancer, which forms tumors that invade the vasculature and

metastasize to the lungs. While CREB3L1 inhibition does not affect primary tumor formation or growth,

as indicated by similar tumor weights and Ki67-positive proliferative indices (Supplementary Fig. 5),

there was a >80-fold reduction in the number of circulating tumor cells (CTCs) (Fig. 3a). Moreover,

CREB3L1 inhibition resulted in a >400-fold reduction in lung metastases, as measured both by

luminescence emitted by metastatic cells in whole lungs, as well as by immunohistochemistry staining for

GFP-positive cancer cells in lung sections (Fig. 3b, c). These findings indicated that CREB3L1 was

required for cancer cells to enter into the circulation and form metastases.

To assess the clinical relevance of these findings, we examined CREB3L1 expression in primary

breast cancers and metastatic breast cancers from patients. In comparison with primary breast cancer

tissues, CREB3L1 gene expression was significantly upregulated in the metastatic growths of breast

cancers that had disseminated to distant organ sites (p <0.01, Student's t-test; Fig. 3d, GSE20565,

GSE20685, GSE7904, and GSE3744). Consistent with these findings, nuclear and total CREB3L1 protein

were expressed at significantly higher levels in the lymph node metastases of breast cancers, relative to

primary breast tumors present on the same tissue microarray (Fig. 3e).

These findings indicated that CREB3L1 is required for metastatic dissemination in animal models

of breast cancer, and is upregulated in the breast cancers of patients as they progress toward metastatic

disease.

Chemical inhibition of CREB3L1 blocks metastasis

Although most transcription factors are currently not "druggable", CREB3L1's unique

mechanism of activation provides an opportunity to target its activity using protease inhibitors. A

chemical inhibitor of proteases, AEBSF, has been used previously to inhibit the protease (Si P) that

cleaves CREB3L 1 to its active form (24,27). In SUM 159 cells, AEBSF treatment blocked cleavage of

FLAG-CREB3L]ful-length protein to its active form, but had no effect on the levels of FLAG-

CREB3L lA 3 7 5-5 19protein (Fig. 4a). Consistent with this, AEBSF treatment decreased the expression of

CREB3L1 target genes COLJA] (28) and COLJA2 (Fig. 4b). However, AEBSF treatment did not

decrease the expression of these genes in cells expressing the constitutively active FLAG-CREB3L A 7 5 -

519(Fig. 4b). While this finding was expected, because this truncated protein does not need to be cleaved

to become active, it nonetheless indicated that AEBSF's effects on COLJAJ and COL1A2 were mediated

by CREB3L 1. Inhibition of CREB3L 1 activation by another Si P inhibitor, PF429242, also decreased the

expression of COLJA] and COLJA2, which could be rescued by expression of FLAG-CREB3Ll1-
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519(Supplementary Fig. 6a). In addition, AEBSF treatment strongly reduced FAK phosphorylation, which

could be restored by expression of FLAG-CREB3LIA1375-519 (Fig. 4c). Furthermore, inhibition of

CREB3L1 activation by AEBSF or PF429242 significantly negated the invasiveness of the SUM159

cells, an effect that can be rescued by overexpression of the truncated FLAG-CREB3LI A375-

519 (Fig. 4d and Supplementary Fig. 6b-d). In contrast, overexpression of the constitutively active form of

two other targets of AEBSF, ATF6 and SREBP-1, was not able to rescue the decrease of cell invasion

caused by AEBSF (Supplementary Fig. 6e, f). These results showed that AEBSF inhibits invasion

through targeting CREB3L1.

We next assessed if treatment with AEBSF could inhibit metastasis in vivo in the orthotopic

MDA.MB.23 I -LM2 model of human breast cancer. While AEBSF did not affect primary tumor growth

(Supplementary Fig. 7a, b), it caused a 15-fold reduction in lung metastases, as measured by

luminescence emitted from whole lungs (Fig. 4e). However, AEBSF was not able to inhibit the metastasis

of LM2 tumors that overexpressed FLAG-CREB3L1 375519, indicating that its effects were mediated

through CREB3L 1. These observations suggest that inhibiting S IP activity to block CREB3L 1 activation

could be an effective therapeutic strategy for preventing metastasis.

PERK signaling requires an EMT to upregulate CREB3L1

Lastly, we investigated how this factor is regulated in invasive cancer cells. Consistent with the

finding that CREB3L1 is downstream of PERK signaling (Supplementary Fig. 8), inhibition of ATF4

expression decreased CREB3L1 transcription in MDA.MB.231 and SUM159 lines (Fig. 5a).

Surprisingly, overexpression of ATF4 in non-invasive lines (HMLE and T47D) is not sufficient to

activate transcription of CREB3L 1, suggesting that PERK signaling requires additional pathways to

induce CREB3L 1 (Fig. 5b). To explore these additional pathways, we segregated breast cancers that have

active PERK signaling into two categories according to the expression level of CREB3L1 (CREB3L 1-

high and CREB3L 1-low, respectively), and employed gene set enrichment analysis (GSEA) to compare

these two cohorts (Fig. 5c). We found that the EMT hallmark set was the most enriched pathway in

tumors that had high CREB3L1 expression relative to those with low CREB3L1 expression (Fig. 5c).

This implicated EMT signaling as a potential regulator of CREB3L 1 expression in the context of PERK

activation. To functionally assess this, we assayed CREB3L I expression with or without EMT induction

in cells overexpressing ATF4. We found that HMLE cells induced into EMT had a greater than fivefold

higher CREB3L1 expression than those that were not (Fig. 5d). Consistently, expression of CREB3L I

was highest in breast tumors that have both active PERK signaling and EMT signaling (Fig. 5e).

Furthermore, expression of CREB3L1 is predictive of distant metastasis-free survival in patients with
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triple-negative breast cancer of the mesenchymal subtype, which is usually enriched for pathways

associated with EMT (Supplementary Fig. 9) (29).

We next further dissected which component of EMT signaling cooperates with PERK signaling

to induce CREB3L1. Using the proteomic interaction database, Biogrid, we found that ATF4 might

interact with Fra- 1, a potent EMT transcription factor (30, 31). By performing co-immunoprecipitation,

we validated that ATF4 interacts with Fra-1 in HMLE cells (Fig. 5f). Double overexpression of ATF4 and

Fra-1 strongly induces the expression of CREB3L1 in non-EMT HMLE cells, while single

overexpression of either gene is not sufficient to induce CREB3L1 (Fig. 5g and Supplementary Fig. 10).

These results suggested that PERK signaling requires EMT to upregulate CREB3L1 through an ATF4-

Fra-I interaction.
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Chapter 3.4: Discussion

The present findings establish CREB3L1 as a key downstream mediator of PERK's pro-

metastatic function in cancers. CREB3L l's unique mode of activation makes it amenable-unlike the

vast majority of transcription factors-to inhibition by small molecules. Thus, our findings identify a

viable new avenue for therapeutically targeting the PERK pathway in cancer.

The phenotypes observed in prior studies with transgenic mice provide strong support for the

notion that targeting CREB3L1 would circumvent the toxicities associated with PERK inhibitors. While

CREB3L 1-knockout mice only have bone defects (28), PERK-knockout mice exhibit not only these bone

defects, but also reduced birth rates and develop diabetes (15, 16, 32, 33). Additionally, mice lacking

ATF4-which is upstream of CREB3L1 but downstream of PERK-also have bone defects, lower birth

rates, and develop anemia (34, 35, 36, 37). These additional deficiencies strongly suggest that both PERK

and ATF4 have CREB3L 1-independent functions. In fact, in addition to activating CREB31I, PERK also

activates NRF2-a transcriptional regulator of the cellular antioxidant response (38)-whereas ATF4 also

activates the transcription of CHOP and BiP (39). These observations are in consonance with the general

principle that upstream components of signaling pathways typically have more pleotropic effects when

compared to downstream components.

While our results provide a proof-of-concept for inhibiting PERK-CREB3LI signaling in vivo,

the use of site 1 protease (S 1 P) inhibitors may raise concerns regarding drug specificity. Three additional

ER-bound transcription factors, ATF6 and SREBP-1/2, are also affected by agents that inhibit SI P/S2P-

mediated proteolysis (40). However, our data indicate that these factors are not required for cell invasion,

precluding their role in mediating the anti-invasive effects of AEBSF in our experiments. Moreover,

Nelfinavir, a S2P inhibitor used in treating HIV patients, has been well tolerated in clinical trials4 1,

indicating that inhibition of ATF6 and SREBP- 1 is not likely to be problematic in patients.

Defects in ECM remodeling are hallmarks of human diseases-including cancer and fibrosis (42,

43)-and are frequently associated with increased UPR signaling2'44. Our findings provide the first

molecular explanation for how PERK might regulate ECM remodeling, namely through activation of

CREBL1. Consistent with this model, Sl P inhibition-which would inhibit CREB3LI-has also been

shown to significantly decrease expression of ECM genes, including COLJAJ, COLJA2, and FNJ (27).

This model also explains the bone defects observed in CREB3L 1, ATF4, and PERK-knockout mice. The

primary function of osteoblasts is to produce ECM, which spontaneously mineralizes to form bone (45).

Our results would suggest that these bone defects arise because osteoblasts in CREB3L1, ATF4, and

PERK-knockout mice produce insufficient ECM (36,37). In fact, a prior study has shown that expression

of COLJA] and COL]A2 is significantly reduced in CREB3L1-knockout mice (28)-consistent with our

finding that CREB3L1 regulates these collagens in invasive cancer cells.
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Our observations indicate that the signaling downstream of PERK activation is highly dependent

on the differentiation state of cancer cells. Thus, while PERK induces CREB3L1 in cancer cells that have

undergone an EMT, it fails to do so in cells that have not undergone an EMT. Consistent with this,

although PERK is required for invasion in cancer cells that have undergone an EMT, its activation is

insufficient to drive invasion in a non-EMT context (13). This suggests that CREB3L1 specifically

promotes metastasis in tumors that have activated both PERK signaling and the EMT program. This

observation may provide an explanation for the conflicting reports in the literature regarding CREB3L1 's

role in metastasis (18, 19). More generally, our findings suggest that the ability of stress signaling to

promote metastasis will depend on the differentiation state of tumors.

Our observations provide a new avenue for treating the mesenchymal subtype of triple-negative

breast cancers (TNBC). As a class, TNBCs afford a relatively poor prognosis, and are therefore the focus

of molecular subtyping and drug development efforts (29, 46). We have found that CREB3L 1 expression

strongly correlates with the metastatic potential of this subtype of TNBCs. Since the mechanism through

which CREB3L1 is activated can be effectively targeted by small-molecule inhibitors, our findings

suggest a promising new therapeutic strategy for this clinically important subtype of breast cancer.
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Chapter 3.5: Methods

Human cell lines and culture conditions

MCF7, T47D, BT474, BT549, ZR-75-30, Hs578T, MDA-MB-157, and MDA.MB.231 were

obtained from the American Type Culture Collection (ATCC), and were cultured in DMEM + 10% FBS.

SUM 159 cells were obtained from Asterand, and were cultured in F 12 +5% FBS, insulin (10 pg/ml), and

hydrocortisone (0.5 pg/ml). MDA.MB.231-luc-LM2 (LM2) cells were a kind gift from Dr Joan Massague

and cultured in DMEM + 10% FBS. HMLE cells expressing the coding sequence of Twisti fused to the

mutated estrogen receptor (HMLE-TwER) were obtained from Dr Robert A. Weinberg's lab, and

maintained in a 1:1 mixture of DMEM + 10% FBS, insulin (10 pg/ml), hydrocortisone (0.5 pg/ml), EGF

(10 ng/ml), and MEGM. To induce an EMT, the HMLE cells were treated with 25 nM of 4-hydroxy-

tamoxifen (4-OHT) for a period of 12 days.

Lentiviral production and infection

Lentiviral particles were produced by co-transfection with 0.25 pg pCMV-VSV-G, 0.75 pg

pCMV-dR8.2-dvpr, and I pg pLKO-shRNAs into 5 x 105 293T cells using 6 p1 Fugene 6. Cell culture

media of 293T cells were harvested 24, 48, and 72 h post transfection. After harvesting, lentiviral

transduction was performed in the presence of protamine sulfate by spin infecting for 1 h, then incubating

overnight. Following transduction, cells were selected using puromycin or blasticidin.

Plasmids

pCW-ATF4 was generated by digesting pCW57.1 (Addgene plasmid #41393) with NheI and

Agel. ATF4-3xFlag-V5 was amplified with NheI and Agel overhangs and digested to insert into cut

pCW57.1. pCW-CREB3L A 3 7 5-51 9 was generated by cloning CREB3L1I without the amino acids between

position 375 and the C-terminus with NheI and Agel overhangs, digested, and inserted into pCW57.1 cut

with NheI and Agel. shATF4 and shCREB3L1 plasmids were from the Broad Institute TRC platform.

pLX304-FOSLI-3xFlag-V5 was generated by digesting pLX304 (Addgene plasmid #25890) with BamHI

and NheI. FOSL1-3xFlag-V5 was amplified with BamHI and NheI overhangs and digested to insert into

cut pLX304. Cleaved N-terminus of ATF6 (1-373) and cleaved N-terminus of SREBP-1-c (1-490) were

from Addgene (Ron Prywes lab, Addgene plasmid #27173, and Timothy Osborne lab, Addgene plasmid

#26802). The pCW57.1 plasmid was a gift from David Root (Addgene plasmid #41393) and pLKO.1-

blast plasmid was a gift from Keith Mostov (Addgene plasmid #26655).

Western blot and co-immunoprecipitation
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Western blotting was performed according to a previous study with the following modifications

(13). Cultured cells were washed twice with PBS and lysed in radioimmunoprecipitation assay buffer for

15 min on ice. Cell lysates were clarified by centrifugation at 12,000xg for 10 min, and protein

concentration was determined by the BCA Reagent. Lysates were separated on NuPAGE 4-12% Bis-Tris

gel electrophoresis, proteins were then transferred to nitrocellulose membrane and immunoblotted with

indicated antibodies. All immunoblots were visualized by enhanced chemiluminescence. Antibodies used

for immunoblotting were as follows: ATF4 (Cell Signaling, 11815, 1:1000), Flag (Sigma, M2 clone,

1:10,000), GAPDH (Cell Signaling, 3683, 1:2000), p-FAK (Cell Signaling, 8556 and 3281, 1:1000),

Total FAK (Cell Signaling, 13009, 1:2000), and Fra- 1 (Cell Signaling, 5281, 1:1000). In collagen rescue

experiments, culture plates were coated with type I collagen (EMD, CC050) for 1 h at room temperature.

Subsequently, 105 cells were seeded onto the collagen and grown for 24 h before protein harvest. In co-

immunoprecipitation experiments, 5 x 107 cells were seeded 24 h prior to harvesting. Whole cell lysate

was collected and incubated with 10 pl anti-Flag antibodies and 50 ptl Dynabeads Protein G, or 10 pl anti-

Fra-1 antibodies and 50 pl Dynabeads Protein A, respectively, for 24 h at 4 *C. Immunoprecipitants were

eluted and analyzed by western blot. Raw data of all western blots were included in Supplementary

Fig. 11.

In vitro transwell assay

To assay migratory and invasive potential, we used a 24-well 8-ptm pore transwell plate coated

without or with Matrigel, respectively (Corning Inc.). Briefly, we seeded 5 x 104 cells in the upper

chamber, and incubated the cells for 8 h before removing cells on the upper surface of the chamber to

count the number of cells that migrated onto the lower surface of the chamber. We use crystal violet

staining (Sigma-Aldrich) to label cells, and imaged five random fields per well with a microscope at x 10.

Images were then quantified using ImageJ.

In vitro wound healing migration assay

Total of 5 x 105 cells were seeded in six-well plate 12 h prior to wound cutting. A 200 p1 pipette

tip was used to make scratches on the single cell layer. Images of cells were taken immediately or 8 h

after wound cutting. All images were analyzed using ImageJ.

3D invasion assay

Basement membrane remodeling was assessed by seeding cells in growth factor reduced Matrigel

(BD Biosciences). Matrigel was thawed at 4 'C. Then 100 pl of Matrigel was added to each chamber and

allowed to solidify at 37 *C with 5% CO2 in a humidified incubator for 30 min. A total of 500 single cells
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in a 200 pl suspension was seeded onto the initial layer of Matrigel and allowed to settle for 20 min. An

aliquot of 200 pl of media supplemented with 10% Matrigel was gently layered on top. An aliquot of

200 pl of media was replaced every 4 days. Cultures were fixed and imaged 7 days after growth. Spheres

were binned into three categories based on invasiveness: benign, intermediate, and invasive. Benign

spheres were defined as structures with no visible cellular protrusions, intermediate spheres were defined

as structures with protrusions extending from a central colony, and invasive structures were defined as

fully scattered colonies.

Spontaneous metastasis assay

NOD/SCID mice were purchased from Jackson Labs. All mouse procedures were approved by

the Animal Care and Use Committees of the Massachusetts Institute of Technology. For the spontaneous

metastasis assay, I x 106 MDA.MD.23 1 -LM2 cells were suspended in 50 Pl 1:1 mix of Matrigel and

DMEM, and injected into a mammary pad of each mouse. Animals were randomized by weight before

treatment. After 7 weeks, mice were weighed. Tumors and lungs were harvested 7 weeks after injection.

To measure metastases, freshly collected lungs were soaked in D-Luciferin (150 pg/ml; PerkinElmer) for

15 min and imaged with the IVIS system (PerkinElmer) at non-saturating exposures. Radiance was

quantified with LivingImage v4.4 software. Tumors were weighed after collection.

Drug treatment

In the chemical treatment experiment, 2 weeks after tumor cells implantation, 200 p1l pure PBS or

PBS with 1 mg of AEBSF was administrated daily through i.p. injection into the animals for a period of 4

weeks.

Immunohistochemistry and human tissue microarray

All immunohistochemistry was performed at the Koch Institute Histology Core using the Thermo

Scientific IHC Autostainer 360 (Thermo). Tumors obtained from the spontaneous metastasis assay were

fixed in 10% neutral-buffered formalin, and then embedded in paraffin. Paraffin-embedded tumors were

sectioned at 5 pm for histological analyses. Immunohistochemistry for Ki67 and GFP was performed.

Stained sections were imaged and quantified. Briefly, two fields were scored per animal, resulting in a

total of 10 fields per group. On each cross-section, -5% of the total area was scored for GFP positivity

using ImageJ. Scores were normalized to the mean of the control group to calculate relative lung

metastasis. Tissue microarrays were ordered from Biomax (BR1001Od). Immunohistochemistry for

CREB3L1 and phosphorylated PERK (pPERK) was performed. CREB3LI and pPERK staining was

independently quantified in a blinded manner. Antibodies used in IHC were: GFP (Cell Signaling, 2956,
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1:100), CREB3L 1 (R&D systems, AF4080, 1:100), Ki67 (Cell Signaling, 9449, 1:250), and pPERK

(PIERCE CHEMICAL MS, PA537773, 1:100).

Quantification of circulating tumor cells

A total of 1 x 106 luciferase-labeled MDA.MB.231-LM2 cells was inoculated into the fat pad of

NOD/SCID mice. Seven weeks post tumor implantation, 400 pil of peripheral blood samples was

collected. Blood samples were centrifuged at 1000 xg to precipitate the cell fractions. An aliquot of 1 ml

of red blood cell lysis buffer (Stemcell Technology) was applied to resuspend the pellet on ice for 5 min.

The samples were then centrifuged again at 2000 rpm. An aliquot of 200 pl PBS containing luciferin was

used to resuspend the pellet, and luciferase activity of all samples were immediately measured using the

IVIS imaging system. To quantify the number of luciferase-positive cells, different numbers of

MDA.MB.231-LM2 cells, 1000, 333, 111, 37, and 12, were mixed with 400 pl of blood samples from

tumor-free NOD/SCID mouse, respectively, and followed by the same purification and measurement

processes mentioned above. A linear relationship between luciferase activity and cell number was then

generated by linear regression, and the number of luciferase-positive circulating tumor cells from tumor-

bearing mice were then calculated.

GSEA and gene ontology analysis

We defined the PERK gene set as the top 400 genes downregulated in an ATF4 knockout MEFs

relative to wild-type MEFs following thapsigargin treatment (GSE35681). Gene symbols were converted

to human genes that overlapped with those in the TCGA data set, which left 388 remaining symbols.

Gene ontology enrichment analysis for cellular components was performed using the molecular signature

database. Gene set enrichment analysis was performed using the GSEA software developed by the Broad

Institute. PERKhigh patients were defined as those whose scores for the PERK gene set ranked in the top

half. Subsequently, these PERKhigh patients were ranked based on CREB3LI expression. For each gene,

expression from the top half (CREB3L 1 high) of PERKhigh tumors were compared to those from the bottom

half (CREB3Lw) of PERKhigh tumors. Gene set enrichment analysis was performed using hallmark gene

sets provided by the molecular signature database on the ranked list of genes produced by comparing

CREB3LI high to CREB3L Vow.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was previously performed by the ENCODE Project using a

CREB3LI antibody (Sigma-Aldrich, HPA024069) as described (21). Library was downloaded from

ascension ENCLB300HOB. Reads were aligned to the human genome build GRCh38 with up to one
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mismatch. Chip-seq peaks were identified using MACS2 with a q value threshold of 0.01. q value was

calculated using the Benjamini-Hochberg procedure. Each peak was annotated with the closest associated

gene using HOMER. CSPS bound genes were considered overlapping with H3K27ac if they directly

overlapped an H3K27ac peak. Distribution, as a fold change of CREB3L 1 signal relative to input signal,

and peaks were displayed using UCSC genome browser for hg38.

Primary tumor and metastasis gene expression analyses

Normalized RNA-seq data were obtained from https://gdac.broadinstitute.org/. Data were log

transformed after adding a pseudocount. Gene expression for PERK signature genes was binned into

normal samples or tumor samples and was plotted as a heat map using GENE-E. For each gene, a p value

and the difference in log transformed expression between cancer and normal was calculated.

For CREB3L1 expression across PERK and EMT bins, TCGA tumors were first binned into PERK-high

or PERK-low bins based on if they were in the top 33 percentile or the bottom 33 percentile, respectively.

For each PERK bin, EMT signaling was categorized as high or low if it was in the top 33 percentile of the

bin or the bottom 33 percentile of the bin. For each tumor in each respective bin, CREB3L1 expression

was plotted.

For primary tumor vs. metastasis comparisons, GSE20565, GSE20685, GSE7904, and GSE37444

were downloaded and quantile normalized. CREB3L 1 expression across metastatic sites was compared to

expression in primary tumors.

Survival analysis

Clinical survival analyses were performed through an online tool, KMplotter (kmplot.com) (47).

The information of data sets used was included in Fig. 1. To calculate a score for the signatures, average

gene expression for each signature was determined. Patients were binned into those in the top tertile and

those in the bottom tertile for the signature score. Data were plotted as a Kaplan-Meier curve.

Statistics

All statistical analyses were performed using Graphpad Prism software. All data unless otherwise

specified are presented as mean s.e.m. A two-tailed Student's (-test was performed for comparisons

between two groups of data. Significance of gene ontological enrichment was calculated using the

hypergeometric test. Statistical significance of Kaplan-Meier survival analysis was calculated using the

log-rank test. Significance of CREB3L1 binding to the CSPS genes was calculated using the binomial

test. For each gene in tumor vs. normal comparisons, pvalues were calculated using a Student's (-test,

where only those that surpassed the Bonferroni-corrected threshold were considered significant.
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Data availability

The data that support the findings of this study are available from the corresponding authors on

reasonable request.
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Chapter 3.8: Figures and Tables
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dots). b A heat map showing the expression of the CSPS genes across 112 normal breast samples and 1093
breast tumors. c-e Average expression of CSPS genes was used to examine survival in breast, lung, and
gastric tumor data sets. Patients were binned into CSPS high (top tertile) and CSPS low (bottom tertile), and
survival curves were plotted. A cohort of e breast cancers was analyzed for metastasis-free survival
(GSE17907, GSE9195, GSE20685, GSE16446, and GSE19615, n = 182 for each arm). A cohort of d lung
cancers and e gastric cancers were analyzed for progression-free survival (lung cancer: GSE8894,
GSE50081, GSE29013, and GSE31210, n = 195 for each arm; gastric cancer: GSE22377, GSE15459, and
GSE62254, n = 167 for each arm). The indicated p-values were calculated using the log-rank test
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Fig. 2 CREB3L1 upregulates cancer-specific PERK genes and is required for invasion. a Distribution of
CREB3LI ChIP-seq fold-enrichment over input control, along with called-peaks, at the locus of CSPS genes.
Shown were the CREB3L1 peaks for three CSPS genes: MMP 11, COLlA2, and SLC20A1. b A pie chart
showing the fraction of CREB3L1 ChIP-Seq peaks from the CSPS genes that were co-localized with
acetylated H3K27. c qPCR showing the relative expression of the CSPS genes shown in a in SUM159 and
MDA.MB.231 cells transduced with shRNAs targeting luciferase or CREB3L1, n = 4. d Quantification of the
cell invasion of SUM159 cells transduced with shRNAs targeting luciferase or CREB3L1 in a basement
membrane-coated transwell assay, n = 3. e Left panel: quantification of colony types formed by SUM159
cells transduced with shRNAs targeting luciferase or CREB3L1 in a 7-day 3D Matrigel invasion
assay, n = 50; right panel: representative images of benign, intermediate, and invasive colonies (scale bar:
80 tm). f Schematic of full-length CREB3L1 and CREB3L A375-519. gQuantification of cell invasion of
HMLE cells transduced with control plasmid or a constitutive active form of CREB3L1 (CREB3L1 A375-519

in a basement membrane-coated transwell assay, n = 3. h Western blotting of phospho-FAK (pY397 and
pY5 76), total FAK, and Actin in SUM159 cells transduced with shRNAs targeting luciferase or
CREB3L1. iQuantification of cell migration of SUM159 cells transduced with shRNAs targeting luciferase
or CREB3L1 treated with the indicated conditions, n = 8. Data are represented as mean SEM. *
indicates p <0.05; ** indicates p <0.01 (Student's t-test)
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Fig. 3 CREB3L1 is required for metastasis and is upregulated in the metastases of breast cancer patients. a A
quantification of circulating tumor cells (CTCs) per ml of blood from NOD/SCID mice 7 weeks after being
transplanted with MDA.MB.23 1 -Luc-LM2 cells transduced with shRNAs targeting LacZ or
CREB3LI, n = 5. b Lung metastases of the animals in a were quantified (top) by radiance of the whole lung
in each animal, n = 5. Total radiance was also imaged (bottom). c Lung metastases of the animals in a was
gauged by immunohistochemistry staining for GFP-positive cancer cells in lung sections. GFP area per field
was quantified (top) and imaged (bottom), n = 10,10,9 for Ctrl, shl, and sh2, respectively (scale bar:
40 gm). d Expression of CREB3L1 in 529 primary breast cancer tissues and 45 breast cancer metastases
(GSE20565, GSE20685, GSE7904, and GSE3744) shown as a box-and-whiskers
plot. e Immunohistochemical staining for CREB3L1 in a tissue microarray containing primary breast cancer
tissues (left, n = 50) and breast cancer metastases in lymph nodes (middle, n = 50). Nuclear CREB3L1 levels
were quantified (right). Scale bar: 40 jim. Data are represented as mean + SEM or the mean alone. *
indicates p <0.05; ** indicates p < 0.01 (Student's t-test)
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Fig. 4 Chemical inhibition of CREB3L1 blocks metastasis. a A western blot of CREB3L1 expression in full-
length CREB3L1 or CREB3L1A371-19 transduced SUM159 cells that were treated with solvent control or a
SIP inhibitor, AEBSF. b SUM159 cells transduced with control or CREB3LlA 37 5-519 were treated with
solvent control or AEBSF. qPCR analyses were performed to quantify the expression of ECM
genes: COLJAJ and COLJA2. The gene expression was normalized to the solvent-treated control
transduction samples, n = 3. c Western blot of phosphorylated FAK (pY397 and pY576), total FAK, and
Tubulin in cells of b. d Quantification of cell invasion of cells from b in a basement membrane-coated
transwell assay, n =3. e Two weeks after orthotopical transplantation with control or CREB3L1 A375-

519 transduced MDA.MB.23 1 -Luc-LM2 cells, NOD/SCID mice were treated with solvent control or AEBSF
for another 4 weeks. Lung metastases of the animals were gauged by radiance from the whole lung in each
animal, n = 9. Data are represented as mean SEM or geometric mean alone. * indicates p <0.05; **
indicates p <0.01 (Student's t-test)
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Fig. 5 PERK signaling requires an EMT to upregulate CREB3L1. a qPCR showing the relative expression of
CREB3L1 in SUM159 and MDA.MB.231 cells transduced with shRNAs targeting luciferase or ATF4, n = 3.
Data are represented as mean SEM. * indicates p <0.05; ** indicates p <0.01 (Student's t-test). b qPCR
showing the relative expression of CREB3LI in HMLE and T47D cells transduced with a control plasmid or
ATF4-expressing plasmid (ATF40E), n = 3. Data are represented as mean SEM. * indicates p <0.05; **
indicates p <0.01 (Student's t-test). c A set of 546 breast cancers (TCGA) expressing high levels of PERK
pathway genes (PERKhigh tumors, see "Methods" section for details) were stratified into CREB3L1 -high and
CREB3L1-low cohorts, according to the expression of CREB3L1. Gene set enrichment analysis using the
hallmark gene sets was performed to compare the CREB3L1 -high and CREB3L1 -low tumors (left). The top
hallmark gene set was an EMT set (right). D qPCR showing the relative expression of CREB3LI in HMLE
cells overexpressing ATF4 with or without induction of an EMT, n = 3. Data are represented as mean SEM.
* indicates p <0.05; ** indicates p <0.01 (Student's t-test). e Expression of CREB3L1 in breast cancers
(TCGA) that have differential levels of PERK signaling and EMT signaling as indicated. Data are
represented as a box-and-whiskers plot, n = 122. * indicates p <0.05; ** indicates p <0.01 (Mann-
Whitney U-test). f HMLE cells were transduced with ATF4 and Fra-1 expressing constructs. Western blot
for ATF4 or Fra- 1 after immunoprecipitation of either ATF4 or Fra-1, which shows that these factors co-
immunoprecipitate each other. g qPCR showing the relative expression of CREB3L1 in HMLE cells
overexpressing control, ATF4, Fra-1, or a combination of ATF4 and Fra-1, n = 3. Data are represented as
mean SEM. * indicates p <0.05; ** indicates p <0.01 (Student's (-test)
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Chapter 3.9: Supplemental Data

Supplementary Table 1. The list of 388 PERK-ATF4 downstream genes.
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Supplementary Figure 1. PERK is phosphorylated in primary breast cancer and induces the expression of
cancer-specific PERK genes (a) IHC staining for phosphorylated PERK in a set of 50 breast cancer samples
(Biomax, #BR1001Od). Phosphorylation of PERK was found in 35 out of 50 primary breast cancer tissue
samples. Shown was a representative image of staining (scale bar: 40 gm). (b) qPCR showing the fold change of
the expression of 23 cancer-specific PERK genes in SUM159 cells treated with GSK2656157, a PERK inhibitor,
relative to vehicle control-treated cells, n=3. Data are represented as mean SEM. Red dot indicates p<0.05
(Student's t-test).
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Supplementary Figure 2. CREB3L1 regulates the expression of Cancer-Specific PERK genes (a)
Distribution of CREB3L1 ChIP-seq fold-enrichment over input control at the locus of three CSPS genes, FNi,
MTHFD2, and TMED3. (b) Western blot showing the expression of CREB3L1 in SUM159 and MDA.MB.231
cells transduced with shRNAs targeting luciferase or CREB3L1. (c) Heatmap showing the fold change of the
expression of 13 putative CREB3Ll-target genes in SUM159 and MDA.MB.231 cells transduced with shRNAs
targeting CREB3L1, relative to control shRNA-transduced cells, n=4. Genes that were significantly down-
regulated by both shRNAs in both cell lines were marked in blue.
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Supplementary Figure 3. CREB3L1 is up-regulated in invasive breast cancer cell lines and required for
cell invasion (a) qPCR showing the relative expression of CREB3L1 in 4 luminal human breast cancer cells,
MCF7, T47D, BT474, and ZR-75-3, and 5 basal-B cell lines, SUM159, MDA.MB.231, MDA.MB.157, BT549,
and Hs578T, n=3. Data are represented as mean SEM. * indicates p<0.05; **indicates p<0.01 (Student's t-
test). (b) Quantification of cell invasion of MDA.MB.231 cells transduced with shRNAs targeting luciferase or
CREB3LI in a basement membrane-coated trans-well assay, n=3. Data are represented as mean SEM. *
indicates p<0.05; **indicates p<0.0I (Student's -test). (c) and (d) Quantification of cell growth of SUM159
cells (c) or MDA.MB.231 cells (d) transduced with shRNAs targeting luciferase or CREB3L1, n=3. (e)
Quantification of colony types formed by MDA.MB.231 cells transduced with shRNAs targeting luciferase or
CREB3L1 in a seven day 3D matrigel invasion assay, n=50. p=0.0022 for shl and p=0.0139 for sh2, Chi-square
test. (f) Western blot showing the uncleaved and cleaved CREB3L1 in MCF7, T47D, SUM159, MDA.MB.231,
BT549, and Hs578T cells. (g) Western blot showing the expression of truncated CREB3L1 in HMLE cells
overexpressing flag tagged CREB3 LlA375-519. (h) Quantification of colony types formed by MDA.MB.231
cells transduced with an shRNA targeting luciferase, an shRNA targeting CREB3L1, or an shRNA targeting
CREB3L1 and a construct expressing flag tagged CREB3LlA375-519 in a seven day 3D matrigel invasion
assay, n=50. p=0.0017 comparing Ctrl vs shCREB3L1, p=0.07 comparing Ctrl vs shCREB3L1+A375-519, and
p=0.04 comparing shCREB3L1 vs shCREB3LI+A375-519, Chi-square test.
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molecular signature database. Significance is represented as the negative log10 of the p-value. (b) Quantification
of cell migration of SUM159 cells transduced with shRNAs targeting luciferase or CREB3L1 in a trans-well
assay (not Matrigel-coated), n=3. (c) SUM159 cells transduced with shRNAs targeting luciferase or CREB3L1
were cultured in dishes coated with or without type I collagen for 24 hours prior to protein extraction and
western blotting. The expression of phosphorylated FAK and GAPDH were examined by western blot. Data are
represented as mean SEM. * indicates p<0.05; **indicates p<0.01 (Student's t-test).
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targeting CREB3L1. Lines represent the mean, n=5. (b) IHC for Ki67 expression on tumors sections collected
from the mice in (a).
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Supplementary Figure 6. Suppressing CREB3L1 with chemical inhibitors of proteases in vitro
(a) SUM159 cells were treated with solvent control or PF429292, in combination of transduction with control or
CREB3L1A375-519. qPCR analyses were performed to quantify the expression of ECM genes COLJA] and
COLIA2. The gene expression was normalized to the solvent treated control transduction samples, n=3. (b)
Quantification of cell invasion of cells from (a) in a basement membrane-coated trans-well assay, n=3. (c) 16
hours after SUM159 cells were treated with solvent control or AEBSF, in combination of transduction with
control or CREB3L1A375-519, cell number was counted and plotted for cell survival, n=3. (d) 16 hours after
SUM 159 cells were treated with solvent control or PF429242, in combination of transduction with control or
CREB3L1A375-519, cell number was counted and plotted for cell survival, n=3. (e) Western blot showing
expression of FLAG tagged SREBP1 (N terminus 1-490) or HA tagged ATF6 (N terminus 1-373) in SUM159
cells treated with the indicated condition. (f) Quantification of cell invasion of SUMI 59 cells treated with
solvent control or AEBSF, in combination of transduction with control construct, FLAG tagged SREBPI(N
terminus 1-490), or HA tagged ATF6 (N terminus 1-373), in a basement membrane-coated transwell assay, n=3.
Data are represented as mean SEM. * indicates p<0.05; **indicates p<0.01 (Student's t-test).
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Supplementary Figure 7. Effect of chemical inhibition of CREB3L1 on the growth of mouse or the growth
of primary tumors (a) Mouse weights following treatment with AEBSF or solvent control. Mice were
inoculated with MDA.MB.231-Luc-LM2 cells transduced with a control plasmid or a constitutively active
CREB3L1 (CREB3L1 A375-519), n=9. (b) Tumor weights from the conditions described in (a), n=9. * indicates
p<0.05; **indicates p<0.01 (Student's t-test).
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Supplementary Figure 8. Inhibition of PERK reduces the expression of CREB3L1 but does not change its
proteolytic cleavage Western blot showing the expression of uncleaved and cleaved CREB3L1 in SUM159
cells treated with vehicle control or a PERK inhibitor, GSK2656157.
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Supplementary Figure 9. Expression of CREB3L1 predicts distant metastasis-free survival in the
mesenchymal subtype of triple-negative breast cancers Kaplan-Meier curves showing significant association
of elevated CREB3L1 expression (red line) with shorter distant metastasis-free survival in a cohort of patients
with triple-negative breast cancer of the mesenchymal subtype (KMplotter, mesenchymal subtype of TNBC).
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Supplementary Figure 10. Overexpression of ATF4 and Fra-1 in HMLE cells Western blot showing the
expression of ATF4 and Fra- 1 in HMLE cells overexpressing a control construct, ATF4, Fra-1, or a combination
of ATF4 and Fra-1.
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Chapter 4.1: Abstract

Epithelial cells have a remarkable ability to self-organize into architecturally complex tissues

comprising multiple cell lineages. Tissue morphogenesis and differentiation are regulated through

interactions with the extracellular matrix (ECM). Despite this, little is known about the cell-matrix

mechanisms that direct mammary stem cell (MaSC) fate decisions and differentiation. Here we show that

the collagen receptor DDR1 coordinates stem cell differentiation and heterotypic JaggedI-Notch

signaling to drive luminal differentiation and TDLU morphogenesis. In a 3D CRISPR organoid screen

targeting all human kinases, we identified the collagen receptor DDR1 as a key component of the

signaling cascade that triggers matrix-induced differentiation of bipotent mammary stem cells. By

integrating functional assays with single-cell RNA sequencing (scRNA-seq) of primary human tissues

cultured ex vivo, we show that DDR1 is required for stem cell differentiation into the basal cell lineage.

Furthermore, we show that DDR1 also indirectly stimulates luminal Notch signaling to drive

lobulogenesis by activating JAG 1 expression in basal cells. These findings establish how ECM signals are

transduced in a bilayered tissue from the basal to luminal cell lineages to coordinate duct and lobule

growth. More generally, these findings suggest that DDRl may coordinate collagen and Notch signaling

to regulate multi-lineage differentiation and morphogenesis across diverse tissues.
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Chapter 4.2: Introduction

The mammary gland undergoes dynamic changes beginning from its initial expansion during

puberty, to fluctuations in proliferation and apoptosis during cyclical hormonal estrous cycles, ultimately

to the robust expansion and terminal differentiation at pregnancy and lactation. Since the epithelial

portion of the mammary gland must endure enormous cellular output to meet the demands of regenerative

cycles and successive pregnancy and lactation, mammary stem cells (MaSCs) sustain the regenerative

properties of mammary epithelial tissue (1-4).

The mammary epithelium is a complex bilayered network of ducts and lobules each comprised of

an inner luminal layer of cells and an outer myoepithelial layer of cells. It also harbors stem and

progenitor cells, which are the source of both differentiated luminal and myoepithelial cells. This

bilayered epithelium is enveloped within a rich ECM, making the cell-matrix interface pivotal in

controlling both cell function and tissue structure of the gland. While cell-matrix interactions have a

critical role throughout mammary tissue formation, little is known about how these interactions affect

mammary stem cell fate and differentiation. In addition, it is unclear how matrix signals are transduced in

a bilayered tissue from the basal to luminal cell lineages to coordinate ductal and lobular growth.

Defining key mechanisms of stem cell-matrix interactions has relied on transgenic animal studies

and limited tissue culture methods. Recently, we developed a novel 3D hydrogel culture that supports the

growth and maturation of human mammary tissues derived from MaSCs within a matrix scaffold (5). The

mammary tissues expanded in these cultures faithfully model the intricate architecture, cell lineages, and

hormonal responses of human breast tissue (5). Since these hydrogel matrices contain only defined and

physiologically relevant components and make it possible to access, visualize, and manipulate the

expanding tissues, they provide a unique opportunity for delineating the genes and signaling networks

that regulate stem cells-matrix interactions in human mammary tissue, as well as both lineage- and

architecture-committed progenitors.

Using this new method, we performed a loss-of-function screen in which a cell line model of

multi-potent MaSCs undergoes differentiation in 3D. Our screen revealed that the collagen receptor,

discoidin domain receptor tyrosine kinase- DDRI, is required for MaSC differentiation. Using single-cell

RNA sequencing (scRNA-seq) on patient-derived mammary tissues grown in hydrogels (5, 6), we show

that DDR1 mediates the transition of MaSCs into unipotent basal progenitors. Furthermore, we

demonstrate that lineage-committed basal cells express the Notch receptor ligand, JAG 1, which activates

Notch signaling in luminal progenitor cells, allowing for lobular maturation (7-9). Our findings elucidate

a DDRI -JAG1-Notch axis critical for transducing matrix signal via stem cells to coordinate bilayered

mammary epithelial differentiation and morphogenesis.
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Chapter 4.3: Results and Discussion

A CRISPR screen in 3D culture identifies kinases involved in mammary epithelial cell

differentiation

We previously reported that the MCF 1 A cell line serves as a model of human bipotent MaSCs

(10). When seeded into 3D matrix hydrogels, MCF1OA cells give rise to 3D organoids that mature and

differentiate into complex ductal, lobular, and ductal-lobular tissue rudiments that resemble analogous

structures within mammary gland tissue. Furthermore, as MCF1OA cells mature and differentiate, they

lose the ability to self-renew and reseed new cultures. As such, inhibition of MCF 1 A differentiation

leads to the ability of organoids to retain their self-renewal activity and reseed secondary cultures (10)

(Figure 1 A). Because of this property, we have previously identified factors required for MaSCs to exit

the bipotent state and differentiate (10).

To investigate cell-matrix interactions pivotal for MaSC differentiation, we exploited this loss of

organoid re-seeding activity as a platform to perform a loss-of-function screen to identify novel pathways

involved in mammary stem cell differentiation (Fig 1A). We chose to screen actionable targets using a

custom pooled CRISPR sgRNA library containing 5070 guides targeting 507 kinases (11). We then

transduced MCF1OA cells with the pooled sgRNA library or control uninfected cells. Infected cells were

seeded in hydrogels and allowed to form organoids. Primary organoids were dissociated, re-seeded and

allowed to form secondary organoids. The number of secondary organoids increased dramatically in

sgRNA library-infected MCF1OA cells, compared to control cells (Fig IB). To identify the kinases

inhibiting differentiation, we sequenced the sgRNAs in the secondary organoids and in the original pool

of 2D cultured cells. For each gene, we calculated the average log-fold change in representation of

sgRNAs between secondary organoids and 2D cultured cells, and calculated an FDR-adjusted p-value

using RIGER (Fig IC).

Using this approach, we identified 33 kinases enriched in secondary organoids relative to controls

(Table Si). We noted that several kinases (FYN (12), MAPK7 (13), and MAP3K7 (14)) have been

implicated previously cellular differentiation validating the robustness of the approach. Indeed, gene-set

enrichment analysis (GSEA) of the screen "hits" revealed enrichment in previously published gene-

expression profiles of stem cells, further demonstrating that secondary organoid formation is indeed a

valid surrogate marker for the MaSC phenotype (Fig SI).

Of the remaining kinase hits, by far the most significantly enriched gene was the collagen

receptor, DDR 1. In the mouse, DDR I mRNA expression is highest during the two phases of mammary

growth when morphogenesis and differentiation of mammary stem cells are required for mammary gland

development: puberty and pregnancy (15). Interestingly, female mice lacking DDR1 fail to undergo

lobular-alveolar differentiation during pregnancy and exhibit hyperproliferative and abnormal branching
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of mammary ducts (16). These results combined with our screen finding suggest that DDRI might be a

key mediator of the matrix-epithelial cross talk during morphogenesis in the mammary gland and could

be acting as a stem cell regulator. Because DDRI had not been previously implicated in mammary

stem/progenitor biology, we set out to delineate its function in mammary epithelial differentiation.

DDR1 is required for alveolar/lobular morphogenesis and stem/progenitor cell differentiation

To validate the ability of DDRI loss to prevent differentiation, MCF1OA cells were transduced

with two additional independent sgRNAs against DDR1. Consistent with the primary screen, cells lacking

DDR1 expression showed a significant increase in secondary organoid seeding in 3D (Fig 2A, B).

Furthermore, using an independent chemical approach to inhibit DDRI cleavage (DDRli), MCFIOA cells

treated with DDR Ii exhibited the same phenotype of increased secondary organoid formation as those

transduced with sgRNAs against DDRI (Fig S2). Thus, the increase in secondary organoid formation

upon loss of DDRI protein expression was confirmed chemically and genetically. We conclude that in

MCFIOAs, DDRI expression is required for mammary stem cell differentiation.

To investigate the role of DDRl in primary human cells, we seeded freshly dissociated mammary

epithelial cells (MECs) isolated from patient tissue and seeded them in 3D hydrogels. Cultures were

treated in the presence or absence of DDRI i and analyzed after 12 days. While control tissues formed

complex ductal-lobular structures, DDRI inhibition led to a failure of lobular/alveolar formation and

caused the development of breast tissues that contained only ducts (Fig 2C). Since luminal cells drive

lobular/alveolar differentiation (17, 18), we examined whether DDR1 inhibition might be affecting the

number of luminal or luminal progenitor cells. However, there was no reduction in the number of luminal

cells in tissues developing in the absence of DDR I, rather we found a >2-fold increase in the number of

luminal cells (Fig 2D). Therefore, we next examined if release from DDR1 inhibition might induce

lobular/alveolar differentiation. Hydrogel-cultured tissues were treated with DDR Ii for 12 days and then

removed from the inhibitor for an additional 9 days. Indeed, release from DDRl inhibition led to robust

lobular/alveolar differentiation, (Fig 2E) indicating that the failure to form lobule/alveoli upon DDRI

inhibition was due to a defect in luminal progenitor cell differentiation.

We next examined whether defective mammary morphogenesis upon DDR inhibition might be

due to changes in the number of progenitor cells. We assessed stem and progenitor cell number using

colony forming assays on dissociated cells isolated from breast tissues grown in hydrogels in the presence

or absence of DDRI i. In this assay stem and progenitor cells form colonies containing differentiated

luminal or basal cells. DDRI inhibition led to a > 2-fold increase in the proportion of colony-forming

cells (Fig 2F) suggesting that that DDR1 regulates human breast stem/progenitor cell numbers as well as

their differentiation.
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DDR1 inhibition blocks differentiation of both stem and luminal progenitor cells

To determine how DDRI inhibition is affecting breast stem cell biology, we performed scRNA-

seq using Seq-Well (6) to generate a comparative cellular atlas at single-cell resolution on human breast

tissues grown for 14 days in 3D hydrogels under three different conditions: 1) vehicle-treated control, 2)

DDRl -inhibited (DDRI i), and 3) DDRl -inhibited for 12 days followed by release from inhibition for 2

days (DDRl i Rel). We first began by examining the molecular heterogeneity in 14-day human breast

tissue outgrowths. Unsupervised analysis of 1467 cells with greater than 500 genes detected per cell

revealed nine distinct clusters corresponding to different epithelial cell states in 3D human breast tissues

(Figure 3A). Using unbiased clustering analysis, spatial reconstruction of single cell data, and integrated

analysis across all three conditions, classified cells into 8 epithelial clusters based on a unique group of

expressed genes (Fig 3A). Analysis using epithelial lineage-specific cytokeratins (Luminal: KRT8,

KRT18, KRT19/ Basal: KRT14, KRT5) revealed six of the clusters were of the basal lineage (Clusters 0,

1, 2, 3, 5, and 7) while the remaining two clusters were of the luminal linage (Clusters 4 and 6; Fig S3A,

B).

Gene set enrichment analysis (GSEA) further defined cells within Clusters 0, 1 as

undifferentiated stem/progenitor cells within the basal lineage and Cluster 6 as undifferentiated stem/

progenitor cells within the luminal lineage. Additionally, since basal lineage Cluster 1 and luminal lineage

Cluster 6 both displayed high scores for both stem cell and proliferation signatures, these findings

indicated that these populations were active progenitor cells (Fig 3B, C, Fig S3C, Table 1). In contrast,

Cluster 0 only expressed stem cell signatures suggesting it was not an actively proliferating basal stem

cell population. The remaining Clusters (2, 3, 5 and 7) and Cluster 4 consisted of more mature lineage-

restricted differentiated cells of the basal and luminal lineages, respectively (Fig 3B). Luminal Cluster 4

expressed high levels of LTF consistent with mature lobular luminal cells (Fig S3D).

To understand the lineage relationships between cell clusters, we constructed a pseudotemporally

ordered tree using Monocle. This analysis revealed that Cluster 0 had multi-lineage potential giving rise

to both basal and luminal cell lineages, while Cluster 1 was restricted to the basal lineage (Fig 3D).

Likewise, Cluster 6 was restricted to the luminal lineage, giving rise to Cluster 4, which scored further

along the luminal differentiation dimension (Fig 3E). Together, these results suggest that human breast

tissues that grow in 3D retain a stem cell hierarchy with slow dividing bipotent stem cells reside at the

apex of this hierarchy that give rise to lineage-restricted luminal and basal progenitors, whose progeny

ultimately become mature luminal or basal cells.

Having assessed the epithelial hierarchy and their linear relationship to differentiated cells in

normal human breast tissue, we next asked how these states were affected by DDRI activity. Inhibition
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of DDR1 blocked the differentiation of stem cells; there was a dramatic increase the proportion of

bipotent stem cells, with a concomitant decrease in the number of mature basal cells (Fig 3F). In

addition, inhibition of DDRli activity trapped luminal cells in a proliferative progenitor state (Fig 3G, Fig

S3D, Table 1). The fraction of luminal cells increased relative to vehicle treated and there was a

significant increase in the fraction of proliferative luminal progenitors (Fig 3G). Upon release from

DDR1 inhibition for the final two days of culture, expression levels of genes associated with mammary

epithelial differentiation and early development were enriched (Fig 3H). The fraction of bipotent stem

cells decreased and the number of basal progenitors increased (Fig 3E). In addition, we observed a trend

towards an increase in mature luminal cells with concomitant decrease in luminal progenitors.

Collectively, these results indicate that DDR1 is required for the differentiation of basal progenitors from

bi-potent stem cells as well as the differentiation of mature luminal cells from luminal progenitor cells

(Fig 31).

DDR1 affects luminal progenitor cell differentiation by activating Notch

Knowing that DDR 1 inhibition blocked differentiation of both MaSCs into basal progenitors as

well as LPs into mature cells, we next set out to understand how DDR1 transduced its actions from the

basal to luminal cell lineages to coordinate luminal cell maturation and lobular growth (Fig 2D, 3J).

Notably, we found that NOTCH 1 target genes are significantly upregulated upon release from DDR1

inhibition in DDR Ii Rel tissues (Fig 4A). As Notch signaling is required for luminal cell and lobular

differentiation (9), we next investigated what might be driving this change in activation of Notch

signaling. Notch signaling is a conserved pathway that regulates cell fate decisions and is initiated by

binding of a transmembrane ligand (Jagged (JAG) or Delta-like (DLL)) from one cell to a Notch receptor

expressed on adjacent cells. We examined expression of the Notch receptor ligand, JAGI and DLL and

found that, upon inhibition of DDR 1, the expression of JAG 1 decreased dramatically in basal cells (Fig

413). Conversely, release from DDR1 inhibition increased JAGI expression only in basal progenitor and

mature basal cells, but not stem cells or luminal cells (Fig 4C). This basal lineage-restricted upregulation

of JAGI was concomitant with luminal lineage-restricted upregulation of NOTCH1 target genes. This

finding indicates that the matrix-cell interface stimulates JAG 1 expression in basal cells through DDR1

activity, which in turns triggers Notch signaling in adjacent luminal cells.

To directly test this, we stimulated MCFIOA cells with collagen to activate DDR1 and assess

Notch activity. DDR1 activation and phosphorylation was induced upon collagen stimulation as was

activation of Notch cleavage (Fig. 4D). Furthermore, addition of DDR1 inhibitor blocked Notch cleavage

even in the presence of collagen. Similarly, collagen failed to induce Notch cleavage in cells lacking
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DDR1 (DDRI KO) (Fig 4D). Together, these results demonstrate that DDRI activation by collagen is

required for Notch signaling.

Next, we examined whether failure of lobular/alveolar differentiation upon DDR1 inhibition was

due to the lack of Notch activation. Accordingly, we treated patient-derived tissues grown in hydrogels

with a y-secretase inhibitor (GSI), which prevents Notch cleavage and nuclear translocation (19). Indeed,

in the presence of GSI, led to a failure of lobular/alveolar formation and caused the development of breast

tissues that contained only ducts, phenocopying the differentiation defect upon inhibition of DDR1 (Fig

4E, 2C). Taken together, these data indicate that DDR1 is required for the differentiation of bipotent

mammary stem cells into lineage-committed basal progenitors. Lineage-restricted basal cells express the

Notch ligand, JAGI, which is required for activation of Notch signaling in luminal progenitor cells. This

activation of luminal Notch signaling, in turn, induces the maturation of luminal progenitors into mature

lobular luminal cells (Fig 4F).
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Chapter 4.4: Methods

Ethics statement

Primary tissues that would otherwise have been discarded as medical waste following surgery

were obtained in compliance with all relevant laws, using protocols approved by the institutional review

board at Maine Medical Center. All tissues were anonymized before transfer and could not be traced to

specific patients; for this reason, this research was provided exemption status by the Committee on the

Use of Humans as Experimental Subjects at the Massachusetts Institute of Technology. All patients

enrolled in this study signed an informed consent form to agree to participate in this study and for

publication of the results.

Cells culture and preparation of primary patient-derived tissue

MCF1OA cells were obtained from ATCC and cultured in MEGM (Lonza CC-3150)

supplemented with 100 ng/ml cholera toxin (Sigma-Aldrich), IX GlutaMax, and IX Penicillin and

Streptomycin (Gibco).

Reduction mammoplasty tissue samples were mechanically dissociated and then incubated with 3 mg/ml

collagenase (Roche Life Science, Indianapolis, IN, USA) and 0.7 mg/ml hyaluronidase (Sigma-Aldrich,

St. Louis, MO, USA) at 37 'C overnight. Epithelial clusters were disrupted by trituration, washed, and

depleted for fibroblasts.

3D culture

Hydrogels were prepared as previously described (5). Collagen gels were prepared as previously

described (10).

CRISPR-Cas9 screen

Cells were transduced with Cas9 (No. 50661, Addgene) and, subsequently, with a kinase

targeting sgRNA library (No. 51044, Addgene) as previously described (11). pCW-Cas9 was a gift from

Eric Lander & David Sabatini (Addgene plasmid # 50661). Human CRISPR enriched pooled library was

a gift from David Sabatini & Eric Lander (Addgene # 51044). Cells were then seeded and grown in

collagen matrices for 10 days. Then the collagen pads were collected and incubated in 100 ug/ml

collagenase in PBS at 37'C for 10 minutes. The structures were collected by centrifugation (500 RPM, 5

min), trypsinized with 0.25% trypsin for 20-25 minutes at 37'C. Cells were counted in trypan blue, spun

down (500RPM, 5 min), and resuspended in MCF1OA media; 7500 living cells were reseeded into a new

collagen pad. After growth in the new collagen pads for 7 days, collagen pads were harvested to collect

genomic DNA. Libraries were prepared as previously described and submitted for sequencing with a
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HiSeq 2500. Subsequently, libraries were deconvoluted as previously described (11). To calculate sgRNA

abundance for each sample, sgRNA reads were normalized to total reads from the sample. RIGER was

used to calculate an FDR corrected significance via the "second best" metric as previously described (20).

sgRNA representation in secondary organoids was calculated by subtracting the log2 transformed sgRNA

abundance in 3D by the log2 transformed sgRNA abundance in 2D.

Colony assay

Patient-derived mammary tissues were grown in hydrogels for two weeks in the presence or

absence of DDR1 inhibitor (2 ptM; No. 5077, Tocris) (21). Then cells were dissociated to single cells and

plated, cultured, fixed, and stained as previously described, with a modified culture time of one week

(10).

Lentivirus production and infection

Lentivirus production was performed as previously described (22).

Immunofluorescence

Immunofluorescence was performed as previously described (5). Primary antibodies and stains

used in this study were: DAPI (no. D1306, Life Technologies) and Phalloidin-AF647 (no. A22287, Life

Technologies).

Microscopy

Images were captured using a Zeiss LSM 700 (immunofluorescence; Zeiss Microscopy,

Thornwood, NY, USA), a Zeiss LSM 710 (immunofluorescence; Zeiss Microscopy), and a Zeiss

Axiophot 25 (brightfield; Zeiss Microscopy).

Western Blotting

Western blotting was performed as previously described (28). Primary antibodies include anti-

total DDR1 (no. 5583; Cell Signaling Technology), anti-phospho-DDR1 (no. 14531; Cell Signaling

Technology), anti-cleaved NOTCH 1 (no. 4147; Cell Signaling Technology), and anti-p-Tubulin (no.

5346; Cell Signaling Technology).

Flow Cytometry

Flow cytometry analysis was performed according to the manufacturer's protocol (BD

Biosciences), with at least 10000 events captured per analysis. Antibodies used were as follows: PE-
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conjugated anti-CD49f antibody (BDB555736, BD Biosciences), APC-conjugated anti-EPCAM antibody

(BDB347200, BD Biosciences).

Seq-Well single-cell RNA sequencing

Libraries were prepared from single cells from dissociated hydrogel-grown tissues that were

isolated and barcoded using Seq-Well as previously described (23). Sequencing was carried out on an

Illumina NextSeq 500 to achieve paired end reads.

scRNA-seq analysis

Read alignment was performed as previously described (23). Briefly, reads were aligned to

GRCh38, and individual reads from read 2 were tagged by their corresponding read 1 pair using the 12-bp

cellular barcode and the 8-bp UMI. Afterwards, reads were deconvoluted to individual cells using Drop-

seq tools (http://mccarrolllab.com/dropseq). Barcodes and UMIs were collapsed using a Hamming

distance of 1 to obtain a digital gene expression matrix. For each cell within the digital gene expression

matrix, UMI-collapsed gene expression was normalized by scaling by the total number of transcripts and

multiplying by a factor of 10000. Scaled gene expression was then natural-log transformed.

The Seurat package was used to perform clustering analysis (24). First, cells with less than 500

genes and with mitochondrial content greater than 7.5% were removed from the analysis. Genes detected

in less than 3 cells were dropped from the analysis. 7193 highly variable genes, selected using the

MeanVarPlot function in Seurat with a low cutoff of 0.0125 and a high cutoff of 5 for dispersion and an

average expression cutoff of 0.4, were used to perform principle component analysis. The top 8 principle

components were used to perform t-distributed stochastic neighbor embedding (tSNE) analysis. Clusters

were called using the FindClusters function with a resolution of 1 (24). Clusters corresponding the

indicated clusters were classified using gene set enrichment analysis (GSEA) with the input being a pre-

ranked list of gene enrichment in a specific cluster relative to all the remaining cells (25). NOTCHI peaks

were defined from the NOTCH 1 dynamics peaks bed file from Wang et al (26). Genes associated with

peaks were defined by HOMER using the annotatePeaks command (27). Additionally, to calculate p-

values for individual genes, we applied the likelihood ratio test (LRT). To highlight cell cycle genes, we

used genes from Macasko et al (23). To identify significantly enriched overlaps, we used the piano

package to perform overlap analysis on Bonferroni corrected significant genes. Significant genes were

selected from the DDR1 -inh treated cells relative to the cells from the remaining conditions and from the

DDR I -inh released cells relative to the remaining conditions. The Monocle package was used to perform

lineage trajectory reconstruction using the default settings (28). Cells from clusters identified from the

Seurat analysis were colored in lineage trajectory reconstruction based on their respective clusters.
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Statistics

All statistics, excluding those performed for single cell and screen analyses, were performed

using GraphPad Prism.
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Chapter 4.7: Figures and Tables
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Figure 1. A CRISPR screen in mammary organoids for regulators of stem/progenitor cell differentiation. (A)
Schematic of pooled CRISPR screening strategy in organoids. After ten days of 3D culture, primary organoids
are extracted from the collagen matrix, dissociated to single cells, and reseeded into secondary cultures. Note
that uninfected control cells differentiate in primary 3D culture, and are incapable of seeding secondary
organoids. (B) Representative images (top) of phalloidin stained secondary organoids from MCF1A cells
containing Cas9 without or with sgRNAs, and quantification (bottom) of the number of secondary organoids per
field. (C) Screened kinases scored by significance relative to a null distribution using RIGER (y-axis) and by
comparing the mean differential abundance of sgRNAs targeting the kinase (x-axis). DDRI (red dot) was the top
hit by both metrics. Adjacent histograms indicate the distribution of p-values (right y-axis) and mean differential
(top x-axis). MAPK7, MAP3K7 and FYN (green dots) indicate significant genes that have been previously
implicated in cellular differentiation. ** indicates p<0.01 (Student's t-test).
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Figure 2. DDRl is required for mammary stem/progenitor cell differentiation. (A) Western blot for total DDRl
in parental cells or after knocking out DDRI in pools of MCFIOAs with two independent sgRNAs. GAPDH was
used as a loading control. (B) Fluorescence images (left) of secondary organoids stained with phalloidin (pink)
and DAPI (blue) and quantification (right) of organoids from cells in (A). (C) Bright-field images (left) of
control and DDR1 -inhibited tissues grown in 3D hydrogel cultures for 13 days and quantification (right) of
lobules per condition. Red arrowheads indicate lobules, blue arrows indicate ducts that terminated without a
lobule. (D) Flow-cytometry analysis of EpCAM and CD49f expression on cells from patient-derived tissues
grown in hydrogels for 12 days without DDRI -inhibition (left) and with DDR1 -inhibition (right). (E) Schematic
of DDR1 -inhibition withdrawal experiments (left) and representative bright-field images from four time points
after withdrawing DDR1-inhibitor. (F) Schematic (top) of progenitor assay in primary mammary epithelial cells
with or without chemical inhibition of DDR1 and quantification (right) of stem/progenitor cells. Representative
images of vehicle-treated 3D cultured patient tissues after 14 days and colonies after 7 days of culture are shown
below. * indicates p<0.05; ** indicates p<0.01 (Student's t-test).
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Figure 3. scRNA-seq of primary tissues shows cell-state changes mediated by DDRl. (A) scRNA-seq data from
all cells (n=1467) from patient-derived hydrogel-grown tissues projected onto two dimensions using t-SNE on
the top eight principal components across 7193 variable genes. Each dot represents a single cell and is colored
according to the cluster to which it is assigned. Luminal and basal epithelial clusters are shaded red and blue,
respectively. (B) Bar chart of enrichment of a stem cell gene set calculated by GSEA in each of the basal and
luminal epithelial clusters defined in (A) (29). Colors denote the clusters indicated in (A). (C) Volcano plot
visualizing differential gene expression between cluster 0 and cluster I from (A). For each gene, the average
expression difference is plotted against the statistical significance, as calculated by the likelihood ratio test for
differential expression. Cell cycle genes are highlighted in green (23). MK167 (Ki67) is labeled individually. (D)
Inferred lineage relationships of all cells were projected onto two dimensions as differentiation trajectories,
using Monocle. These trajectories represent the basal and luminal differentiation paths, as indicated. Cluster 0
(red; left panel) and Cluster 1 (yellow; right panel) cells are highlighted. (E) Distribution of cells from Cluster 4
and Cluster 6 along the luminal differentiation axis produced by Monocle analysis in (D) and plotted as a kernel
density plot. (F) Stacked bar chart indicating the distribution of single cells from (A) among the indicated basal
cell types from control, DDR1-inhibited, and DDRI-inhibitor released tissues. Cluster numbers are indicated on
the right of the chart. (G) Stacked bar chart indicating the representation of luminal cell types from control,
DDRI-inhibited, and DDRl-inhibitor released tissues. Cluster numbers are indicated to the right of the chart.
(H) Heatmap of enriched gene sets using GSEA on DDRIi and DDRIi Rel tissues from (A). (I) Proposed model
for DDRI's role in mammary epithelial cell differentiation.
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Table 1. Mammary cell states corresponding to scRNA-seq clusters. Summary of cluster identification using:
lineage information derived from cytokeratin expression; stem cell gene expression enrichment determined by
GSEA; proliferative potential based on Ki67 expression and cell cycle gene enrichment; and differentiation
potential determined by the presence of cells within a cluster along lineage reconstruction paths by Monocle.
Alongside the summaries of cluster characteristics are the identities of the mammary cell states to which these
clusters were assigned.
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Chapter 5.1: Summary

This thesis set out to identify factors that are involved in breast cancer progression. To do so, I

took two approaches: (1) to screen for factors directly associated with invasion and metastasis and (2) to

search for factors involved in mammary differentiation. While the latter may seem separate, many of

these sorts of factors have provided mechanistic insights into breast cancer progression (1, 2). At the time

that this work had begun, it was noted that more than 50% of DCIS lesions never progress to invasive

cancers (3, 4). Yet, because DCIS and IDC are so challenging to distinguish, the factors that promote

DCIS invasion were poorly understood. Here, we show that SMARCEI is required for the invasive

progression of DCIS and other early-stage tumors. We also show that SMARCEl drives invasion by

regulating the expression of secreted proteases that degrade basement membrane. Functionally, we show

that SMARCE 1 promotes invasion of in situ cancers that grow within primary human mammary tissues

and is also required for metastasis in vivo. Mechanistically, we find that SMARCE I drives invasion by

forming a SWI/SNF-independent complex with the transcription factor ILF3. In patients with early-stage

cancers, SMARCEl expression is a strong predictor of eventual relapse and metastasis. These findings

establish SMARCE I as a key driver of invasive progression in early-stage tumors.

Additionally, given the limited selection of treatments available for invasive breast cancers at the

start of this thesis, it was of great interest to identify a more targeted approach towards treating invasive

breast cancers. Previous studies have shown the benefits of targeting the PERK pathway, but chemical

inhibitors of PERK cause on-target side effects (5). We overcome these challenges by identifying the

transcription factor, CREB3L 1, as an essential mediator of the pro-metastatic functions of PERK in breast

cancer. We find that CREB3L1 specifically acts downstream of PERK in the mesenchymal subtype of

triple-negative breast cancer. Functionally, we find that CREB3L1 is required for cancer cell invasion and

metastasis using genetic and pharmacological approaches. We also find that CREB3L1 expression is

predictive of distant metastasis in patients with the mesenchymal subtype of triple-negative breast cancer.

Finally, in this thesis, I have report that the collagen receptor DDR1 coordinates stem cell

differentiation and heterotypic Jagged 1-Notch signaling to drive luminal differentiation and TDLU

morphogenesis. Functionally, we show that DDR1 is required for stem cell differentiation and luminal

progenitor differentiation. By coupling functional assays with single-cell RNA sequencing (scRNA-seq)

of primary human tissues cultured ex vivo, we show that, mechanistically, DDR1 promotes basal lineage

commitment, which indirectly stimulates luminal Notch signaling to drive lobulogenesis by activating

JAGI expression in basal cells.
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Chapter 5.2: Discussions and Future Directions

SMARCEI

In chapter 2 of this thesis, we discover SMARCEI as a biomarker for breast cancers that will

progress. In the process of functionally characterizing SMARCE 1, we showed that SMARCE 1 regulates

an ECM-invasion module. Interestingly, we actually identified two modules. While we focused on the

ECM-invasion module given its characteristic gene set, an interesting future direction would be to

determine whether or not SMARCEI regulates this second module. Fortunately, we laid the groundwork

to analyze this second module in our study, so this question is answerable using the methods we

presented. It would also be of great interest to characterize this module and determine whether this second

module is important for aspects of tumorigenesis.

One outstanding question following the work presented in chapter 2 focuses on how SMARCEl

mechanistically activates its loci. While we show that ILF3 recruits SMARCEl to target pro-invasive

genes, it remains unclear how SMARCEl does so. Prior work on SMARCEl has indicated that it has an

HMG domain which is involved in DNA binding (6). However, it has also been shown that SMARCEl is

dispensable for the remodeling capabilities of the SWI/SNF complex (6). Our work has indicated that

SMARCEl can function independently of the SWI/SNF complex. Therefore, it is still feasible that

SMARCEl can change chromatin accessibility. Since we showed that SMARCEI is guided to its target

loci by ILF3, it would also be interesting to determine if there is a significant overlap in putative

SMARCEI regulated loci and ILF3 targets.

CREB3L1

In chapter 3 of this thesis, we discover CREB3L1 as a potential therapeutic target due to its role

in breast cancer progression and owing to its mechanism of activation. However, the chemical inhibitor

used in our work is broad acting and treatment of patients with this chemical will present with many side

effects. Therefore, it would be of great interest to identify other, more specific, ways to target CREB3L1.

One potential approach to identify more specific ways of targeting CREB3LI is to screen for drugs that

may specifically interact with CREB3LI. Studies focused on SRBPI, a protein that is activated in a

similar manner to CREB3L1, showed that additional factors provide specificity in targeting SRBP1

activation (7). Therefore, another manner to more directly target CREB3LI would be to identify potential

similar activation specification factors.

At first glance, screening for drugs that block a transcription factor may seem challenging, even

with its rather unique mode of activation. However, work by Saito et al has shown that CREB3LI and

CREB3L2 actually secrete their C-terminal domains after they are activated (8). They also showed that it

is possible to track the secreted C-terminal domain of CREB3L 1, which provides an avenue to measure
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CREB3L1 cleavage (8). One could easily screen for factors involved in CREB3L1 processing by tagging

the C-terminal domain with a marker such as luciferase. This avenue also benefits in that the tracking

could be performed at multiple time points in real time. Many other studies have had success in using

these sorts of luciferase-based approaches to perform large-scale screens (9, 10).

Similar approaches can also be used to identify genes involved in CREB3L1 activation. However,

since luciferase-based screens cannot be performed in a pooled format, it would be challenging to screen

genome-wide. To limit factors that are presumptively involved in CREB3L1 activation, one could take

advantage of an immunoprecipitation approach coupled with mass spectrometry to identify proteins

bound to CREB3L1. This more limited set of genes could subsequently be individually targeted in the

aforementioned luciferase tagged CREB3L 1-expressing cells to find the genes that are functionally

involved in CREB3LI activation.

In this thesis, we also show that CREB3L 1 can cell non-autonomously promote cell invasion in

CREB3L1-lacking cells. In fact, we find that pro-invasive ECM are sufficient to promote invasion in

CREB3L 1-lacking cells. Recent studies have shown that during the process of invasion, more invasive

cells can promote invasion of cells that are typically less invasive. These studies found that more invasive

cells confer these properties by creating tracks of ECM that are pro-invasive (11). Given the parallels

between our results and these results, it would be interesting to perform co-culture studies to see if

typically non-invasive cells could be made to invade in the presence of cells that express high amounts of

CREB3L1. Subsequently, one could follow these cells after ablating CREB3L1 to determine if CREB3LI

is necessary for such a phenotype.

Lastly, an important step to establish CREB3L 1 as a bonafide therapeutic target is to verify that

off-target effects are minimal. When we set out to identify factors downstream of PERK that could

mediate its metastatic effects, we sought to avoid side effects such as pancreatic atrophy that are caused

despite specifically targeting PERK (5). If the identification of a drug to specifically inhibit CREB3L1

activation is successful, it is essential to show that the in vivo side effects are minimal. To do so, one can

replicate the in vivo drug treatment experiments performed in chapter 3 of this thesis, while also

harvesting the pancreas of the treated and control mice to show that such side-effects that were seen in

prior studies are not apparent in CREB3L 1 inhibited conditions (5).

DDR1

In chapter 4 of this thesis, I explored the function of DDRI in the normal mammary gland.

Interestingly, recent studies have shown that inhibition of DDRI alongside inhibition of Notch signaling

can reduce tumor initiation and that overexpression of DDR1 is important for metastasis (12, 13). At first

glance, these results may seem inconsistent with our work, which indicates that inhibition of DDR1
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blocks stem and luminal progenitor cell differentiation. Given our model in normal development, one

might hypothesize that inhibition of DDRl in cancer, not activation of DDRI, would result in more

aggressive tumors. However, the latter study which followed the role of DDR1 in metastasis had also

performed mechanistic work to show that DDRI functions non-canonically in the cancer context (12).

One possibility that could reconcile our results with those of this study is that DDR1 is co-opted to

activate novel targets (12). This hypothesis is rather tantalizing because luminal cells are typically thought

to be the cells of origin for most breast carcinomas. Since luminal cells are usually not in contact with

collagen, activation of DDRI would be aberrant in luminal cells. While the work in this thesis does show

that DDR1 affects luminal differentiation, it does so through heterotypic interactions across multiple

lineages by way of JAG1-NOTCHl. Improper activation of DDR1 in luminal cells, which also express

DDR1, could create novel networks that may explain such phenotypes as noted by Gao et al (12). Fitting

this idea, a recent study that performed single-cell transcriptomic profiling of mouse mammary cells

showed that TM4SF 1, the factor which Gao et al reports is interacting with DDR I, is more expressed

highly expressed in luminal cells (12, 14).

While our work mechanistically shows that DDR1 activates the JAGI-NOTCHI axis to promote

luminal differentiation, it does not focus on how DDR1 mechanistically directs basal fate commitment in

stem cells. Since this role in directing basal fate was downstream of the kinase activity of DDRI, it is

likely that one or more of the targets of DDR1 is responsible for basal differentiation. To best explore this

mechanism, it would be ideal to identify direct targets of DDR1. One manner to do this is to apply an

approach pioneered by Shokat et al (15). In this approach, one could mutate the gatekeeping residue of

DDR1 to accept a thiolated ATP-analog. Then upon its activation, DDR1, and no other kinase, will

phosphorylate its target genes with a thiophosphate instead of a standard phosphate. This thiophosphate

can be specifically immunoprecipitated and the immunoprecipitated proteins can be identified by mass

spectrometry. After identifying these target proteins, one can functionally show relevance to basal

differentiation by performing a forward genetic screen for these genes in mammary cells in a single-cell

approach using Perturb-Seq (16).
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Chapter 5.3: Concluding Remarks

Given the topics discussed in the prior chapters of this thesis, it is tempting to speculate about

potential mechanisms that may connect SMARCEl, CREB3L1, and DDRI. This is furthered by the

intriguing fact that these genes are all connected by their relationship to the ECM. One may even posit

that there exists a pathway which connects all three genes. The fact that SMARCEl and CREB3L1 had

strikingly similar phenotypes, spanning from their roles in invasion and CTC dissemination to

colonization at distant sites, give this potential pathway some credence.

In such a hypothetical pathway, SMARCEI - which had been identified as a member of the

SWI/SNF complex - is likely to be placed it at the top, upstream of CREB3L1 and DDR1. Subsequently,

given its role as a transcriptional activator, one might expect CREB3L1 to act upstream of DDRl. Fitting

this idea, when CREB3L1 and SMARCEl were immunoprecipitated with their associated chromatin in

the ENCODE project in the same cell line, one can observe a SMARCE I peak upstream of both

CREB3L1 and DDR1. In contrast, CREB3L1 was not observed to bind nearby the SMARCEl locus.

Interestingly, while CREB3L1 was present at the DDRI locus, it was actually found at a site downstream

of DDRl which was distinct from where SMARCEl was bound. This suggests that there may be other

factors that coordinate the activation of DDRl. While many experiments need to be completed to truly

establish a potential pathway involving SMARCE, CREB3L1, and DDR1, connecting these three genes

would provide valuable insight into the cellular control and sensing of the ECM.
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