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Investigating the Role of ARID1A Inactivation in Colon Cancer Pathogenesis
Abstract

The genomics-era search for cancer-causing mutations has revealed epigenomic
regulators, in particular SWI/SNF chromatin remodeling complexes, as major targets of
mutation. Genes encoding SWI/SNF subunits are collectively mutated in 20% of all human
cancers, showing a broad pattern of mutations across solid epithelial, brain, and hematological
malignancies. SWI/SNF complexes are evolutionarily conserved regulators of transcription with
ATP-dependent chromatin remodeling activity. However, the precise mechanisms by which they
function in mammalian cells have been unclear, as have their roles in malignancy.

Here, we investigate the tumor suppressor role of ARIDIA, the SWI/SNF subunit that is
most frequently mutated in human cancer. We demonstrate that inducible ARID1A inactivation
in mice drives the formation of invasive colon adenocarcinoma with remarkable resemblance to
the corresponding human cancer. Tumor formation does not require cooperating mutations in
genes associated with human colon cancer. Tumors also do not show aberrant Wnt signaling, an
initiating event in genetic models of colon cancer pathogenesis. Rather, ARID1A inactivation
antagonizes tumorigenesis driven by aberrant Wnt signaling.

Our investigation reveals that ARID1A targets SWI/SNF complexes to enhancers, where
they function in control of enhancer activity. Upon ARID1A inactivation, SWI/SNF binding is
lost at the majority of enhancers, which subsequently lose activity, showing reduced levels of
H3K?27acetylation and downregulation of nearest genes. Residual complexes containing
ARIDI1B preserve SWI/SNF function at a subset of enhancers, but defects in SWI/SNF targeting

and control of enhancer activity cause extensive dysregulation of gene expression.
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These results implicate enhancer-mediated gene regulation as a principal tumor
suppressor function of ARIDIA in the colon epithelium, with broad relevance to other
SWI/SNF-mutant cancers. ARID1B has been identified as a synthetic lethal vulnerability in
ARID1A-mutant human cancers; these results suggest that defective SWI/SNF control of
enhancer activity drives tumorigenesis and also confers vulnerabilities that might be targeted for
therapy. These findings represent an advance in colon cancer modeling, establishing a novel
pathway to colon tumorigenesis and a new mouse model that recapitulates features of the human
disease — aggressive local tissue invasion, long latency, exclusive origin to the colon rather than

the small intestine — that are absent in current, widely utilized models.
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Chapter 1:

Introduction



Discovery and characterization of SWI/SNF complexes

In 1984, two independent yeast mutagenesis screens identified SWI and SNF genes as
required for transcriptional activation of genes involved in mating-type switching (SWI, Stern et
al. 1984) and sucrose fermentation (sucrose non-fermenting, SNF, Neigeborn et al. 1984). SWI
and SNF genes were found to encode components of a multi-subunit complex required for
transcriptional activation of a large number of inducible genes in yeast (Peterson and Herskowitz,
1992). Subsequent studies in yeast characterized SWI/SNF complexes as chromatin remodelers,
linking their role in transcriptional activation with their ability to mobilize nucleosomes using
ATP-hydrolysis and to facilitate the binding of activators to their targets in nucleosomal DNA

(Hirschhorn et al. 1992, Laurent et al. 1993, Cairns et al. 1994, C6té 1994).

In 1998, SWI/SNF complexes were independently identified in a screen in Drosophila
melanogaster as regulators of homeotic genes, which control body segment identity and are
transcribed in different subsets of cells of the developing embryo. Polycomb group proteins had
previously been identified as chromatin-based silencers of homeotic genes not transcribed in a
given cell; the brm gene was identified a suppressor of the Polycomb-mutant phenotype
(Kennison and Tamkun 1988, Kennison 1995). Brm shared extensive sequence similarity with
the ATPase subunit of yeast SWI/SNF (Tamkun et al. 1992), and was essential in Drosophila for

embryogenesis and for all stages of development (Elfring et al. 1998).

In humans, SWI/SNF complexes were identified by sequence homology with SWI/SNF
ATPase subunits in yeast and Drosophila (Khavari et al. 1993). Chromatin remodeling activity
was conserved in human SWI/SNF complexes, as demonstrated by their ability to disrupt
nucleosomes and facilitate activator binding on chromatin templates in vitro (Imbalzano et al.

1994, Kwon et al. 1994). Immunoprecipitation revealed extensive heterogeneity in subunit
2



composition of SWI/SNF complexes between tissue types and stages of development, and also
within individual cells (Wang et. al 1996a, Wang et. al 1996b). Reconstitution of only four
SWI/SNF subunits — an ATPase (SMARCA4 or SMARCAZ2) and three conserved subunits
(SMARCBI1, SMARCC1, SMARCC?2) — was sufficient for chromatin remodeling in vitro
(Phelan et al. 1999). The remaining subunits were suggested to function in the regulation of
chromatin remodeling activity in vivo (Kingston and Narlikar 1999).

Roles for mammalian SWI/SNF complexes in vivo were described first in hormone-
inducible signaling, as stimulation of the glucocorticoid receptor (GR) targeted SWI/SNF
activity to the GR response element, triggering nucleosome disruption and activating
transcription (Ostlund Farrants et al. 1997). Roles for SWI/SNF complexes were also suggested
in development, as SWI/SNF complexes interacted directly with lineage-specifying factors, such
as with C/EBPp in hematopoiesis to activate genes of the myeloid lineage (Kowenz-Leutz and
Leutz 1999). The importance of SWI/SNF complexes in mammalian development was
established when SWI/SNF complexes were found to be required for MyoD-mediated induction
of muscle differentiation genes in fibroblasts (la Serna et al. 2001), and for differentiation of a
variety of other cell types including adipocytes (Pedersen et al. 2001), lymphocytes (Gebuhr et al.
2003), hepatocytes (Gresh et al. 2005), and neurons (Matsumoto et al. 2006). Investigation of
SWI/SNF function in neuronal development revealed that a switch in subunit composition
occurred during the transition of proliferating neural progenitors to post-mitotic neurons, and that
this switch was essential for neuronal differentiation to occur (Lessard et al. 2007). A crucial link
between SWI/SNF subunit composition and function was further indicated by the study of

SWI/SNF complexes in embryonic stem cells, where SWI/SNF complexes had specialized



subunit assemblies tailored for interaction with Oct4 and Sox?2 in the regulation of pluripotency
genes (Ho et al. 2009).

It is now well established that mammalian SWI/SNF complexes form by combinatorial
assembly with a large number of subunits, and that diverse subunit assemblies provide dynamic
gene regulation across cell types and stages of development (Figure 1-1, Wu et al. 2009, Wilson
and Roberts 2011, Wang et al. 2014). Mammalian SWI/SNF complexes contain one of two
functionally distinct ATPase subunits (SMARCA4 and SMARCA?2), a set of conserved core
subunits, and variant subunits that are often encoded by multi-gene families and expressed in a
lineage-restricted manner. For example, the BAF60 gene family encodes three variants of the
BAF60 subunit and BAF60c is selectively incorporated into SWI/SNF complexes in the
embryonic heart (Lickert 2004). However, much remains to be elucidated of the contributions of
individual subunits to SWI/SNF function and of the mechanisms by which SWI/SNF complexes

assemble and regulate transcription in mammalian cells.
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Figure 1-1: Transcriptional regulation by SWI/SNF complexes in mammalian cells.
SWI/SNF complexes are multi-subunit protein complexes that form via combinatorial assembly.
They consist of a catalytic ATPase subunit, a set of conserved core subunits, and several variant
subunits that contribute to targeting and specificity. SWI/SNF complexes utilize ATP hydrolysis
to mobilize nucleosomes and alter the accessibility of nucleosomal DNA to transcriptional and
co-regulatory machinery. SWI/SNF complexes are crucial for regulating the transcription of
inducible genes and for regulating the transcription of lineage-specific genes during

differentiation.



SWI/SNF complexes in human cancer

Cancer is generally described as a genetic disease caused by a sequential accumulation of
mutations, each of which confers upon cells a selective growth advantage and other “hallmark
capabilities” of cancer (Hanahan and Weinberg 2000, Vogelstein et al. 2013). Technological
advances of the genomics era have facilitated the search for cancer-causing mutations, with
large-scale efforts initiated to comprehensively characterize mutational landscapes of human
cancers (“The Cancer Genome Atlas” 2017, “International Cancer Genome Consortium” 2017).
Unexpectedly, these genomic studies have identified epigenomic regulators as major targets of
mutation in human cancer (Garraway and Lander 2013). Subunits of SWI/SNF chromatin
remodeling complexes, in particular, are altered with a high frequency — 20% of all human
cancers — and broad mutational pattern resembling the most frequently mutated tumor
suppressor, P53 (Shain et al. 2013, Kadoch et al. 2013, Masliah-Planchon et al. 2015).

SWI/SNF complexes were first linked to cancer in 1998, when inactivation of the
SMARCBI subunit was identified as the hallmark characteristic of malignant rhabdoid tumor, a
rare and highly aggressive cancer of early childhood (Versteege 1998). Smarchl inactivation in
mice drives a highly penetrant cancer phenotype with a median onset of only 11 weeks (Roberts
et al. 2002, Roberts and Orkin 2004), unprecedented for inactivation of any tumor suppressor
gene including P53 (which drives a variety of neoplasms with mean onset of 20 weeks,
Donehower et al. 1992). Malignant rhabdoid tumors were found to be diploid and genomically
stable (McKenna et al. 2008); whole-exome sequencing has placed these amongst the tumor
types with the lowest rate of somatic mutation, with some tumor samples showing no mutations

in protein-coding genes other than SMARCBI (Lee et al. 2012, Lawrence et al. 2013).



In vivo and in vitro studies of SMARCBI1 inactivation have revealed that SWI/SNF
function is perturbed rather than abrogated in malignant cells. Inactivation of SMARCB1 was
lethal in normal cellular contexts (Roberts et al. 2002), unexpected for loss of a tumor
suppressor. In the context of SMARCB 1-deficient cancer, inactivation of the catalytic subunit
SMARCA4 was lethal, indicating presence of residual SWI/SNF function (Wang et al. 2009).
These results were extended to the broader spectrum of SWI/SNF-mutant cancers when synthetic
lethality-based screening approaches identified mutually exclusive SWI/SNF subunits as top
vulnerabilities in SWI/SNF-mutant cancers (ARID1B in ARID]A-mutant cancers, Helming et al.
2014a, and SMARCA?2 in SMARCA4-mutant cancers, Wilson et al. 2014, Hoffman et al. 2014).
Residual complexes were thus implicated as potential means of therapeutically targeting
SWI/SNF-mutant cancers (Helming et al. 2014b), although it remained unclear as to whether and
how residual complexes might actively contribute to the mechanism of oncogenesis.

Several other lines of investigation suggest potential mechanisms underlying SWI/SNF
mutations in cancer. SWI/SNF complexes interact directly with transcription factors that are
classical oncogenes (for example, MYC, Cheng et al. 1999) and tumor suppressor genes (for
example, P53, Lee et al. 2002), and regulate transcriptional programs downstream of signaling
pathways commonly deregulated in cancer (for example, Gli-Hedgehog, Jagani et al. 2010, and
Wnt, Mora-Blanco et al. 2013). Beyond transcriptional regulation, SWI/SNF complexes also
have roles in other cellular processes requiring chromatin-remodeling activity such as DNA
repair (Hara et al. 2002, Gong et al. 2006, Park et al. 2006) and decatenation (Dykhuizen 2013,
Miller 2017). Deregulation of classical cancer pathways and defects in DNA repair/decatenation
provide direct routes to oncogenesis. However, they do not explain certain observations from

genome sequencing of SWI/SNF-mutant cancers. These include (1) the failure of mutual



exclusivity analyses to identify key genes that mediate tumorigenesis (Shain et al. 2013); (2)
exquisite context specificity in mutational patterns of individual SWI/SNF subunits, with
PBRM1, for example, mutated with high frequency in renal clear cell carcinoma, but infrequently
in other tumor types (Masliah-Planchon et al. 2015); and (3) apparent absence of genomic
instability in rare, but highly aggressive cancers driven by inactivation of SWI/SNF subunits
(malignant rhabdoid tumor, Lee et al. 2012, and small cell carcinoma of the ovary,
hypercalcemic type, Jelinic et al. 2014).

Another line of investigation has focused on a possible role for Polycomb group
complexes in SWI/SNF-mutant cancers, due to the genetic link between SWI/SNF and
Polycomb complexes in Drosophila (Kennison 1995). A functionally antagonistic relationship
between these two complexes was also identified in malignant rhabdoid tumor (Kia et al. 2008)
and in mouse models of SMARCBI inactivation, where inactivation of Polycomb group
complexes blocked onset of SMARCB 1-deficient tumors (Wilson et al. 2010). The catalytic
subunit of Polycomb group complexes, the EZH2 histone methyltransferase, was thus proposed
as a potential therapeutic target in SMARCBI-mutant cancer. Therapeutic development of EZH2
inhibitors has since progressed at a remarkable pace, showing early success in clinical trials for
patients with SMARCBI-mutant cancer (Knutson et al. 2013, Kim and Roberts 2016) and
promise in preclinical studies with other SWI/SNF-mutant cancers (Fillmore et al. 2015, Bitler et
al. 2015). However, as with residual SWI/SNF complexes, it has been unclear as to whether and
how Polycomb activity might actively contribute to the mechanism of oncogenesis underlying
SWI/SNF-mutant cancers. This question has opened an active area of investigation, with

recruitment-based assays now developed to more specifically interrogate the relationship



between SWI/SNF and Polycomb group complexes in cancer (Stanton et al. 2017, Kadoch et al.

2017).

ARIDIA and ARIDIB

The ARIDIA and ARID1B genes encode large (250-kda) subunits of SWI/SNF chromatin
remodeling complexes that are highly evolutionarily conserved, present as single genes Swil in
yeast and Osa in Drosophila (Wu and Roberts 2013). ARIDIA and ARID 1B are 60% identical
across the length of the gene and encode homologous, mutually exclusive subunits that occupy
the same position in SWI/SNF complexes (Wang et al. 2004, Figure 1-2). They are named for
the “ARID” AT-rich DNA interaction domain, which binds DNA in a sequence non-specific
manner in vitro (Wilsker et al. 2004). They have been suggested to function as targeting subunits
of SWI/SNF complexes, although their precise functions are unknown (Nie et al. 2000, Wilson
and Roberts 2011). Functional distinction between ARID1A and ARID1B has been
demonstrated in a pre-osteoblast cell line model, where ARID1A-depleted cells fail to undergo

cell-cycle arrest upon induction, while ARID1B-depleted cells are normal (Nagl et al. 2005).
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Figure 1-2: ARID1A and ARID1B-containing SWI/SNF complexes. ARID1A and ARID1B

are mutually exclusive SWI/SNF subunits with sequence non-specific DNA binding activity.



ARIDI1A is the subunit of SWI/SNF complexes that is most frequently mutated in human
cancer (Shain et al. 2013, Kadoch et al. 2013, Masliah-Planchon et al. 2015). The vast majority
of cancer-associated mutations in ARIDIA are inactivating (>97%), with nonsense or frameshift
mutations detected across the length of the gene (Wu and Roberts 2013). ARIDIA is recurrently
mutated in a broad array of tumor types including 45.2% of endometrioid and clear-cell ovarian,
18.7% of gastric, 18.6% of bladder, 13.7% of hepatocellular, 9.4% of colorectal, 11.5% of
melanoma, 8.2% of lung, 3.6% of pancreatic and 2.5% of breast cancers (Kadoch et al. 2013). In
contrast, ARIDIB is infrequently mutated, except in childhood neuroblastomas (Masliah-
Planchon et al. 2015). Synthetic lethality-based screening has identified ARID 1B as the number
one dependency in ARID]A-mutant cancers (Helming et al. 2014a, Helming et al. 2014b). While
this has established an essential role for ARID1B-containing residual complexes, the mechanism

underlying synthetic lethality has been poorly understood.

Molecular genetics of colon cancer

Colon cancer is one of the three leading causes of cancer-related death in the United
States (American Cancer Society 2017). Prior to cancer genome sequencing, genes involved in
colon tumorigenesis were discovered through molecular genetic studies of colon cancer
predisposition syndromes such as familial adenomatous polyposis (FAP) and hereditary
nonpolyposis colon cancer (HNPCC, Taketo and Edelmann 2009). Colon cancer initiation and
progression are proposed to follow a multi-stage genetic model, where a driver event is required
for tumor initiation and each stage of tumor progression (Fearon and Vogelstein 1990, Kinzler

and Vogelstein 1996, Vogelstein et al. 2013, Figure 1-3). Driver events are usually genetic
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mutations in oncogenes and tumor suppressor genes, each favored at a distinct stage of
tumorigenesis. Driver events usually affect pathways of particular importance in the disease,
which in colon cancer include Wnt, TGF-f3, EGFR, PI3K, and p53. Five to seven driver events
are estimated to be required for progression to invasive cancer.

Colon cancers arise from adenomatous polyps, which are precursor lesions characterized
by dysplastic morphology and altered differentiation of epithelial cells (Fearon 2011).
Inactivation of APC, a major component of the Wnt signaling pathway, occurs in 70-80% of
these polyps and is thought to be a critical early event. APC inactivation mimics constitutive
activation of Wnt ligand-mediated signaling, as it allows -catenin to translocate to the nucleus
and activate transcription of its target genes. Mutations affecting TGF-3, EGFR, PI3K, and p53

also occur at high frequencies at particular stages of colon cancer development.

/I DX 8 77T I 77 UL A ) NP [

Figure 1-3: Multi-stage genetic model of colon cancer pathogenesis. Tumor initiation and
progression occur in distinct stages; stage transitions are consequences of mutations in driver

genes.
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Sequencing efforts led by The Cancer Genome Atlas Consortium to comprehensively
characterize genomic changes in human colon cancer have identified 24 significantly mutated
genes (Cancer Genome Atlas Network, 2012). ARID1A is the third most significantly mutated
gene across human colon cancers, following APC and P53, showing a disproportionally high
number of inactivating (frameshift and nonsense) mutations. ARID 1A mutations occur in 37% of
colon cancers that exhibit microsatellite instability (MSI) and 5% of others. An independent
sequencing study has validated this finding, showing ARID A mutations in 39% of MSI-type
colon cancers (Cajuso et al. 2014). MSI tumors are associated with defects in mismatch repair,
which causes a large number of small insertions and deletions at repetitive areas in the genome; a
large number of mutations in MSI tumors are found at a G mononucleotide tract in the coding
region of ARIDIA, although mutations are also found across the length of the gene. Several
immunohistochemical studies have also evaluated ARID1A protein levels in patient tumor
samples, identifying loss of ARID1A protein and validating the specific association of ARIDIA

mutations with colon cancers of the MSI type (Chou et al. 2014, Ye et al. 2014, Wei et al. 2014).

Recent stratification of human colon cancers by the Colorectal Cancer Subtyping
Consortium (CRCSC, Guinney et al. 2015) has defined four consensus molecular subtypes
(CMSs) with distinguishing features: CMS1 (microsatellite instability immune, 14%),
hypermutated, microsatellite unstable and strong immune activation; CMS2 (canonical, 37%),
epithelial, marked WNT and MYC signaling activation; CMS3 (metabolic, 13%), epithelial and
evident metabolic dysregulation; and CMS4 (mesenchymal, 23%), prominent transforming
growth factor—activation, stromal invasion and angiogenesis. Mutations in ARIDA are highly
enriched in CMS|1 cancers (p = 7.10 x 10™"°); notably, mutations in APC are under-enriched in

this class of cancers relative to others.
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Enhancers in the mammalian genome

Enhancers were originally detected as genetic elements that increased transcription from
promoters on the same molecule of DNA, able to act over large distances in a manner that had
little precedent in prokaryotes (Khoury and Gruss 1983, Dynan 1989). As evaluation of primary
nucleotide sequences failed to reveal a consistent pattern, enhancers were operationally classified
by distance from the site of transcription initiation and biological demonstration of increased
transcription. As advancements in chromatin immunoprecipitation (ChIP)-based methods
enabled epigenomic profiling (Kim and Ren 2006), enhancers were found to be associated with
distinct and predictive chromatin signatures. Chromatin signatures could distinguish enhancers
from promoters and were predictive of activity, thus enabling functional classification and

genome-wide mapping (Heintzman 2007, Visel 2009).

Active enhancers are devoid of nucleosomes such that DNA is accessible, and
nucleosomes in the vicinity typically contain histones with characteristic modifications — histone
H3 lysine 4 monomethylation (H3K4mel) and H3K27 acetylation (H3K27ac, Shlyueva et al.
2014). Chromatin signature-based enhancer mapping in different cells and tissue types has
implicated enhancers as the most variable class of regulatory element, of primary importance in
cell-type-specific gene expression (Heintzman 2009, Hnisz et al. 2013). Understanding enhancer
function has since become an area of renewed interest, with broad implications suspected in
development and in disease (Long et al. 2016, Sur and Taipale 2016, Hnisz et al. 2017). As
enhancers contain transcription factor binding sites, co-activator roles for SWI/SNF complexes at
enhancers have been explored and are described in various processes including interferon-
mediated gene induction (Ni et al. 2008), lineage commitment (Alexander et al. 2015), and

differentiation (Hu et al. 2011, Yu et al. 2013, Bossen et al. 2015).
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Chapter 2:

ARIDI1A inactivation drives invasive colon adenocarcinoma in mice



Abstract

We investigate the tumor suppressor role of ARID1A in vivo utilizing an MX1-Cre
Aridld" mouse model, in which ARID1A is inactivated in a sporadic, interferon-responsive
manner across various tissues. We find that these mice develop invasive colon adenocarcinoma
with remarkable resemblance to human colon cancer. Villin-Cre®™ "™ Arid1a™" mice, with Aridla
excision restricted to the intestinal epithelium, also develop invasive colon adenocarcinoma with
gross and histologic features indistinguishable from MX1-Cre Aridla"™" mice. ARIDIA is the
third most significantly mutated gene in human colon cancer, with mutations enriched in cancers
of the microsatellite-instable type (MSI, 37-39% frequency). Tumors in Aridla™" mice show
mucinous differentiation and lymphocytic infiltration, features associated particularly with MSI-
type colon cancer. These mice establish ARID1A as a tumor suppressor in the colonic
epithelium, and provide a novel system for further investigation, with high relevance to the
human disease. Tumorigenesis in widely utilized mouse models of intestinal cancer occurs
predominantly in the small intestine, with tumors developing in a short period of time and
advancing past the adenoma stage only on rare occasion. Tumorigenesis in Aridla"™" mice more
accurately reflects human disease, showing exclusivity in origin to the colon rather than the
small intestine, longer latency, and aggressive invasion of local tissues. Aridld"™ mice thus
establish a sound model for investigation of various factors that might contribute to colon cancer

initiation, progression, and response to therapy.
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ARIDIA is the subunit of SWI/SNF chromatin remodeling complexes that is most
frequently mutated in human cancer (Shain and Pollock 2013, Kadoch et al. 2013). As
inactivating ARID A mutations occur in a broad spectrum of human cancers, we generated a
mouse model to identify tissues where ARID1A might function as a tumor suppressor in vivo.
We utilized the MX1 interferon-responsive promoter (Kuhn 1995) to inactivate ARID1A in a
sporadic manner in cells across many different tissues of Aridla™ mice (Gao et al. 2008). MX1-
Cre Aridla™ mice injected with synthetic interferon Poly I:C achieved sporadic inactivation of
both Aridla alleles across many tissues (Figure 2-1A). Mice were initially healthy following
induction of Cre activity, but developed emaciation and rectal prolapse, requiring euthanasia at a
median of 296 days (Figure 2-1B, Table 2-1). Upon dissection, we identified nodular and
polypoid tumors in the colons of several of these mice. Tumors were often present at multiple
non-contiguous sites of the colon, including the cecum and the rectum (Figure 2-1C), but were
not identified in the small intestine. Tumor histology was consistent with invasive colon
adenocarcinoma (Figure 2-2A), a malignant neoplasm derived from glandular colonic
epithelium (Hamilton et al. 2010). ARID1A protein was lost in few (<10%) crypts of the colon
epithelium, as detected by immunohistochemistry (IHC), but was consistently absent in all tumor
cells (Figure 2-2B). Tumors were marked by prominent mucinous differentiation (Figure 2-2C)
and the presence of tumor-infiltrating lymphocytes (Figure 2-2D), features associated
particularly with human colon cancers of the MSI type (Greenson et al. 2009). As ARIDIA is the
third-most significantly mutated gene in human colon cancer, with the highest frequency of
mutations in cancers of the MSI type (37-39%, Cancer Genome Atlas Network 2012, Cajuso

2014), these findings are highly relevant to human disease.
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Figure 2-1: Characterization of MX1-Cre Aridla™" mice. (A) Excision of Aridla in many
tissues detected by PCR 1 week following injection of Poly I:C; (B) Survival of MX1-Cre
Aridla™ mice (n=26) and control Aridla™ mice (n=16) following injection of Poly I:C; (C)

MX1-Cre Aridla™ mouse with tumors in the (1) cecum, (2) mid-colon, and (3) rectum.
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Table 2-1: Survival time (days), reason of death, and results of histopathological analysis

for all MX1-Cre Aridla™" mice.

Mouse ID  Sex Mx-Cre Aridla Survival Reason for Death Colon Histopathological Analysis

4583/4812 M + fl/fl 44 Infection Severe infection

4851 M + jilil 210 Rectal prolapse Invasive colon adenocarcinoma

4669 F + fl/fl 212 Rectal prolapse/Emaciation (Not analyzed)

4979 M + fl/£1 224 Found dead (Not analyzed)

4587 M + fI/fl 226 Emaciation Invasive colon adenocarcinoma

4589/4814  F + fl/£1 238 Emaciation (Not analyzed)

4848/5396 M + fl/fl 252 Rectal prolapse/Severe rectal Invasive colon adenocarcinoma
bleeding

4667 M + fl/fl 266 Rectal prolapse/Severe rectal Invasive colon adenocarcinoma
bleeding

4806 F + fl/fl 281 Emaciation Invasive colon adenocarcinoma

4981 F + fI/fl 281 Severe rectal bleeding/Abnormal Colon carcinoma in situ
Gait

4594 F + fl/fl 282 Emaciation Invasive colon adenocarcinoma

4855 F + fl/fl 296 Rectal prolapse/Emaciation Adenoma, low-grade dysplasia

4916/5401 F + fl/fl 296 Emaciation Lymphoma

4849 M + fl/fl 300 Rectal prolapse/Emaciation Invasive colon adenocarcinoma

4853 F + jilil 300 Emaciation Invasive colon adenocarcinoma

4980 F + fl/fl 300 Emaciation Invasive colon adenocarcinoma

4914/5399 M + fl/fl 303 Emaciation Invasive colon adenocarcinoma

4588/5395 M + I/l 323 Rectal Prolapse/Hunched (Not analyzed)

4591 M + fl/fl 351 Rectal Invasive colon adenocarcinoma
prolapse/Hunched/Abnormal Gait

4763 F + fl/fl 323+ N/A N/A

4807/5182  F + jilil 323+ N/A N/A

4808 F + fl/fl 323+ N/A N/A

4809 F + jilil 323+ N/A N/A

4915 M + jilil 323+ N/A N/A

4584 F + fl/fl 373+ N/A N/A

4585 F + jilil 373+ N/A N/A
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Alcian Blue

Figure 2-2: Histopathological examination of MX1-Cre Aridla™ mice. (A) H&E staining on
normal colon epithelium (left) and tumor (right) tissue sections; (B) ARID1A
immunohistochemistry (IHC) on above tissue sections; (C) Alcian blue staining; (D) ARIDIA

IHC on tumor section showing lymphocytic infiltrate. Scale bars in A-D, 100um.
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To determine if colon tumorigenesis was driven by epithelial cell-intrinsic ARID1A
deficiency, we utilized the Villin-Cre™® "> Tamoxifen-inducible promoter to inactivate ARID1A
specifically in intestinal epithelial cells (Marjou et al. 2004). IHC showed that loss of ARIDIA
protein was restricted to the intestinal epithelium of Villin-Cre™ ™ Arid1a™" mice, where it
occurred with nearly complete efficiency (Figure 2-3A). Villin-Cre"™™* Arid1a"" mice developed
colon adenocarcinomas with indistinguishable features from those in MX1-Cre Aridla™" mice
(Figure 2-3B). As with MX1-Cre Aridla™" mice, tumors showed invasion into the submucosa
(Figure 2-4A), ARIDI1A deficiency (Figure 2-4B), prominent mucinous differentiation (Figure
2-4C), and presence of tumor-infiltrating lymphocytes (Figure 2-4D). These mice thus establish

ARIDI1A as a bona fide tumor suppressor in the mouse colonic epithelium.
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Figure 2-3: Characterization of Villin-Cre™ ™ Aridla™" mice. (A) ARID1A THC of normal
colon showing ARIDI1A loss in intestinal epithelial cells, 40X; (B) Colons with grossly visible

tumors in cecum and rectum.
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Figure 2-4: Histopathological examination of Villin-Cre™ " Aridla™" mice. (A) H&E
staining of tumor section showing invasive colon adenocarcinoma, 40X; (B) ARID1A IHC of
section in (A); (C) Alcian Blue staining; (D) ARID1A IHC showing presence of lymphocytic

infiltrate, 20X.

Aridld™ mice thus establish a new model for investigation of the mechanism underlying
tumor suppression by ARID1A. This model is directly relevant to human disease, showing
histological features associated with the particular type of human colon cancer enriched for
mutations in ARIDIA. Genes involved in colon tumorigenesis, such as APC, were discovered

through studies of hereditary cancer predisposition syndromes; mice with mutations in these
23



genes are commonly used to model intestinal tumorigenesis (Taketo and Edelmann 2009).
However, there are critical drawbacks in relating these models to human disease (McCart et al.
2008). Tumor formation in these mice is favored in the small intestine, while human disease
occurs predominantly in the colon. Tumors in these mice also show little to no invasion into the
submucosa, another key feature of the human disease. Tumors in Aridl @™ mice, in contrast,
show exclusive origin to the colon rather than the small intestine and are marked by aggressive
local tissue invasion. Aridla"" mice thus provide a substantial improvement in mouse models for
intestinal cancer, with broad utility in the study of tumor initiation, progression to invasive

cancer, and response to therapy.
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Methods

Mouse colony

All experiments were performed with strict adherence to our IACUC-approved Animal
Experimentation Protocol #12-017 and guidelines of the Dana-Farber Animal Resource Facility
(ARF). Mice were monitored for health by the ARF veterinarian staff and euthanized upon

instruction.

MXI-Cre Arid1a™ mice

MX1-Cre mice purchased from Jackson Labs (Stock number 003556) were bred to Aridla™
mice obtained from Dr. Zhong Wang (Gao et al. 2008). 6-8 week old MX1-Cre Aridla™ and
littermate control Aridla"™" mice were administered poly I:C (polyinosinic-polycytidylic acid,
Invivogen tlrl-pic) via intraperitoneal injection at 25ug/g every other day for 7 days. Excision of
Aridla was evaluated in mice 1-week post injection by PCR of DNA harvested from mouse
tissues using primers flanking the floxed exon (5'-GTAATGGGAAAGCGACTACTGGAG-3'
and 5-TGTTCATTTTTGTGGCGGGAG-3'). Whole mouse necroscopies were conducted on the
first cohort of mice at the Dana-Farber/Harvard Cancer Center Rodent Pathology core. Sample
size for survival analysis was calculated using estimated effect size from this cohort of mice; no
animals were excluded. Formalin-fixed intestines were processed, sectioned, and stained at the

DFCI Specialized Histopathology Core.

Villin-Cre®™®™ Arid1a"™ mice
5-7 week old Villin-Cre®™ ™ Arid14™ mice and littermate control Aridla™ mice were

administered 1mg Tamoxifen (T5648 SIGMA) dissolved in sunflower oil (S5007 SIGMA) via
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intraperitoneal injection for 5 consecutive days, and were monitored for health. Formalin-fixed

intestines were processed, sectioned, and stained at the DFCI Specialized Histopathology Core.
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Chapter 3:

ARID1A inactivation drives colon tumorigenesis independent of Wnt signaling



Abstract

Colon cancer initiation and progression are generally thought to occur in distinct stages,
where each stage transition is a consequence of a genetic mutation or other driver event. As we
identified late-stage invasive colon cancers in Aridla™" mice, we sought to identify events that
cooperate with ARID1A inactivation in driving tumorigenesis. We performed whole-exome
sequencing, but did not identify cooperating mutations in genes associated with human colon
cancer. Tumors also did not show aberrant activation of Wnt signaling, an initiating event in
established genetic models of colon cancer. To directly investigate cooperation between
ARIDI1A inactivation and Wnt signaling, we inducibly inactivated ARID1A in a Wnt-driven
model of intestinal cancer. Remarkably, we found that ARID1A inactivation blocked tumor
onset in these mice; the few tumors that did form had retained expression of ARID1A. These
results reveal that ARID1A inactivation drives tumorigenesis by a mechanism that is
independent of Wnt signaling and distinct from established genetic models of colon cancer. This
is consistent with several studies of human colon cancer, which show under-enrichment of APC
mutations and lack of nuclear 3-catenin staining in the type of colon cancer enriched for
mutations in ARIDIA. These results also indicate that the function of ARID1A is required to
facilitate tumorigenesis driven by Wnt signaling. This is consistent with a previously defined
relationship between SWI/SNF complexes in regulating transcription of Wnt target genes and

highlights the importance of context specificity in tumor suppression by SWI/SNF complexes.
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To identify potential cooperating events in tumorigenesis driven by ARID1A deficiency,
we obtained whole-exome sequences of DNA isolated from tumor and matched normal tissue
from three MX1-Cre Aridld"™" mice. Variant analysis of the exome data confirmed excision of
the floxed Aridla exon (Figure 3-1A, B), but identified few non-synonymous mutations, none of
which were in genes recurrently mutated in human colorectal cancer (as identified by The Cancer

Genome Atlas, TCGA, Cancer Genome Atlas Network 2012, Figure 3-1C).
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Figure 3-1: Whole exome sequencing of tumors from MX1-Cre Aridla™ mice. (A)
Alignment of paired-end exome sequencing reads at the Aridla gene; (B) Quantification of
exome-sequencing reads of matched tumor and normal tissues at Aridla exon 9 (floxed) and
Aridla exon 8 (control); read coverage tracks are shown with log, ratio (tumor reads/normal
reads) with significant copy number variations denoted by *; (C) Genetic variants identified in
each tumor relative to genes mutated in human colon cancer for hypermutated or non-
hypermutated subtypes (Cancer Genome Atlas Network 2012); only genes ranking within top

500 1n at least one category are shown; significantly mutated genes denoted by *.

31



APC inactivation is considered an early initiating event in genetic models of human colon
cancer (Fearon and Vogelstein 1990, Fearon 2011). In the absence of Wnt ligand, APC normally
ubiquitinates 3-catenin and targets it for degradation. APC inactivation allows [3-catenin to
translocate to the nucleus in the absence of Wnt ligand, triggering constitutive activation of Wnt
target genes. To determine if Wnt signaling was aberrantly activated in colon tumors from

Aridla™ mice, we examined [3-catenin localization by IHC. We found that [3-catenin localized

exclusively outside of the nucleus, indicating intact function of APC (Figure 3-2).

af
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> *

MX1-Cre Aridl

Wildtype
Figure 3-2: Tumors in Aridla™" mice do not show nuclear localization of $-catenin. [3-

catenin [HC is shown for wildtype mouse colon and tumor tissue sections from MX1-Cre

Arid1d" and Villin-Cre®™ ™ Arid1a™" mice. Scale bars, 100um.

To characterize further the relationship between ARID1A and Wnt signaling in colon
tumorigenesis, we investigated the consequences of inducibly inactivating ARID1A in a mouse

model of intestinal cancer driven by aberrant Wnt signaling. We obtained mice carrying the

32



germline Apc™” mutation and generated Apc"":Arid1a*° (Apc™™: Villin-Cre™ ™ Arid1a™) mice.
As expected, Apc™” mice developed a large number of non-invasive tumors, predominantly in
the small intestine rather than the colon (McCart et al. 2008). Remarkably, we found that
significantly fewer tumors developed in the intestines of Apc™”:Arid1a*° mice (Table 3-1).
Thus, ARIDIA inactivation does not cooperate with aberrant Wnt signaling in driving

tumorigenesis; rather, ARID1A inactivation antagonizes tumorigenesis driven by aberrant Wnt

signaling.

Table 3-1: Tumor counts for small intestine and colon in Apc*" and Apc"™: Aridl1a*° mice.

Tumor count
Genotype Mouse Small
ID . Colon Total
Intestine
5479 44 0 44
5487 49 2 51
5273 51 1 52
5454 53 1 54
5463 56 2 58
5254/5394 63 6 69
Apc™™ 5480 79 7 86
5469 100 3 103
5459 103 4 107
5462 102 5 107
5336 149 7 156
5255 158 4 162
Mean 83.9 3.5 87.5
5460 2 0 2
5456 4 0 4
5450 7 0 7
5272 8 1 9
5467 7 2 9
n 5468 10 2 12
Aéf;faéo 5457 14 3 17
5446 18 1 19
5253 15 13 28
5458 30 2 32
5464 54 5 59
5260 69 3 72
Mean 19.8 2.7 225

p < 0.0001 in unpaired two-tailed T-test for total intestinal tumor counts.
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Histology showed that the few tumors that did arise in Apc™”:Arid1a*° mice were non-
invasive adenomas, indistinguishable from those in Apc™” mice (Figure 3-3). These tumors had
selectively retained expression of ARID1A and showed nuclear localization of [3-catenin. These

results reveal that ARID1A is required for tumorigenesis driven by aberrant Wnt signaling.
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Figure 3-3: ARID1A is selectively retained in tumors driven by deregulated Wnt signaling.
Colon adenomas in Apc"™ mice and Apc*" :Arid1a*° mice with H&E staining and

immunohistochemistry for ARID1A and [(3-catenin, with magnification shown for marked tumor

regions. Scale bars 250um (50um in magnification).
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Collectively, these results indicate that ARID1A inactivation drives colon cancer via a
novel pathway distinct from established multi-stage genetic models of colon cancer
pathogenesis. The apparent absence of cooperating genetic mutations in invasive colon cancers
in AridIa"" mice is consistent with an epigenetic mechanism of oncogenesis underlying these
cancers. Certain highly aggressive human cancers driven by inactivation of SWI/SNF subunits
have stable genomes, lacking cooperating mutations in cancer-associated genes (malignant
rhabdoid tumor, Lee et al. 2012, and small cell carcinoma of the ovary, hypercalcemic type,
Jelinic et al. 2014). While ARID1A-mutant human colon cancers are not characterized by stable
genomes (rather by MSI), these results demonstrate that tumor formation driven by ARID1A
inactivation does not require the cooperation of other mutations in cancer-associated genes.

Importantly, these results are consistent with data from human colon cancers. Despite the
characterization of APC inactivation as a “gatekeeper” of human colon cancer (Fearon and
Vogelstein 1990, Fearon 2011), normal patterns of $-catenin staining have long been noted in the
subset of tumors with MSI (Jass et al. 1999). While ARID 1A mutations are enriched in human
colon cancers that show microsatellite instability (MSI), mutations in classical colon cancer
genes including APC, P53, and KRAS are under-enriched in these cancers (Cancer Genome Atlas
Network 2012). Recent molecular classification of human colorectal cancers by the Colorectal
Cancer Subtyping Consortium (CRCSC) also shows that APC mutations occur with relatively
low frequency in the subtype (consensus molecular subtype, CMS 1: MSI, Immune) enriched for
mutations in ARIDIA (Guinney et al. 2015). Our findings establish ARIDIA as a critical tumor
suppressor in this subtype of cancer and suggest that the mechanism by which these cancers

develop is independent of established genetic models.
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Our results further demonstrate that ARID1A is required to facilitate tumorigenesis
driven by aberrant Wnt signaling — tumor onset in Apc mutant mice is blocked by ARID1A
inactivation, and the few tumors that do form retain expression of ARID1A. Our laboratory has
previously identified a role for SWI/SNF complexes in transcriptional activation of B-catenin
targets (Mora-Blanco et. al 2013); however, SWI/SNF complexes were not anticipated to have a
crucial role in mediating tumorigenesis driven by aberrant Wnt signaling. While therapeutic
targeting of ARID1A in Wnt-driven colon cancers merits further exploration, these results also
highlight the crucial importance of context specificity in consideration of normal functions of

SWI/SNF complexes and their extensive roles in malignancy.
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Methods

Whole exome sequencing

DNA from flash-frozen matched tumor and tail tissue from MX1-Cre Aridla™ mice was
purified with the DNEasy Blood & Tissue Kit (Qiagen 69504) following histological
confirmation of invasive adenocarcinoma. Samples were further processed and analyzed at the
Dana-Farber Center for Cancer Computational Biology (CCCB). Target enrichment was
performed using the SureSelectXT Mouse All Exon (Agilent Technologies) bait library. Samples
were sequenced on the Next-Seq500 (Illumina) system using the PE-150 flowcell. Following
sequencing and demultiplexing, sequencing reads were trimmed such that the lowest quartile of
the phred-scaled Q-score was greater than 28; typical read lengths were approximately

140bp. The paired reads were aligned to the Ensembl GRCm38.75 genome using BWA-mem
(L1 and Durbin 2010, Li 2013) using default parameters. Following initial alignment, reads were
further processed using GATK best-practices for WES data, including marking of duplicates, de
novo realignment near putative indels, and base-quality score recalibration. Variant calling was
performed with VarScan2 software (v2.4.1, Koboldt 2012), due to the paired (tumor/normal)
design of the experiment. Somatic, germline, and loss-of-heterozygosity events are

reported. Default parameters were used, requiring a minimum coverage depth of 8 reads for
variant calls. In addition to the set of VarScan2 calls, MuTect software (Cibulskis 2013) was
used to generate a second set of somatic point mutations. VarScan2 was also used for generation
of putative copy-number variations between the matched samples. Following the
recommendation of the documentation, CNV calls were filtered and finely smoothed/segmented

using Bioconductor's DNACopy package, which implements the CBS algorithm. Additionally, a
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second set of CNV calls was generated using CONTRA software (Li et al. 2012) with default

parameters and specifying the targeted regions from the exome capture process.

Apc”™ and Apc™™:Aridla*® mice

Apc™™ mice purchased from Jackson labs (C57BL/6J-Apc-min/J; stock number 002020) were
bred to Villin-Cre™ ™ Aridla"" mice to generate Apc”™:Villin-Cre"™* ™ Aridld"™
(Apc™™":Arid1a*°) mice and littermate control Apc™™ Aridld™ (Apc™™) mice. Mice aged 5-6
weeks were injected intraperitoneally with 1mg Tamoxifen (T5648 SIGMA) dissolved in
sunflower oil (S5007 SIGMA) for 5 consecutive days. Age-matched Apc""and Apc™”:Arid1a"’
mice were euthanized at 5-6 months. Blinded counts of intestinal tumors were obtained under a
dissecting microscope. A two-tailed #-test was used to evaluate statistical significance, F-test to
compare variances. Intestines were formalin-fixed and processed for histology and
immunohistochemistry at the DFCI Specialized Histopathology Core. All experiments were
performed with strict adherence to our JACUC-approved Animal Experimentation Protocol #12-

017 and guidelines of the Dana-Farber Animal Resource Facility (ARF).
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Chapter 4:

ARID1A inactivation impairs SWI/SNF targeting and control of enhancer activity



Abstract

ARIDIA is implicated as a targeting subunit of SWI/SNF complexes as it has DNA-
binding activity. Here, we seek to determine if altered targeting of SWI/SNF complexes may
underlie tumor suppression by ARID1A. We establish a human cancer cell model to study the
consequences of ARIDIA inactivation on SWI/SNF targeting, noting morphological changes
consistent with loss of epithelial cell character. We find that SWI/SNF binding occurs
predominantly at active enhancers marked by H3K27ac and H3K4mel. We find the majority of
enhancers lose SWI/SNF binding upon ARID1A inactivation, and subsequently lose activity,
showing reduced levels of H3K27ac and downregulation of nearest genes. These enhancers are
broadly implicated in control of developmental gene expression programs mediated by
transcription factors. These results elucidate a crucial role for SWI/SNF complexes in control of
enhancer activity, which has broad relevance for the normal functions of SWI/SNF complexes
and their roles in malignancy. We validate these findings in vivo in the ARID1A-deficient mouse
colonic epithelium, finding that defective SWI/SNF targeting and control of enhancer activity
cause extensive dysregulation of gene expression. These results thus establish enhancer-mediated

gene regulation as a principal tumor suppressor function of ARIDIA.
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To investigate the mechanism underlying tumor suppression by ARID1A, we sought to
define the consequences of ARIDIA inactivation on SWI/SNF function. ARID1A is implicated
as a targeting subunit of SWI/SNF complexes as it contains the “ARID” AT-rich DNA
interaction domain, which is capable of binding DNA in a sequence non-specific manner
(Wilsker et al. 2004, Nie et al. 2000, Wilson and Roberts 2011). We therefore sought to
determine whether ARIDIA inactivation might alter the targeting of SWI/SNF complexes to

chromatin, and hence, affect their function.

For this study, we utilized the HCT116 MSI human colon cancer cell line and isogenic
lines with mono- (ARIDIA"") or bi- (ARIDIA™) allelic deletion of ARID1A. We noted that while
parental ARIDIA-wildtype (WT) cells grew in clustered colonies with tight cell-cell adhesion,
ARIDIA™ cells spread across the culture dish with elongated, spindle-shaped morphologies and
frequent filopodia (Figure 4-1A). ARIDIA™ cells proliferated normally (Figure 4-1B), but
showed increased invasiveness (Figure 4-1C) and reduced expression of the cell adhesion
protein E-Cadherin (Figure 4-1D). We sought to determine if loss of epithelial cell
characteristics was a consequence of epithelial-mesenchymal transition (EMT), but did not
identify a molecular signature consistent with this regulated cell fate transition in ARIDIA™ cells
(Figure 4-1E) or in tumors from Aridla"" mice (Figure 4-1F). Notably, ARID1A depletion
causes similar defects in cells derived from human gastric and hepatocellular carcinoma, which

also frequently carry inactivating mutations in ARID/A (Yan 2014, He 2015).
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Figure 4-1: ARIDI1A inactivation causes loss of epithelial cell character. (A) Live cell
morphology of HCT116 ARIDIA WT, ARIDIA*", and ARIDIA™ cells in culture; (B)
Proliferation measured by MTT assay; (C) Invasion measured by Matrigel-chamber based assay;
(D) Protein levels of ARID1A, E-Cadherin, and [-actin; (E) Protein levels of Vimentin and [3-
actin (NIH 3T3 fibroblast cells included for positive control); (F) Immunohistochemical staining

of E-Cadherin and Vimentin in MX1-Cre Aridld™ tumor section.
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Figure 4-1 (Continued)
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To identify SWI/SNF binding sites in HCT116 WT and ARIDIA™ cells, we performed

ChIP-Seq for two core subunits - SMARCA4 and SMARCCI1. We also profiled histone

modifications associated with gene regulatory elements — H3K4me3, H3K4mel, and H3K27ac.

These clustered with corresponding HCT116 ChIP-Seq profiles generated by the ENCODE

(Encycopedia of DNA Elements) Consortium (Figure 4-2A, ENCODE Project Consortium

2012). SMARCA4 and SMARCCI binding were highly correlated and we considered sites

enriched for both subunits as SWI/SNF binding sites. We found that in ARIDIA™ cells, a large

majority of SWI/SNF binding sites (79.2%) showed loss of SMARCA4 and SMARCCI1 binding

(Figure 4-2B), indicating a role for ARID1A in targeting SWI/SNF complexes to these sites.
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Figure 4-2: ARID1A inactivation impairs SWI/SNF targeting to chromatin. (A) Heatmap

showing genome-wide correlations between all ChIP-Seq profiles in WT HCT116 cells

(ENCODE datasets are colored pink); (B) Fold change (log,) in SMARCA4 and SMARCC1

ChIP-Seq signals at SWI/SNF binding sites in ARIDIA™ cells relative to WT.
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We found that SWI/SNF binding in both WT and ARIDIA™ cells was highly enriched at
active enhancers, marked with H3K4mel and H3K27ac (Figure 4-3A). In contrast, SWI/SNF
binding was limited at active promoters, defined as transcription start site (TSS)-overlapping
regions enriched for H3K4me3. In TSS-distal regions, H3K27ac was diminished in ARIDIA™
cells at sites that lost SWI/SNF binding, and was increased at the few sites where SWI/SNF
binding was gained (Figure 4-3B). Genome-wide examination revealed widespread changes in
H3K?27ac at enhancers, while H3K27ac at promoters showed little change, consistent with a
specific effect of ARID1A inactivation at enhancers (Figure 4-3C). ARIDIA inactivation
changed not only the level of histone modifications at enhancers, but also their locations (Figure
4-3D).

Because H3K27ac distinguishes active from poised/inactive enhancers (Creyghton et al.
2010, Shlyueva et al. 2014), we asked whether altered SWI/SNF targeting in ARIDIA™ cells
affected enhancer activity. Indeed, changes in SWI/SNF binding at TSS-distal sites correlated
with changes in mRNA levels of nearest genes as quantified by RNA-Seq (Figure 4-3E). Mono-
allelic ARID1A inactivation also affected enhancer activity, with ARIDIA*" cells showing
intermediate changes in H3K27ac at enhancers and in transcription of the nearest genes (Figure
4-4A-C). Together, these findings indicate that ARID1A inactivation specifically impairs

enhancer configuration and activity, with marked consequences on gene expression.
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Figure 4-3: ARID1A inactivation impairs SWI/SNF control of enhancer activity. (A)
Distribution of SWI/SNF binding sites in HCT116 WT and ARIDIA™ cells relative to histone
modifications (distribution between WT and ARIDIA™ cells is not significant in a paired t-test);
(B) ChIP-seq profiles of SMARCA4, SMARCCI1, H3K4me3, H3K4mel, and H3K27ac in WT
and ARIDIA™ cells around all TSS-distal SWI/SNF binding sites (labels on the right of the figure
indicate number of sites in each category; labels in top right corners indicate any alterations
made in scaling of Y-axis); (C) H3K27ac levels in WT and ARIDIA™ cells at TSS-proximal
(promoter) and TSS-distal (enhancer) enrichment regions (the numbers in the three corners
denote numbers of activated (>2x), inactivated (<1/2x), and stable sites); (D) ChIP-seq tracks of
SMARCA4, SMARCC1, H3K4me3, H3K4mel, and H3K27ac in WT and ARIDIA” cells; (E)
Fold changes (log,) of gene expression between WT and ARIDIA™ cells for genes nearest to

TSS-distal SWI/SNF binding sites split based on ARIDIA” / WT ChIP-Seq signal.
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Figure 4-3 (Continued)
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Figure 4-4: Mono-allelic ARID1A inactivation causes partial loss of enhancer activity. (A)
H3K27ac ChIP-Seq profile in ARIDIA*" cells at TSS-distal SWI/SNF binding sites (same sites
as in Figure 4-4B); (B) Fold changes (log,) of gene expression between WT and ARIDIA*" cells
for genes nearest to TSS-distal SWI/SNF binding sites split based on ARIDIA”/ WT ChIP-Seq
signal (genes as Figure 4-4E); (C) Pearson's correlation among RNA-Seq samples based on

FPKM values for two replicates each of WT, ARIDIA*", and ARIDIA™ cells.
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To determine if control of enhancer activity by SWI/SNF complexes is coordinated with
transcription factors (TFs), we analyzed sequence motifs at enhancers sensitive to ARIDIA loss.
The CTCF motif was relatively depleted in regions of H3K27ac loss, implying CTCF-bound
insulator regions may resist modulation, while the AP1 (JUND/FOSL1) motif was most enriched
(Figure 4-5A). ChIP-Seq profiles for HCT116 cells, including those generated by ENCODE,
revealed further that H3K27ac loss was most strongly associated with sites bound in WT cells by
SWI/SNF complexes and/or TFs including AP1, CEBPB, and TEAD4 (Figure 4-5B). Among
factors assessed in HCT116 cells, binding of these TFs correlated most strongly with SWI/SNF
occupancy (Figure 4-2A) and was higher at enhancers that lost activity than at enhancers that
were unaffected by ARIDIA inactivation (Figure 4-5C). Gene Ontology analysis of nearest
genes implicated enhancers that lost activity as regulators of cell adhesion, development,
differentiation, and morphogenesis (Figure 4-5D). Collectively, these results establish a broad
role for ARID1A in regulating active enhancers in HCT116 cells, converging on dominant TFs

that provide a large fraction of tissue-specific gene regulation.

51



Figure 4-5: Characterization of enhancers that lose activity upon ARID1A inactivation. (A)
Observed vs. expected TF motif instances at TSS-distal H3K27ac regions (enhancers) with
reduced H3K27ac signal based on enrichment regions with stable H3K27ac signal. Motifs highly
similar to AP1 and CTCF motifs are highlighted; (B) Correlation between H3K27ac signal
change (ARIDIA” / WT) and WT ChIP-Seq signal levels of different factors profiled in

this work and by the ENCODE Project; (C) ChIP-Seq profiles for SMARCA4, SMARCCI,
JUND, FOSL1, and CTCF in WT HCT116 cells centered around TSS-distal H3K27ac regions
(enhancers) that remain stable, show lost/weakened H3K27ac, or show gained/strengthened
H3K27ac in ARIDIA™ cells relative to WT; (D) Genes enriched near with TSS-distal H3K27ac
regions (enhancers) with downregulated H3K27ac between HCT116 WT and ARIDIA™ cells

relative to all TSS-distal H3K27ac regions.
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Figure 4-5 (Continued)
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To determine if ARIDIA inactivation impairs enhancer activity in vivo, we examined
gene expression and H3K27ac in the colonic epithelium of wildtype and Villin-Cre™*"* Arid1a"™"
mice. More than 1,000 genes were dysregulated >2-fold in Aridla” colonic epithelium
(FDR<0.05) (Figure 4-5A). Again, whereas promoter activation states were changed little, the
effects on H3K27ac at enhancers were significant and were correlated with changes in mRNA
levels of the nearest genes (Figure 4-5B-C). Developmental enhancers were identified as most
sensitive to ARIDIA loss, showing many Gene Ontology terms shared with HCT116 cells
(Figure 4-5D). For example, the Gasdermins were markedly downregulated (Figure 4-SE-F).
Although it is difficult to attribute tumorigenesis to discrete target genes, our findings implicate
broad control of enhancer activity as the SWI/SNF function crucially impaired by ARID1A

deficiency.

While SWI/SNF function is described at promoters as well as enhancers (Euskirchen et
al. 2011, Tolstorukov et al. 2013), our findings implicate enhancers as the principal sites at
which SWI/SNF complexes function to regulate gene activation. When ARID1A is absent,
SWI/SNF binding is lost from thousands of enhancers that subsequently lose activity, showing
reduced H3K27ac levels and expression of nearest genes. ARID1A loss impairs SWI/SNF
control of enhancers bound by dominant transcription factors that activate gene expression
programs critical for development and differentiation. Enhancers are major determinants of cell
type specificity in gene expression (Bulger and Groudine 2011). As SWI/SNF complexes
regulate gene expression across lineages and developmental states, defective SWI/SNF control of
enhancer activity may underlie not only the oncogenic drive of ARIDIA-mutant colon cancers
but also that of other human malignancies driven by alterations in ARID1A and other SWI/SNF

subunits.
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Figure 4-6: ARID1A inactivation impairs enhancer-mediated gene regulation in vivo. (A)
Pearson's correlation among RNA-Seq samples based on FPKM values for mouse colon
epithelium dissociated from individual wildtype mice (WT, n=3) and Villin-Cre**"* Arid1a""
mice (Aridla”,n=2); (B) H3K27ac levels at TSS-proximal (promoter) and TSS-distal (enhancer)
enrichment regions for colon epithelium from wildtype (WT) and Villin-Cre™*"* Arid1a""
(Aridla”) mice (numbers in the three corners denote numbers of activated (>2x), inactivated
(<1/2x) and stable sites); (C) Fold changes (log,) of gene expression between WT and Aridla™
mouse colon epithelium for genes nearest to TSS-distal H3K27ac regions (enhancers) split based
on Aridla” /| WT ChIP-Seq signal; (D) Genes enriched near with TSS-distal H3K27ac regions
(enhancers) with downregulated H3K27ac between WT and Aridla” mouse colonic epithelium
relative to all TSS-distal H3K27ac regions; (E) H3K7ac ChIP-Seq tracks, super-enhancer (SE)
calls, and RNA-Seq tracks at Gsdmc locus in WT and Aridla” mouse colon epithelium; (F)
RNA-Seq FKPM values for individual WT and Aridl a’” mice for Gsdme, Gsdmc2, Gsdme3, and

Gsdmc4.
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Figure 4-6 (Continued)
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Methods

Cell culture

The HCT116 cell line and derivative ARIDIA*" and ARIDIA™ isogenic cell lines were purchased
from Horizon Discovery (HD 104-031 and HD 104-049) and cultured in RPMI 1640
supplemented with 10% FBS as per instructions. These cell lines were negative for mycoplasma
and all other infectious agents evaluated under the Mouse/Rat Comprehensive CLEAR Panel
(Charles River Research Animal Diagnostic Services). Whole cell extracts of isogenic HCT116
cell lines were used in Western blots for E-Cadherin (Cell Signaling Technology: 24E10),
ARIDI1A (Cell Signaling Technology: 12354), and ACTIN (Cell Signaling Technology: 5125).
For invasion assay, 25,000 serum-starved cells were added to the top of each BioCoat Matrigel
Invasion Chamber (BD Biosciences #354480) with chemoattractant (RPMI, 10% FBS) at the
bottom of wells. Chambers were incubated for 22 hours at 37°C, 5% CO,. Non-invading cells
were removed from upper surface of the membrane by scrubbing with cotton tipped swabs. Blind
counts of invaded cells were obtained following Crystal Violet staining of live cells. This assay
was performed with 4 replicates for each cell type. Two-tailed #-tests were used to determine

statistical significance, F tests to compare variances.

Dissociation of mouse colon epithelial cells

5-7 week old Villin-Cre™ ™ Arid1a™" mice and littermate control Aridla™ mice were
administered 1mg Tamoxifen (T5648 SIGMA) dissolved in sunflower oil (S5007 SIGMA) via

intraperitoneal injection for 5 consecutive days. Three Villin-Cre"™*"* Aridla"™" mice and three
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control Aridld"™ mice were euthanized 8 weeks post-injection for dissociation of colon epithelial
cells. Mouse colons were dissected, flushed, and splayed. Colon pieces were rinsed in PBS,

incubated in SmM EDTA, and shaken for 2 minutes to release dissociated epithelial cells.

Sample preparation for RNA-Seq:

Trizol Reagent (Life Technologies 15596-026) was used to isolate RNA from harvested HCT116
1sogenic cell lines and dissociated mouse colon epithelial cells. RNA was further purified with
the RNeasy Mini Kit (Qiagen) and Turbo DNA-Free Kit (Ambion; murine cells only).
Sequencing libraries were generated using Tru-Seq Technology (Illumina) for the Illumina Hi-

seq Genome Analyzer.

RNA-Seq Processing

The sequenced reads from each sample were aligned to the human/mouse genome+transcriptome
assemblies GRCh37.72/NCBIM37.67 using TopHat (Kim et al. 2013) v2.0.8 with default
parameters except turning off novel junction search (‘-G <gtf> --no-novel-juncs’ options). The
transcriptome was self-merged to allow processing with cufflinks (Trapnell et al. 2013) v2.1.1
tool cuffdiff, “cuffcompare -s hg19.fa -CG -r GRCh37.72.gtf GRCh37.72.gtf” (and similarly for
mouse). Different conditions were compared using cuffdiff with default parameters and bias

correction (‘-G <gtf> -b’ options).

Each SWI/SNF or H3K27ac RoE was associated to the closest active TSS as defined above. The

connection between ChIP-seq signal change and RNA-seq change was studied for TSS-distal
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RoEs. Only RoEs for which the closest active TSS is between 5kb and 100kb are retained. IP
signal was quantified as ‘total IP signal in RoE per billion mapped reads + pseudocount of 0.1°.
RNA signal was quantified as ‘normalized gene level count value from cuffdiff + 5°. The ratio of
IP signal for Aridla-deficient divided by WT was used to categorize RoEs to four groups: more
than 3-fold signal loss, between 1.5 to 3-fold signal loss, less than 1.5-fold change, and more
than 1.5-fold signal increase. The ratio of RNA-seq signal for Aridla-deficient divided by WT
signal was plotted for each category. The heatmaps for RNA-seq results show mean-shifted log
expression values: log2(normalized gene level count value from cuffdiff + 5) - log2(average

value for the gene across all samples).

Sample preparation for ChlP-Seq

HCT116 isogenic cell lines were dual-crosslinked in 2mM disuccinimidyl glutarate (DSG; Life
Technologies #20593) for 30 min then 1% formaldehyde for 10 min, followed by 5 min glycine
quenching. Nuclear extracts were generated following 3 washes in PBS. Chromatin was
fragmented using Covaris sonication (adaptive focused acoustics; AFA technology). The
following antibodies were used for immunoprecipitation of 30ug solubilized chromatin:
SMARCCI1/BAF155 (Santa Cruz sc9746), SMARCA4/BRG1 (Abcam ab110641), H3K27ac
(Abcam ab4729); H3K4me (Abcam ab8895), H3K4me3 (Abcam ab8580); Antibody:chromatin
complexes were pulled down with Protein G dynabeads (Life Technologies 10004D), washed,
and eluted. Chromatin crosslinks were reversed and samples were treated with Proteinase K and

RNAse A. ChIP-DNA was extracted with the Min-Elute PCR purification kit (Qiagen) and
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quantified with Quant-1T™ PicoGreen dsDNA Assay Kit (Life Technologies). 10ng of purified

ChIP-DNA was used to prepare sequencing libraries for the Illumina Hi-Seq Genome Analyzer.

Dissociated colon epithelial cells pooled from 3 Villin-Cre™ ™ Aridla"" mice and from 3 control
Aridld™ mice were fixed in 2% formaldehyde, lysed, and pulsed at 15% amplitude on a tip-
sonicator. Sonicated chromatin was immunoprecipitated using antibodies for H3K27ac (Abcam
ab4729) and H3K4me3 (Abcam ab8580). Antibody:chromatin complexes were pulled down with
Protein G dynabeads (Life Technologies 10004D), washed, and eluted. Chromatin crosslinks
were reversed and samples were treated with Proteinase K and RNAse A. ChIP-DNA was
extracted with the Min-Elute PCR purification kit (Qiagen) and quantified with Quant-1T™
PicoGreen dsDNA Assay Kit (Life Technologies). 10ng of purified ChIP-DNA was used to

prepare sequencing libraries for the Illumina Hi-Seq Genome Analyzer.

Alignment, fragment size estimation, and library complexity

The sequenced reads were aligned to the hg19/mm9 genome assembly using Bowtie (Landmead
et al. 2009) 0.12.6, allowing up to 10 matches (‘-m 10 --best’ options). For HCT116, reads on the
24 assembled chromosomes excluding the ENCODE blacklisted regions were kept for
downstream analysis. For the mouse samples, reads on the 19 assembled autosomes excluding a
custom 280kb blacklist region were kept for downstream analysis. The custom blacklist regions
were selected based on very high signal in input tracks in a parallel study (GSE71509). Peaks of
cross-correlation profiles were identified to estimate the typical fragment size for each sample.
The typical fragment size for the different samples ranged between 140-180bp. Each read was

considered to represent a signal at half typical fragment size from the 5' end. Library complexity
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was calculated for each sample as the number of unique bp positions mapped on each strand,
divided by the total number of mapped reads. For batches of experiments where the typical
library complexity was below 90% (all mouse samples, HCT116 H3K4me1/3 and matching

input), only one read mapping to each position was kept.

ldentification of regions of enrichment (RoE)

Different ChIP-seq regions of enrichment (RoE) were identified using the SPP package
(Kharchenko et al. 2008) in R, with the function get.broad.enrichment.clusters and option
window .size=500, with matching input samples for each IP experiment, using appropriate z.thr
values for each analysis as specified below. The input samples for samples for WT and
ARID1A-deficient mice had relatively low sequencing depth (5.7 and 12.0M reads after
selecting one read per position). The two samples appeared to show no more systematic
variability than expected from the statistical variability due to low sequencing depth. Therefore
the two were merged and the combined input was provided to SPP as a control for both WT and

ARID1A-deficient H3K27ac ChIP-seq.

Defining active TSSs and H3K4me3 RoEs

Active TSSs in HCT116 were defined as all TSSs in Ensembl release GRCh37.72 that
overlapped H3K4me3 RoEs (z>4) in either condition. Active TSSs in mouse colon were defined
as all TSSs in Ensembl release NCBIM37.67 that overlapped an H3K27ac (z>4) peak in either

condition (H3K4me3 ChIP-seq failed for ARID1A-deficient mouse colon; the enrichment at

61



TSSs was relatively low for the WT colon sample). Additionally, H3K4me3 RoEs in mouse
colon were defined as the union of RoEs (z>4) called with the WT colon sample and a WT MEF
sample from the accompanying study (GSE71509). These two regions, i.e., "active TSSs" and
"H3K4me3 RoEs" were used together to conservatively define TSS-proximal and TSS-distal

regions in downstream analyses, as specified below.

Identification and classification of SWI/SNF binding sites

SWI/SNF binding sites were identified in two steps: First, overlapping SMARCA4 and
SMARCC1 RoEs with z>4 were called for each condition, WT and ARIDIA” . Next, the union of
the regions for the two conditions was calculated. This approach reduces any bias that may arise
in differential RoE calling due to thresholds. The sites that were called in WT, or those where the
signal in WT was more than half the signal in ARIDIA” were considered as SWI/SNF binding
sites in WT cells; the complementary selection was performed for SWI/SNF binding sites in
ARIDIA”. SWI/SNF binding sites overlapping both an active TSS and an H3K4me3 RoE were
called TSS-proximal. Those more than 1kb away from an H3K4me3 RoE and more than 2kb
away from an active TSS were called TSS-distal. Others were ambiguous and excluded from
studies specific to TSS-proximal or distal sites. When we evaluated where SWI/SNF binding
falls in the genome, we used H3K27ac and H3K4mel RoEs that are called inclusively with a z>3
threshold. Changes in TSS-distal SWI/SNF binding upon ARID1A loss were evaluated at each
binding site, by dividing the library-size normalized IP signal for SMARCA4 and SMARCCI in
ARIDIA” by WT. If the geometric mean of change was greater than 1.5 fold, and both factors

showed increased signal, the RoE was called as gained/strengthened. In reverse, if the geometric
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mean of change was less than 2/3 fold, and both factors showed decreased signal, the RoE was

called as lost/weakened. Other sites were called as unchanged.

Identification and classification of H3K27ac RoEs (promoters and enhancers)

H3K?27ac RoEs with z>4 were called to specifically study changes in this mark in HCT116 and
colon epithelial cells. Similar to SWI/SNF binding sites, H3K27ac RoEs from different
conditions were merged, ones overlapping both an active TSS and an H3K4me3 RoE were
defined as promoters; and ones that were more than 1kb away from an H3K4me3 RoE and more

than 2kb away from an active TSS were called as enhancers.

Gene ontology analysis for enhancers

To identify enhancers that lost SWI/SNF binding, we used an inclusive definition of SWI/SNF
binding as overlapping SMARCA4 and SMARCC1 RoEs with a z>3 threshold. Enhancers with
SWI/SNF binding, where the average SMARCA4 and SMARCCI signal was down more than
1.5 fold were called as SWI/SNF losing enhancers. GO analysis for these SWI/SNF losing
enhancers was performed as follows: Gene Ontology databases were downloaded from
geneontology.org on 2014/04/29. Each enhancer was associated to the closest active TSS within
100kb. p-values for gene set enrichment for genes associated to SWI/SNF losing enhancers were
calculated relative to genes associated with any enhancer using hypergeometric test. g-values

were obtained based on Benjamini-Hochberg procedure.
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IP efficiency correction for H3K27ac samples

The efficacy of IP pull-down may vary between different ChIP-seq experiments. A number of
lines of evidence suggested that the real levels of H3K27ac are unchanged at a large fraction of
promoters upon ARID1A deletion: i. we found that a large fraction of promoters show the same
amount of fold-change with very small variance; ii. the typical fold-change was independent of
SWI/SNF binding at promoters, and was the same as at enhancers with no SWI/SNF binding; iii.
in the accompanying MEF study, we observed different fold-changes at promoters, both greater
and less than one-fold for replicates of experiments upon Smarcbl knockout, while we saw
consistent decrease of H3K27ac in western blots and at enhancers. Based on these observations,
we applied a small multiplicative factor on H3K27ac samples to set the mode of the log-fold-
change distribution at promoters to zero while comparing WT and ARID1A-deficient samples.
These factors were HCT116: Parental: 0.95, ARIDIA™ : 1.31, ARIDIA*": 0.82; Mouse colon
epithelial cells: WT: 1.08, ARID1A-deficient: 0.92. This normalization procedure does not affect
the qualitative observations presented. We refrained from applying a similar normalization for
other ChIP-seq sample pairs, since we could not confidently determine a set of regions where

they are unaffected upon ARIDIA loss.

ChIP-seq visualization

Genomic profiles for visualization were generated using Gaussian smoothing with sigma=100bp
after library size normalization. The SWI/SNF binding site heatmaps were centered at the
position with highest signal in the smoothed profile obtained by summing the four tracks

considered, (WT or ARIDIA”, SMARCA4 and SMARCCI1). The heatmaps show input
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subtracted values, whereas the browser shots show raw smoothed signal. The average profiles for

each class were obtained as 0.1-0.9 trimmed linear mean at each position.

Transcription Factor Motif Enrichment

Transcription factor motif maps for hg19 for 4095 motifs (including a redundant set of real
transcription factor recognition elements, and shuffled motif control sequences) were
downloaded from http://compbio.mit.edu/encode-motifs/ (Kheradpour et al. 2014). The position
weight matrix (pwm) for each motif was calculated based on the actual sequences of the
provided motif locations. The number of motif occurrences was counted for each motif inside
lost/weakened enhancers (H3K27ac fold change< 1/1.5) and unchanged enhancers
(1/1.5<H3K?27ac fold-change<1.5). A lowess curve was calculated to model the ratio of counts
for each motif (sensitive/insensitive) as a function of the GC content of the motif pwm. This
curve was used to calculate back the null hypothesis expected number of occurrences for each
motif in the lost/weakened. The figure shows observed counts vs. expected counts for the 4095
motifs. pwms for two selected motifs (“AP-1_known3_8mer” and “CTCF_knownl_8mer”) are
displayed on the figure. Motif similarity was assessed based on Pearson correlation values
between motif pwms; motifs which are similar to the two selected motifs (r>0.85) are

highlighted on the figure.
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Correlation of binding of different factors in WT with H3K27ac changes

ChIP-seq signal around the peak point of each H3K27ac RoE was calculated within +/-1.5kb, per
million mapped reads; a pseudocount of 1 was added, and the values were logged
(L=log,(1+signal)). The change in H3K27ac was calculated using samples generated in this work
as L(ARID1A)-L(WT). For each factor from ENCODE project, the L values were averaged over
replicates at each H3K27ac RoE. The Pearson’s correlation between each factor and the change

in H3K27ac is plotted.
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Chapter 5:

ARID1B preserves SWI/SNF function in ARID1A-mutant cancer



Abstract

ARIDI1A and ARID1B are homologous, mutually exclusive subunits of SWI/SNF
complexes. ARID1B has been identified as a specific vulnerability in ARIDA-mutant cancers by
genome-wide synthetic lethality screening. However, the mechanistic basis of synthetic lethality
is unknown. Here, we utilize our newly established model systems to investigate the role of
ARIDI1B in ARID1A-mutant colon cancer. We find ARID1B is expressed in ARID1A-deficient
colon adenocarcinomas in Aridla"™" mice and that ARID1B knockdown specifically impairs the
proliferation of ARID1A-deficient HCT116 human colon cancer cells. We further demonstrate
that the composition and integrity of ARID1B-containing complexes is unaffected by ARID1A
inactivation, and that ARID1B-containing SWI/SNF complexes bind enhancers that remain
active in ARID1A-deficient cells. These results provide support for targeting residual SWI/SNF
complexes in ARIDIA-mutant colon cancers, and suggest that the function of residual complexes

in preserving activity of a subset of enhancers might be specifically targeted for therapy.
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ARIDI1A and ARID1B are homologous, mutually exclusive subunits of SWI/SNF
complexes, containing the “ARID” AT-rich interaction domain, which is capable of binding
DNA in a sequence non-specific manner (Nie 2000, Wang 2004). Synthetic lethality-based
screening approaches have identified ARIDIB as a specific vulnerability in ARIDA-mutant
cancers (Helming et al. 2014a). Several distinct possibilities have been suggested for the
mechanistic basis of this finding. These include functional redundancy of ARIDIA and
ARID1B-containing SWI/SNF complexes and neomorphic gain-of-function of ARID1B-

containing complexes in the absence of ARIDIA (Helming et al. 2014b).

Here, we sought to elucidate the mechanistic basis of synthetic lethality between
ARIDI1A and ARID1B utilizing our newly established models of ARID1A-mutant colon cancer.
We found that ARID1B protein was present in the colon epithelium of wildtype mice and also in
ARID1A-deficient colon cancers in both MX1-Cre Aridla"" and Villin-Cre™ ™ Aridla™" mice
(Figure 5-1). ARID1B was also expressed in HCT116 WT, ARIDIA*", and ARIDIA™ cells;
shRNA-mediated knockdown of ARID1B selectively impaired the proliferation of ARIDIA™
cells (Figure 5-2). These results validated ARID1B as a specific vulnerability and potential

therapeutic target in ARID1A-mutant colon cancer.
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Figure 5-1: ARID1B is expressed in colon tumors from Aridl@™" mice. IHC for ARID1B
shown for wildtype mouse colon and sections of invasive colon adenocarcinoma from MX1-Cre

Arid1ad™ and Villin-Cre®™ ™ Aridla™ mice.
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Figure 5-2: ARIDI1B is a specific vulnerability in ARID1A-deficient human colon cancer
cells. (A) Protein levels of ARID1B and [-actin following ARID1B knockdown with 3
independent shRNAs; (B) Proliferation following shRNA-mediated ARID1B knockdown

measured by MTT assay.

We next utilized immunoprecipitation to examine the composition of ARID1A and
ARID1B-containing complexes in the HCT116 cell model (Figure 5-3). As expected for
mutually exclusive subunits, ARIDIA and ARID1B did not co-immunoprecipitate. Some

distinctions were noted in subunit composition of ARID1A and ARID1B-containing complexes;
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SMARCA?2 was not detected upon immunoprecipitation with ARID1B, suggesting selective
incorporation into ARID1A-containing complexes. ARID1A inactivation showed no effect on
the protein levels of SWI/SNF subunits or on the incorporation of subunits into ARID1B-
containing complexes. The composition and integrity of ARID1B-containing SWI/SNF

complexes is thus maintained upon ARID1A inactivation.
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Figure 5-3: ARID1B-containing SWI/SNF complexes remain intact upon ARID1A
deficiency. Western blots for SWI/SNF subunits and [3-actin (control) following

immunoprecipitation with antibodies targeting ARID1A and ARID1B.



To examine targeting of ARIDIA and ARID1B containing SWI/SNF complexes to
chromatin, we developed a ChIP-qPCR assay to specifically interrogate a set of 14 enhancers
selected based upon ChIP-Seq data, which showed a broad range of changes in SWI/SNF
binding following ARIDI1A inactivation. We validated this assay by performing ChIP-qPCR for
SMARCA4, SMARCCI, and H3K27ac, finding that similar changes in binding were identified
by ChIP-qPCR and by ChIP-Seq (Figure 5-4A). We then examined binding of ARID1A and
ARIDI1B at these sites (Figure 5-4B-C). We found ARID1A was lost from all enhancers that lost
SWI/SNF binding. ARID1B was also lost from enhancers that lost SWI/SNF binding, but was

present at enhancers that had retained or gained SWI/SNF binding.

While complexity in binding patterns of ARID1A and ARIDI1B is yet to be fully
elucidated, these results reveal that the role of residual ARID1B-containing SWI/SNF complexes
is to bind and preserve the activity of a subset of enhancers in ARID/A-mutant cancers. These
results provide insight into the mechanistic basis of synthetic lethality between ARID1A and
ARIDI1B, supporting a model where enhancers bound by residual ARID1B-containing SWI/SNF
complexes are essential for continued proliferation of ARID1A-deficient cells. Therapeutic
targeting of these cancers may potentially be achieved by modulation of enhancer activity, in

addition to direct inhibition of ARID1B-containing residual SWI/SNF complexes.
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Figure 5-4: ARIDI1B is present at enhancers active in ARID1A-deficient cells. (A) Average
log-fold change in ARIDIA" / WT ChIP-qPCR and ChIP-Seq signal of SMARCA4, SMARCCI,
and H3K27ac at 14 SWI/SNF-binding sites; (B) Input-normalized ChIP-qPCR signal of
SMARCA4, SMARCCI1, H3K27ac, ARID1A, and ARID1B at representative SWI/SNF binding
sites shown for two independent biological replicate experiments, each performed in duplicate;
(C) Average log-fold change in ChIP-qPCR signal in ARIDIA™ cells relative to WT of each

factor at 14 SWI/SNF-binding sites.
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Figure 5-4 (Continued)
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Methods

Cell culture

The HCT116 cell line and derivative ARIDIA*" and ARIDIA™ isogenic cell lines were purchased
from Horizon Discovery (HD 104-031 and HD 104-049) and cultured in RPMI 1640
supplemented with 10% FBS as per instructions. These cell lines were negative for mycoplasma
and all other infectious agents evaluated under the Mouse/Rat Comprehensive CLEAR Panel

(Charles River Research Animal Diagnostic Services).

Knockdown experiments

Lentiviral shRNAs on the PLKO.1 vector targeting ARID1B (clone #1: TRCN0000107361,
clone #2: TRCN0000107363, clone #3: TRCN0000107364) were used to infect into HCT116
WT, ARIDIA*" and ARID1A™ cells. Infected cells were selected in Puromycin for 72 hours and
then plated in triplicate onto an MTT assay (Cell Proliferation Kit, Roche # 1465007001) with

5000 cells/well.

Western blotting and co-immunoprecipitation

Whole cell extracts of isogenic HCT116 cell lines were used in Western blots for ARID1B
(ABCAM ab57461) and ACTIN (Cell Signaling Technology: 5125). Nuclear extracts for co-
immunoprecipitation were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Kit
(Thermo Scientific #78835). Nuclear extracts were diluted with RIPA buffer (Life Technologies
89900) to a final concentration of 1 mg/ml (with protease inhibitor cocktails, Roche). Each IP
was incubated with SMARCCI1/BAF155 antibody (Santa Cruz: sc9746), ARID1A antibody

(Millipore PSG3), or ARIDI1B antibody (Santa Cruz 32762) overnight at 4°C. Protein G
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Dynabeads (Life Technologies 10009D) were added and incubated at 4°C for 3 h. Beads were
then washed three times with RIPA buffer and resuspended in reducing SDS gel loading buffer.
Antibodies to the following proteins were used in the immunoblots: ARID1A (Cell Signaling
Technology: 12354); ARID1B (Abcam: ab54761); SMARCA4/BRG1 (Santa Cruz: sc17796);
BRM (Cell Signaling Technology: 11966); SMARCC2/BAF170 (Bethyl Laboratories: A301-
039A); SMARCD1/BAF60A (Bethyl Laboratories: A301-595A); SMARCE1/ BAF57 (Bethyl
Laboratories: A300-810A); SMARCB1/SNF5 (Bethyl Laboratories: A301-087A);
ACTL6A/BAF53A (Bethyl Laboratories: A301-391A); ACTIN (Cell Signaling Technology:

5125, 1:3,000).

Sample preparation for ChIP-qPCR

HCT116 isogenic cell lines were dual-crosslinked in 2mM disuccinimidyl glutarate (DSG; Life
Technologies #20593) for 30 min then 1% formaldehyde for 10 min, followed by 5 min glycine
quenching. Nuclear extracts were generated following 3 washes in PBS. Chromatin was
fragmented using Covaris sonication (adaptive focused acoustics; AFA technology). The
following antibodies were used for immunoprecipitation of 30ug solubilized chromatin:
SMARCCI1/BAF155 (Santa Cruz sc9746), SMARCA4/BRG1 (Abcam ab110641), H3K27ac
(Abcam ab4729); ARIDIA (Santa Cruz 32761 and Millipore PSG3) and ARID1B (Abcam
ab57461 and Santa Cruz 32762). Antibody:chromatin complexes were pulled down with Protein
G dynabeads (Life Technologies 10004D), washed, and eluted. Chromatin crosslinks were
reversed and samples were treated with Proteinase K and RNAse A. ChIP-DNA was extracted
with the Min-Elute PCR purification kit (Qiagen) and quantified with Quant-iT™ PicoGreen
dsDNA Assay Kit (Life Technologies). ChIP-qPCR was performed on the ViiA7 Real-Time

PCR System (Life Technologies) using SYBR Select Master Mix (Life Technologies) using 1ul
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of purified ChIP-DNA in duplicate in 384-well format. A minimum of two independent

biological replicate experiments were performed for each factor analyzed by ChIP-qPCR.

ChIP-gPCR processing

ChIP-gPCR signals were normalized using the percent-input method: [100*2A(Adjusted input -
Ct (IP)]. For each biological replicate experiment, statistical significance in WT v. ARIDIA™
ChIP-gPCR signal was determined using the Holm-Sidak method, with alpha=5.000%
(GraphPad Prism version 6 for Mac OS X). Computations assume that all rows (individual ChIP-
qPCR sites) are sample from populations with the same scatter (SD). Log-fold-change for each
biological replicate experiment was calculated using the ratio of percent input for ARID1A-/-
over WT (averaged over technical replicates). Averages of ARIDIA” /WT log-fold-change

values were calculated for each factor from all biological replicate experiments.
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Chapter 6:

Discussion and future directions



SWI/SNF control of enhancer activity

This work implicates control of enhancer activity as the function of SWI/SNF complexes
that is defective in ARID1A-mutant cancer. Studies from our laboratory have extended this
conclusion to other systems, showing that activity of most enhancers is lost upon deletion of
SWI/SNF subunits in mouse embryonic fibroblasts (Alver et al. 2017) and in SMARCB1-
deficient malignant rhabdoid tumors (Wang et al. 2017). Re-expression of SMARCBI1 in
SMARCB 1-deficient malignant rhabdoid tumor cell lines causes increased binding of SWI/SNF
complexes to enhancers, which subsequently gain activity (showing increased H3K27ac and
upregulation of nearest genes).

SWI/SNF complexes are evolutionarily conserved regulators of transcription, in control
of inducible genes in yeast and homeotic genes in Drosophila. The crucial function of SWI/SNF
complexes in mammalian cells appears to also be transcriptional regulation, with enhancers
serving as the genomic sites of SWI/SNF function, enabling dynamic and precise gene regulation
across cell and tissue types. SWI/SNF complexes interact with transcription factors at enhancers
to accept and relay input from signaling pathways and other cellular machinery. It is likely that
compositionally distinct complexes interact differently with these factors, such that multiple
complexes are required within an individual cell to provide combinatorial complexity in gene
expression patterns. Inactivation of individual SWI/SNF subunits may thus perturb enhancer-
mediated gene regulation in some cellular contexts, but not in others, leading to the observed
context specificity in tumor suppressor roles of individual SWI/SNF subunits.

While this and other recent work from our laboratory have established SWI/SNF
complexes in control of enhancer activity, the precise mechanisms by which these complexes

exert control remain unclear. While SWI/SNF binding at enhancers affects levels of H3K27ac,
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this is likely an indirect effect, as the complex does not contain histone acetyltransferase activity.
SWI/SNF complexes might function in recruiting the P300 acetyltransferase to catalyze
H3K?27acetylation (Alver et al. 2017). However, SWI/SNF complexes might also modulate
chromatin structure directly at enhancers, such as by utilizing ATP-dependent chromatin
remodeling activity to alter accessibility of nucleosomal DNA. The mechanisms by which
enhancers function in gene activation remain poorly understood (Long et al. 2016, Sur and
Taipale 2016, Hnisz et al. 2017); integrated analyses of SWI/SNF binding, histone modifications,
nucleosome positioning, binding of transcriptional machinery, and promoter-enhancer looping
are required to develop a sophisticated understanding of the mechanisms by which SWI/SNF
complexes control enhancer activity, and thus gene regulation in mammalian cells. In addition to
cancers, developmental disorders and intellectual disabilities have been linked to mutations in
SWI/SNF subunits (Tsurusaki et al. 2012, Van Houdt et al. 2012, Shang et al. 2015). SWI/SNF
control of enhancer activity is thus likely to be crucial not only in tumor suppression, but also in
development, neurocognition, and other biological processes dependent upon enhancer-mediated

gene regulation.

SWI/SNF pathway to tumorigenesis

This work demonstrates that ARID1A inactivation drives invasive colon adenocarcinoma
in mice without the cooperation of additional mutations in colon cancer-associated genes, and
that it antagonizes (rather than cooperates with) tumorigenesis initiated by aberrant activation of
Whnt signaling. Defective SWI/SNF targeting and control of enhancer activity causes extensive
dysregulation of gene expression in the ARID1A-deficient colon epithelium, with over 1000

genes affected. However, it remains unclear if genes deregulated by this process drive cancer by
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classical mechanisms — alteration of discrete oncogenes or tumor suppressor genes — or by a
mechanism that is fundamentally distinct. The enrichment of ARIDIA mutations in a specific
molecular subtype of colon cancer with distinct histological features than cancers driven by
classical pathways suggests the latter; these features are also recapitulated in Aridla"™ mouse
models. Notably, developmental enhancers are broadly inactivated across systems upon
SWI/SNF subunit mutations, but individual genes affected are variable. Collectively, these
results indicate that defective SWI/SNF control of enhancer activity drives tumorigenesis via a

novel pathway distinct from established models (Figure 6-1).
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Figure 6-1: SWI/SNF pathway to tumorigenesis. Defective SWI/SNF function drives invasive
cancer by impairing enhancer-mediated gene regulation. This pathway to tumorigenesis does not

require a sequential accumulation of genetic mutations as in the classical pathway.

While multi-stage genetic models of cancer initiation and progression are best

exemplified in colon cancer, they are also thought to underlie pathogenesis of other human
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cancers. Malignant rhabdoid tumor and small cell carcinoma of the ovary, hypercalcemic type
are driven by biallelic inactivation of SMARCBI and SMARCA4 respectively and have stable
genomes, despite their highly aggressive nature (Lee et al. 2012, Jelinic et al. 2014). In contrast,
many cancers driven by SWI/SNF subunit mutations show genomic instability and/or
cooperating genetic mutations and are therefore difficult to distinguish from cancers driven by
classical pathways. ARIDIA-mutant human colon cancers, for example, are associated with
microsatellite-instability, a feature that is not recapitulated by our mouse model and is likely
unrelated to the mechanism of tumor suppression by ARIDIA. Stratification of cancers driven by
SWI/SNF mutation as mechanistically distinct from other cancers will allow for systematic
investigation of commonalities in SWI/SNF-mutant cancers, and may have immediate clinical

implications for diagnostics, prognostics, and approaches to treatment.

Implications for therapy

Residual SWI/SNF complexes and Polycomb group complexes have each been identified
as specific vulnerabilities in SWI/SNF-mutant cancers (Helming et al. 2014a, Helming et al.
2014b, Wilson et al. 2014, Hoffman et al. 2014, Wilson et al. 2010, Knutson et al. 2013, Kim
and Roberts 2016, Fillmore et al. 2015, Bitler et al. 2015). These approaches to targeting
SWI/SNF-mutant cancers have been validated in cancers with mutations in different SWI/SNF
subunits, indicating they target a fundamental mechanism underlying SWI/SNF-mutant cancers.
These approaches are attractive relative to chemotherapeutic agents, as they do not cause
irreversible damage to DNA or other cellular processes. However, both SWI/SNF and Polycomb

group complexes have context-dependent roles in tumor suppression (Masliah-Planchon et al.

85



2015, Raedt et al. 2014) and the particular sensitivities of SWI/SNF-mutant cancers to these

approaches are largely unexplained.

Our investigation into the role of ARIDIA inactivation in colon cancer pathogenesis
yields a model in which defective SWI/SNF control of enhancer activity drives cancer and
confers specific vulnerabilities that might be targeted for therapy (Figure 6-2). Multiple
SWI/SNF complexes with diverse subunit assemblies are required to maintain dynamic,
spatiotemporally precise control of gene expression programs in a given cell. Defective control
of enhancer activity upon SWI/SNF subunit mutation dysregulates these gene expression
programs and leads to the creation of an altered transcriptional state. SWI/SNF-mutant cancers
are then dependent upon the maintenance of their altered transcriptional state, such that they are

especially sensitive to further perturbation.

The concept of oncogene addiction has recently been extended to transcription, as
dysregulated gene expression programs acquired during early development of a tumor continue
to be absolutely essential to its continued growth (Bradner et al. 2017). In the context of
SWI/SNF-mutant cancers, altered transcriptional states are maintained by Polycomb group
complexes, which function antagonistically to SWI/SNF complexes in mediating gene silencing,
and also by residual complexes, which preserve activity of a subset of enhancers in SWI/SNF-
mutant cancers. Transcriptional addiction provides a mechanistic explanation for the specific
vulnerabilities of SWI/SNF-mutant cancers to perturbation of Polycomb and residual SWI/SNF
function. Transcriptional addiction likely confers additional vulnerabilities yet to be discovered,
both in general transcriptional and co-regulatory machinery that can be targeted across

SWI/SNF-mutant cancers, and also in tissue-specific regulators upon which particular SWI/SNF-
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mutant cancers may be dependent. Advances in chemical biology and drug discovery have
created a new emphasis on these non-traditional drug targets (Gonda and Ramsey 2015, Jones et
al. 2016), which, in combination with mechanistic understanding of SWI/SNF-mutant cancers,

create a hopeful outlook for therapy.

K27Ac K27Ac

NON-VIABLE CELL

Figure 6-2: Defective SWI/SNF control of enhancer activity drives cancer and confers
vulnerability. The transcriptional state of SWI/SNF-mutant cancers is dysregulated as a
consequence of defective SWI/SNF control of enhancer activity. These cells are then dependent
upon the maintenance of this transcriptional state, such that they are sensitive to additional

perturbations such as inhibition of Polycomb group proteins or residual SWI/SNF complexes.
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