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1. Introduction

1.1 Co-transcriptional factor YAP

The emergence of multicellular organisms on our planet was the fundamental
starting point for the development of today's biological diversity. The
organisation of multicellular organisms into tissues and organs required the
evolution of regulatory mechanisms to control the proliferation and
differentiation of their component cells!. Despite the physiological and
evolutionary importance of this mechanism, the superior structuring into organs
and tissues has been a real puzzle for scientists for several years. The discovery
of the Hippo pathway has represented one of the first steps towards
understanding of these mechanisms?3.

Controlling the growth of internal organs is the best-known function, but not the
only one that can be traced back to the Hippo pathway. In fact, the latest research
has established its involvement in many fundamental biological processes, from
the control of individual cell fate* to the regulation of tissue architecture®. It is
therefore not surprising that the Hippo pathway is conserved in many species,
from the arthropods in which it was discovered to mammals®.

In contrast to more conventional signalling pathways linked to a specific ligand-
receptor pair, the Hippo pathway is capable of responding to a wide range of
biochemical and mechanical signals®. In response to these stimuli, Hippo
activation negatively regulates the activity of its downstream target YAP and its
paralog TAZ?>”. YAP and TAZ are transcriptional coactivators therefore their
actions are localised in the nucleus. To inhibit these activities, Hippo components
alter the phosphorylation state of YAP and TAZ proteins, inducing their

cytoplasmic retention and degradation®.



In order to drive the expression of their target genes, YAP and TAZ must enter
the nucleus in a dephosphorylated form; however, translocation to the nucleus is
not sufficient to activate their transcriptional programme. In fact, both YAP and
TAZ lack a DNA-binding domain and therefore their recruitment on chromatin
depends on their interactions with DNA-binding factors’. Although several
transcription factors have been identified that can interact with YAP!®, members
of the TEA family (TEADs 1-4) represent the interactors involved in the majority
of YAP-mediated responses!®3. Structural studies of these proteins shed light on
the mutualistic relationship between the co-activator YAP and these
transcription factors. In fact, unlike other transcription factors, TEADs 1-4 do not
have a trans-activating domain'*. YAP, on the other hand, does’. To carry out
their transcriptional role, TEADs therefore need to bind YAP and thus they share
a common transcriptional programme?®.

A Gene Ontology (GO) analysis of the genes to whose promoter the YAP/TAZ-
TEAD complex binds reveals an enrichment of terms such as regulation of cell
migration, organisation of the extracellular matrix and regulation of cell
proliferation’®.

The study of YAP and TAZ has revealed a predominant role in regulating growth
in the early stages of embryonic development®112 as well as in later stages in
different tissues’®'2. YAP/TAZ activity is typically regulated by the Hippo
pathway in healthy adult tissues. Any tissue damage induces the activation of a

repair and regeneration response in which YAP/TAZ play a key role®'12,

1.2 YAP is regulated by multiple stimuli

A wide variety of external and internal cues can modulate YAP activity in a way
that may involve or not the activation of the Hippo pathway!” . Hippo-activating

stimuli include cell-cell adhesion, basal-apical polarity, mechanotransduction



and cytoskeletal activity, cell density, EMT and G-protein-coupled receptor
signaling®!7-"%, In addition to the above, YAP/TAZ activity can be regulated by
more classical extracellular signalling pathways, including WNTs and ligands
that activate the interleukin-6 receptor subunit beta'”.

As mentioned above, the activation of the Hippo pathway involves the
phosphorylation cascade -mediated by MST- and LATS kinases, resulting in the
functional inhibition of YAP??! and the PDZ-domain transcriptional coactivator
(TAZ)*(Fig. 1).
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Fig. 1 Hippo Pathway (Hansen et al 2015%)

More specifically, YAP is directly phosphorylated by LATS1/2 on five serine
residues lying within the consensus sequence HxRxxS*. In support of this
evidence, the introduction of alanine substitutions at all five serine residues
(YAP-55A mutant) results in the complete abolition of LATS2 and MST2 activity

on YAP?%. The phosphorylation of 5112, in particular, allows the exposure of a



binding consensus for the 14-3-3 protein, thereby inducing the relocalisation of
YAP to the cytoplasm or proteasome-mediated degradation®?. This
phenomenon has also been observed in TAZ>.

The model whereby the downstream binding with 14-3-3 protein would be
sufficient to induce relocalisation has several critical points, especially if certain
experimental evidence® is taken into account. In particular, immunofluorescence
studies utilising antibodies specific for the phosphorylated YAP demonstrated
nuclear retention in mouse embryonic cells (NIH3T3) grown at low confluence.
This is despite the fact that this condition should maintain predominantly Yap
non-phosphorylated and localised in the nucleus?.

Further insights were provided by transgenic mouse models capable of inducibly
expressing the mutant form of Yap (S127A). It has been demonstrated that this
mutant form displays an increased propensity to localise at the nuclear level,
rendering it an optimal candidate for investigations into organ growth processes
involving Yap’. In contrast, it was observed that the localisation of Yap (S127A)
in the intestinal epithelium of transgenic mice is not restricted to the nucleus. This
suggests that phosphorylation of Yap at this site is not the primary determinant
of its subcellular localisation, at least in the intestine®. In their commentary on
this topic, Piccolo and colleagues hypothesise the existence of alternative
phosphorylation sites involved in binding to other complexes. Moreover,
alternative mechanisms by which phosphorylation by LATS1/2 affects Yap1 are
also conceivable®.

In support of Piccolo's comment, AURORA kinase has been found to
phosphorylate YAP at serine 397 (firstly annotated as S381 by Zhao and
colleagues®) in the nucleus, thereby promoting its tumorigenic transcriptional

programme in a triple-negative breast cancer model (MDA-MB-231 cell line).



Consistent with the opposite effects of these chemical modifications on YAP, a
novel mechanism of phosphorylation has recently been discovered that confers
on YAP the ability to support stemness properties in cancer stem cells. Indeed,
CDK?7 has been shown to interact with and phosphorylate YAP at 5127 and S397
in the nucleus, both of which are required to enhance its transcriptional activity®.
It should be noted that both of these serine residues have been reported as
phosphorylation sites for the LATS kinase activity, which determines the Hippo
negative control on YAP through cytoplasmic retention and subsequent
degradation®.

A substantial body of evidence from numerous studies has demonstrated the
involvement of other kinases in regulating the same residues targeted by LATS
in the control of YAP18. In fact, the first kinase that was reported to phosphorylate
YAP was Akt. Co-purification studies in human cell lines demonstrated that AKT
can phosphorylate the S127 residue of YAP, thereby inducing binding to 14-3-3.
Therefore, AKT induces the cytoplasmic localisation of YAP, thereby preventing
the latter from co-activating the pro-apoptotic factor p732.

In light of the aforementioned data, it can be posited that phosphorylation
represents an ever-present event in the cytoplasmic translocation of YAP.
Nevertheless, it may represent a non-primary event in the inactivation of
YAP/TAZS. It can be reasonably assumed that any upstream mechanism would
not impede phosphorylation by LATS1/2, given that this event can occur in both
the cytoplasm and the nucleus. Piccolo et al. postulate that the inhibitory effects
exerted by LATS1/2 may serve as a mechanism to reinforce an upstream
regulatory process that is not necessarily associated with the Hippo pathway*.
As hypothesised by several authors, it is possible that phosphorylation at the

same sites but in different compartments by different kinases could provide a



complex mechanism to regulate YAP activity based on cell context and in
response to multiple cues®3,

It is important to note that serines are not the only target residues on YAP.
Threonines, which are phosphorylated by kinases such as c-Abl and Yes/Src, also
play a role in the regulation of YAP®. In the former case, phosphorylation on
Y357 by c-Abl induces a stabilisation of the YAP protein which in turns appears
to determine the binding affinity for the p73 factor in the first place. Furthermore,
the authors observed a phosphorylation-dependent alteration in the
transcriptional activity of YAP. Specifically, under normal conditions, YAP binds
p73 on the p21 gene promoter rather than the Bax promoter. In response to DNA
damage, YAP-p73 has been observed to support Bax expression. The key
difference between the two conditions is the level of phosphorylation of YAP. In
the absence of genotoxic stress, YAP is predominantly unphosphorylated,
whereas following DNA damage, phosphorylation occurs. The resulting
mechanism thus involves a change in the binding site of the YAP-p73 complex,
such that the expression of pro-apoptotic factors is only observed in response to
DNA damage®.

Indeed, the threonine kinase activity of Yes/Scr has been demonstrated to trigger
a transcriptional programme with an opposite effect to that verified with c-Abl.
In their study, Rosenbluh et al.3* initially demonstrated that YAP can form a
complex with the transcription factor TBX5 and p-catenin. The formation of this
complex is independent of the Yesl kinase activity. Conversely, it would appear
that phosphorylation is responsible for the activation of the YAP-TBX5-[I-
catenin complex, thereby enabling it to bind to the promoters of specific genes
that are involved in the process of survival.

It should be noted that post-translational modifications are not the only

mechanism capable of regulating the localisation and thus the activity of YAP. In



between these are the classical ligand-receptor signalling pathways that are
independent of Hippo, including WNTs, ligands that activate G protein-coupled
receptors (GPCRs) and the beta subunit of the interleukin-6 receptor.””. With
regard to WNT, a complex crosstalk with YAP and TAZ was observed". In fact,
in cells in a "WNT OFF" state, they participate in the destruction complex by
interacting with Axinl and thus remain anchored in the cytoplasm. In this state,
the destruction complex is fully able to carry out its main function of degrading
beta-catenin. The nuclear relocalisation of YAP/TAZ can be achieved by
treatment with Wnt ligands or by removing components of the complex. In turn,
YAP is able to regulate WNT signalling since its nuclear relocalization makes the

destruction complex unable to exert its negative activity on beta-catenin®.

1.3 The role of YAP in cancer

To date, it is evident that the physiological activity of YAP is functionally
reprogrammed to aberrantly support cancer cell proliferation, progression,
migration and metastasis®.

Numerous studies of YAP/TAZ expression and nuclear localisation have shown
that the expression or activity of these co-factors are enhanced in the vast
majority of tumour samples compared to normal tissues*¥*. These studies
demonstrated a correlation between altered expression or activation status of
YAP and poor prognosis. In this regard, a meta-analysis of more than 21 studies
involving thousands of patients demonstrated that over-expressed and activated
YAP is associated with reduced survival®. In certain instances, the
overexpression or increased activity of YAP has been demonstrated to be
contingent upon genetic alterations involving components of the Hippo pathway
or amplifications of YAP%. Indeed, the chromosomal region (11q22)

encompassing the YAP locus is subject to amplification in a multitude of human



cancers, as evidenced by several studies*!. Moreover, mutations in the core
components of the Hippo pathway have been frequently observed in cancerous
tissues®*. Nevertheless, the occurrence of genetic alterations is not sufficiently
prevalent to account for the phenomenon of overexpression and increased
activity of YAP/TAZ in tumours”.

Altered YAP expression exerts its influence at various levels in the promotion of
tumour growth and disease progression. YAP is involved in a number of cancer-
related biological processes, including cell proliferation, apoptosis, stem cell

characteristics and the tumour microenvironment3s.

1.4 SWI/SNF chromatin remodelling complex

In eukaryotic cells, the nuclear DNA is wrapped around the histone octamer in
order to assemble into nucleosomes, which represent the fundamental unit of
chromatin®®. The formation of higher-ordered structures in the nucleus, known
as topologically associated domains (TADs), is determined by hierarchical
folding and interactions®. The high constriction observed in the nucleus is
subject to dynamic remodelling, which ensures accessibility to a vast number of
factors involved in gene expression throughout the lifespan of cells®!2
Furthermore, chromatin remodelling is crucial for its assembly, DNA
replications and DNA repair®-.

The actions of histone modifying enzymes® and ATP-dependent chromatin
remodelling complexes® are synergistic, with both regulating these processes in
conjunction with one another. The first type of enzyme acts by affixing various
post-translational modifications on specific residues of the histone tail, thereby
generating an extensive histone code comprising acetylation, methylation,

phosphorylation, SUMOylation and ubiquitination®®.
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ATP-dependent chromatin remodelling complexes are capable of reading
histone modifications and utilising this information to facilitate site-specific
unwrapping, mobilisation, exchange or ejection of nucleosomes through the
process of ATP hydrolysis™2

Actually, remodelers are classified in 4 distinct families (SWI/SNF, ISWI,
NURD/Mi-2/CHD and INO80), based on the presence of additional domains on
their ATPase domain”.

The SWI/SNF genes were initially identified in yeast through genetic and
biochemical screening as these mutations affect the mating-type switching
(SWI)7 and sucrose fermentation (Sucrose Non-Fermenting-SNF) pathways”.
Subsequent biochemical analysis led to the characterization of the proteins
encoded by these genes, revealing their capacity to assemble in large complexes.
The significance of these complexes is evidenced by their evolutionary
conservation across diverse organisms, from Drosophila” 7 to mammals™.

In mammals, 29 genes encode more than 15 different subunits that can assemble
in three distinct SWI/SNF complexes: canonical BRG1/BRM-associated factor
(BAF), polybromo-associated BAF (PBAF) and ncBAF complexes. The
purification of these subunits has revealed a cell line-specific combination that
gives rise to a heterogeneous range of complexes®.

The significance of the diverse array of complexes became evident in genetic
studies of pivotal processes such as embryogenesis and cell fate determination®!-
8. Consequently, in vertebrates, the non-redundancy and combinatorial
assembly of these subunits may have contributed to the diversification of gene
expression patterns by a restricted set of genes.®.

Despite the observed differences in composition, the mammalian SWI/SNF

complexes exhibit a distinctive functional structure comprising three interacting
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modules: BAF core, ATPase module and an accessory module which confers
target specificity®”s.

The accessory module may include three related but distinct proteins which
provide an AT-rich interaction domain to the entire complex: protein 1A
(ARID1A), protein 1B (ARID1B), protein 2 (ARID2)%. The incorporation of these
products into the remodelling complex is mutually exclusive, thus defining three
biochemical distinct forms of SWI/SNF¥. Specifically, ARID1IA and ARID1B
define BAF-A and BAF-B complexes respectively. Conversely, ARID2 is found in
the PBAF (Polybromo BAF) complex®.

The ARID1A and ARID1B proteins are essential for the complete assembly of the
BAF core module and for establishing a connection with the subunit with ATPase
activity module®. Both proteins are expressed in cells, although their presence in
the complex is mutually exclusive®. The resulting complexes exhibit minimal
overlap in their genomic localization and exert distinct effects on gene

transcription through specific interactions with different transcription factors®.

1.5 ARID1A

ARID1A (also known as BAF250a, p270 or SMARCF1) is a key component of the
mammalian SWI/SNF complex. In contrast to its yeast counterpart (SWI1),
ARID1A exhibits high affinity for DNA, albeit without sequence specificity®.
Nevertheless, ChIP-seq analysis in endometrial cancer cells revealed a correlation
between the enriched motifs in ARID1A target peaks and the DNA binding
motifs for JUNB, TEAD4, RUNX1, EWS:ERG, and NF1°.

Further studies lend support to the notion that ARID1A plays a pivotal role in
facilitating the co-localisation of SWI/SNF complexes with a number of

transcription factors. For example, in breast cancer cells ARID1A is essential for
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the co-localisation of SWI/SNF with FOXA1 on ER cis-regulatory elements®.
Furthermore, in a colon cancer cell line, accessible regions dependent on
ARID1A/B are bound by AP-1 subunits®. In the same study Kelso and colleagues
demonstrated that ARID1A plays a crucial role in regulating global chromatin
accessibility. Furthermore, the impact of ARID1A on chromatin accessibility is
especially notable in regions designated as enhancers.®.

Higher metazoans have evolved a multitude of sophisticated mechanisms to
precisely regulate gene expression in essential biological processes. One such
sophisticated method is the pausing of RNA Pol II’*®. The primary factor
responsible for RNA pol II pausing is negative elongation factor (NELF), which
impedes the effective elongation of RNA Pol II in the early stage of
transcription®. Subsequently, other factors were identified as regulators of RNA
Pol II pausing®*®, including ARID1A%. It is noteworthy that ARID1A directly
promotes the accumulation of paused RNA Pol II rather than the establishment
of an active state within the chromatin®.

As has been previously reported, several components of the SWI/SNF core
complex are essential for early embryogenesis®1%101 Gao and colleagues
demonstrated that ARID1A is required for mouse embryogenesis and for the
function of embryonic stem (ES) cells. Indeed, heterozygous mutant embryos are
arrested at a late stage of development whereas complete loss of ARIDIA
determines developmental arrest at an early stage!®.

Moreover, ARID1A plays a direct role in maintaining DNA stability and
facilitating repair processes!%104,

In particular, ARID1A plays a crucial role in the recruitment of Topoisomerase
IlIa (TOP2A). Indeed, even though ARID1B globally replaces ARID1A function,
still ARID1A depleted cells continue to exhibit genomic instability due to the

failure to resolve R-loops by TOP2A on prone sites!®.
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Shen and colleagues delineated a functional interplay between ARIDIA and
Ataxia telangiectasia and RAD3-related protein (ATR)'®. ATR along with ataxia
telangiectasia-mutated (ATM) are two kinases involved in the control of cell
responses to DNA damage. The downstream effects following activation of these
kinases are determined by a decision three in which the engagement of different
factors determine multiple outcomes; although all share the purpose of
preserving genomic integrity through cell-cycle delay and recruitment of DNA
repair machinery 11 In order to gain insight into the mechanisms that regulate
ATR activity, Shen et al. conducted a proteomic assay which identified ARID1A
as a direct interactor of ATR. This interaction results in the recruitment of
SWI/SNF complex which in turn induces the DNA damage checkpoint and

promotes DSB end resection!®.

1.6 ARID1A in cancer

Over the course of several decades, the role of epigenetic abnormalities in
tumorigenesis was fully accepted by the scientific community. 1. The
expeditious implementation of omics methodologies enabled researchers to
delineate a conceptualised "cancer epigenome". This modified epigenetic
landscape is characterised by alterations in DNA methylation, histone code and
chromatin accessibility, which have a profound impact on gene expression in
cancerous disease!®. The overwhelming majority of epigenetic alterations have
their origin in genetic mutations affecting key factors that regulate chromatin
state!'?. As the number of tumour genomes sequenced increased, the number of
identified "driver" mutations also rose. The term "driver mutations" is used to
describe genetic alterations that are causative of oncogenesis. A salient feature of
driver mutations is their high prevalence across a multitude of tumour types,

with a particular propensity for certain cancers .
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In the pre-omics era, initial studies of malignant cells demonstrated a genetic loss
of subunits belonging to the SWI/SNF complex. It is the case of BAF47, which is
lost in a rare childhood cancer known as malignant rhabdoid tumour (MRT)!2,
Further observation in adrenocortical carcinoma and several other cancer cells
evidenced the inactivation of both BRG1 and BRM, which suggests that the
SWI/SNF complex may have a tumour suppressor function 13114,

Of the proteins that comprise SWI/SNF complex, ARID1A is the most frequently
mutated in cancers'®. To date, the AACR GENIE project has highlighted that the
frequency of mutations affecting ARID1A is approximately 10% across all
tumour types analysed!®!”. It is anticipated that this percentage will increase
significantly when data from exclusively ovarian and endometrial cancers are
included. Indeed, 57% of ovarian clear cell carcinoma (OCCC) cases analysed
exhibited inactivating mutations in ARID1A"8, Additionally, ARID1A mutations
were observed in 30% of endometrioid carcinomas. Considering the findings by
Wiegand and colleagues regarding the presence of mutations and transcript
absence in preneoplastic lesions, the hypothesis has been put forth that ARID1A
loss represents an early event in the transformation of endometriosis into
cancer'”. The hypothesis is further supported by the more recent characterisation
of cancer driver genes and mutations, which also extend this trigger function to
breast cancers'®.

ARID1A mutations are distributed throughout the entire gene body without any
evidence of clustering. The genetic alterations predominantly comprise
frameshift mutations which are predicted to result in a loss of function or
alternative splicing!®.

The multiple studies presented thus far concur in identifying ARID1A as a
tumour suppressor gene, although some evidence appears to indicate the

contrary in specific circumstances. Indeed, the survival of patients with ARID1A
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mutations exhibits divergent trends contingent on the cohort under
examination'?!. In support of this, Bai and colleagues demonstrated that BRG1 is
highly expressed in biopsies from breast cancer patients which correlates with
lower survival rates. Moreover, the knockdown of BRG1 has been observed to
result in a reduction in proliferation, migration, and invasiveness when
compared to control breast cancer cells (MDA-MB-231).122

In light of this evidence, Sun and colleagues verified that Aridla loss protected
mice livers from tumour initiation!?. Indeed, the use of chemically induced
models revealed a reduction in the number and size of liver tumours in the
double KO, with no discernible differences in histology and proliferation
compared to the control. Moreover, in mice with MYC overexpression, Aridla
loss did not accelerate cancer initiation as expected by a tumour suppressor gene.
Conversely, mice model exhibiting MYC and ARID1A overexpression burden
had shorter survival and hepatomegaly. Therefore, the data on loss and gain of
function agree with one another in supporting the conclusion that ARID1A acts
as a tumour promoter in the initiation process'?.

To elucidate the mechanism by which ARID1A exerts its function, they
conducted RNA-seq analysis in the generated mouse models. Therefore, it was
confirmed that ARID1A upregulates the expression of enzymes that are
responsible for the production of ROS, which are well-established mediators of
liver injury and hepatocarcinogenesis'®. To further evaluate a cancer promoting
role for ARID1A, they analysed the expression pattern in hepatocarcinoma
(HCC) samples from patients. In accordance with the findings of a previous
study'?, ARID1A was observed to be highly expressed in 86% of the samples,
while 15% exhibited no expression. The adjacent non-cancerous tissue in all
samples displayed weak or moderate staining. Conversely, there is a substantial

loss of ARID1A expression in metastatic tissue in comparison to the paired
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primary HCC. This phenomenon has already been observed in endometrial
cancer, where only metastatic populations exhibit deleterious mutations in the
ARIDIA gene. Among the cancer driver genes analysed, ARID1A was the only
gene that exhibited mutations in subclonal branches '*.

Furthermore, genomic analysis in HCC samples highlighted a prevalence of
mono-allelic deleterious mutations, suggesting a phenotypical role for ARID1A
even in haploinsufficient state!?.

These data prompted Sun and colleagues to investigate whether ARID1A's
activity in tumorigenesis could be time- and dose-dependent. To achieve this, the
researchers ablated Aridla in mice with already initiated tumours. The resulting
tumours were harvested and transferred to immunodeficient mice wherein
tumours lacking Aridla exhibited accelerated growth compared to WT?%.
Moreover, a comparative analysis of tumours with homozygous and
heterozygous Aridla loss demonstrated overlapping chromatin accessibility and
gene expression profiles. Furthermore, mice with heterozygous Aridla
expression exhibited reduced overall survival, accelerated tumour growth and a
metastasis burden comparable to that observed in homozygous Aridla-deficient
mice.

In conclusion, these data demonstrate a time-dependent and dose-dependent
activity, thereby indicating that Aridla promotes tumour initiation but is

detrimental for cancer progression in late stages'®.

1.7 The functional interplay between YAP and ARID1A

While a substantial body of literature describes multiple mechanisms by which
YAP activity is regulated through cytoplasm retention, comparatively less is

known about its regulation in the nucleus!'?*1?.
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In a recent study, Piccolo and colleagues identified several components of the
SWI/SNF complex as nuclear interactors of YAP/TAZ. Indeed, co-
immunoprecipitation analysis demonstrated that ARID1IA (and not ARID1B)
directly mediates the interaction between YAP and the remodeller complex!?.
Moreover, the researchers evaluated YAP activity in response to ARID1A
depletion, revealing an increase in the expression of genes downstream of
YAP/TEAD, without significant effects on YAP localization and phosphorylation
status'®.

As has been widely reported, the shuttling of YAP from the cytoplasm to the
nucleus is regulated by mechanical cues. Indeed, it is sequestered in the
cytoplasm compartment in cells experiencing low mechanical stimuli, whereas it
is free to translocate to the nucleus under high mechanical stress'*. These two
conditions can be replicated in vitro respectively by cells experiencing high or low
cell density'>’.

By applying different mechanical cues, Piccolo and colleagues demonstrated that
ARID1A regulates YAP activity in response to mechanotransduction. Indeed,
high mechanical cues induce F-ACTIN polymerization which sequesters
ARID1A/SWI-SNF pool, thereby impairing its negative effects on YAP.
Conversely, ARID1A interacts freely with YAP, thereby preventing the
formation of the YAP/TEAD complex on chromatin'?.

It should be noted that other researchers have previously identified a physical
interaction between the SWI/SNF complex and TAZ. Indeed, Skibisnki and
colleagues identified the WW-domain in YAP/TAZ proteins as the portion
responsible for binding with several subunits of SWI/SNF complex containing
PPxY motifs such as ARID1A?, Nevertheless, in this instance, the SWI/SNF
complex is responsible for sustaining TAZ transcriptional programmes, thereby

ensuring the maintenance of basal cell homeostasis in mammary gland tissue!*.
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A substantial body of research has demonstrated a physical interaction between
these two factors, which results in the modulation of the YAP/TEAD
transcriptional program. For instance, ARID1A functions as a suppressor of the
YAP proliferative programme, thereby inducing cardiomyocyte maturation in
the postnatal heart's.

Another example of this pivotal interaction can be observed in the liver's
response to injury. In this regard, previous studies have demonstrated that adult
hepatocytes can undergo reprogramming into liver progenitor-like cells (LPLC)
in response to injuries’®>!®, In this cellular context, Aridla is essential for
hepatocytes to gain the competence to undergo reprogramming in response to
liver injury. Indeed, Aridla enables a permissive chromatin state which facilitates
the Yap-dependent LPLC programme’3.

In cancer models, it was previously demonstrated that overexpression of Yap in
a constitutively active state (5127A'®) in mouse liver did not result in any
anomalies. Nevertheless, the oncogenic potential of Yap S127A is sustained by
the co-expression of constitutively active beta-catenin, which results in a lethal
burden of liver tumours 1%¢. In this tumour model, concomitant overexpression of
ARID1A results in accelerated oncogenesis'®. Consequently, further research is

required to assess the consequences of this highly context-dependent interaction.
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2. Aim of the study

YAP plays a significant role as an oncogenic driver in a multitude of tumour
types®. In the majority of cases, its hyperactivity is not associated with any
genomic abnormalities'”. Consequently, it can be reasonably suggested that the
aberrant activity of YAP in cancer should be sought in epigenetic
dysregulation'®,

Conversely, ARID1A is primarily regarded as a tumour suppressor gene, whose
activity is inactivated by recurrent mutations in numerous cancer types'®.

To date, numerous studies have demonstrated a functional interplay between
these two factors in both physiological processes and oncogenesis!?12131,
Nevertheless, no unified mechanistic model has been established, and instead, a
context-dependent interplay has been observed.

Indeed, Piccolo and colleagues reported that ARID1A acts as a tumour
suppressor by inhibiting YAP activity in the nucleus, sequestering it and thus
preventing it from binding TEAD on chromatin in cells experiencing low
mechanical cues'?.

In contrast to this observation, in the liver compartment, the reprogramming of
cells to repair injury as well as oncogenic processes are both driven by the activity
of YAP through the support of ARID1A23134,

The objective of this project is to investigate the interactions between YAP and
ARID1A in a cellular model of breast cancer and its healthy counterpart under
high mechanics conditions.

The use of these two models will allow us to clarify the scope of these interactions
and to validate the aforementioned cell context activity of ARID1A in a YAP-
dependent manner, using a cell model competent to regulate YAP activity and

its transformed counterpart in which YAP activity is unleashed.
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Given the primary function of ARID1A as part of the chromatin remodelling
complex and the dependence of YAP on the transcription factor TEAD, we
hypothesise that ARIDIA functions with YAP by regulating chromatin
accessibility at TEAD-bound regions.

To this end, we will analyse available omics data by cross-referencing ATAC-seq
results in ARID1A KO cells with ChIP-seq data for TEAD.

We will also analyse gene expression in YAP or ARID1A depleted cells by whole
transcriptome analysis to investigate any overlapping effects and thus a common
set of genes regulated by these two factors. Finally, we will take advantage of
Cas9 genome editing to generate ARID1A KO clones to validate the dependence

of the YAP-TEAD transcriptional programme upon ARID1A activity.
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3. Materials and methods

3.1 Cell culture and transfection

MCF10A and MCF10AT cells obtained from Luca Azzolin were grown in DMEM
F12 (Euroclone #ECMO090L) supplemented with 5% horse serum (Euroclone
#ECS0091L), 2 mM  L-glutamine  (Euroclone  #ECB3000D), 1%
penicillin/streptomycin solution (Euroclone ECB3001D) and freshly embedded
with insulin 0.01 mg/ml (Sigma-Aldrich #91077C-250MG), EGF 20 ng/ml
(Peprotech #AF-100-15), hydrocortisone 500 ng/ml (Sigma-Aldrich #A16292) and
cholera toxin 100 ng/ml (Sigma-Aldrich #C8052).

All cells were maintained in a humidified incubator at 37 °C, 5% CO2 and
periodically tested for mycoplasma contamination.

YAP and ARIDI1A silencing were obtained by transfecting 30 nM of siRNA (listed
in table 1) with Interferin as transfection reagent (Polyplus #409). siRNA
targeting luciferase reversed sequence was used as negative control (sequence
listed in table 1).

Cas9 expressing vector was obtained from Addgene (#62988). Single Guide RNA
sequence (listed in table 1) to target ARID1A gene were obtained from CHOP
CHOP webtool and cloned as duplex in the Cas9 vector as described in Zang
protocol'. The resulting vector was then Sanger sequenced to verify the
insertion of the guiding sequence. It was then transfected into MCF10A cells
using Jetprime transfection reagent (Polyplus #115) according to the
manufacturer's instructions. Thirty-six hours after transfection, cells expressing
Cas9 were selected by puromycin selection (1 ug/ml).

After 48 hours, surviving cells were diluted and seeded into 96-well plates for

monoclonal cell isolation. MCF10A clones were first tested for ARID1A KO by
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Western blot and finally genetically characterised by Sanger sequencing in the

Cas9 target sequence.

Table 1:

Object Sequence 5'-3’ sense Sequence 5’-3’ antisense

siRNA Negative control | AGCUUCAUAAGGCGCA | GCAUGCGCCUUAUGA
UGC[dT][dT] AGCUI[dT][dT]

siRNA YAP GACAUCUUCUGGUCA | UCUCUGACCAGAAGA
GAGA[dT][dT] UGUCIdT][dT]

siRNA ARID1A CCUUGGUUACACUCG | UUGGCGAGUGUAACC
CCAA[dT][dT] AAGG[dT][dT]

gRNA ARID1A AAACCGCAGCGGTACC | CACCGGGTCATCGGG
CGATGACCC TACCGCTGCG

3.2 RNA isolation and Real Time quantitative PCR (RT-qPCR)

Total RNA was isolated from cells using Direct-zol RNA Miniprep kit (Zymo
research #R2053) and quantified with Qubit fluorometric assay (Thermo Fisher
#Q10211).

Thus, 1 pug of total RNA was reverse transcribed 42 °C using Protoscript 11
Reverse transcriptase (New England Biolabs GmbH #0368) and random
hexamers (Takara Bio Europe #3801) according to the manufacturer’s protocol.
qPCR amplification of cDNAs was performed using specific primers (listed in
table 2) with GoTaq® qPCR Master Mix (#A6002 Promega) in a CFX Connect
instrument (BioRad).

The expression level of each gene was assessed using the 2*(-AACt) method by

normalisation to GAPDH levels.
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Table 2:

Gene Sequence 5-3’ Forward | Sequence 5’-3’ Reverse

YAP GCACCTCTGTGTTTTA | CAACTTTTGCCCTCCT
AGGGTCT CCAA

ARID1A TGAACAACAAGGCAG | CACAGCAGGCAGATT
ATGGG TGTCA

CCNT1 CCTTGTGGACAGCCA | ACTTGGGCCGGTATT
GTGTA TCTTC

CCN2 AGGAGTGGGTGTGTG | CCAGGCAGTTGGCTC
ACGA TAATC

LPCAT3 GTTCTGCAGTCGGGT | CCAGGCAGTTGGCTC
TTCCA TAATC

AXL GTGGGCAACCCAGGG | GTACTGTCCCGTGTC
AATAT GGAAAG

AGFG2 CGTGGAAATGAGGTT | CTTCCCTTCTGGGAT
TGCCG GGAGC

CLU CAGGCCATGGACATC | GTCATCGTCGCCTTC
CACTT TCGTA

TFP1 GTGCTGCCTCTCTCT | AGGAAATCCACCGAC
ATGCC CTGTCAA

NRP1 GCCAGAGGAGTACGA | CAGGTCTGCTGGTTT
TCAGC TGCAC

3.3 Protein isolation and Western blot analysis

Cells were harvested by centrifugation and resuspended in lysis buffer (NaCl 150
mM, Tris HCI pH 8 50 mM, EDTA 2 mM, NP-40 0.5%, glycerol 10%, protease
inhibitor cocktail (Sigma Aldrich#P8340). A total of 30 ug of total protein extract
were loaded on a 8% SDS PAGE gel and gels were blotted by wet protein transfer
to 0,45 um nitrocellulose membrane (GE10600002 Amersham Protran). After

membrane blocking with 5% (w/v) non-fat milk (A0830 PanReac Applichem) in
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TBS-tween 0.1%, membranes were incubated with specific antibodies (anti-YAP
Cell Signaling #14074, anti-ARID1A Proteintech #303004-1-AP, anti-GAPDH Cell
Signaling #2118, p-tubulin Sigma Aldrich #17816, anti-TEAD4 Abcam #58310)
and developed with chemiluminescence reagents (Supersignal West Pico PLUS
Chemiluminescent Substrate Thermo Scientific #34577). For control WB of ChIP
against TEAD-4, anti-light chain mouse was used as secondary antibody (Cell
signaling #91196S). Images were acquired with Chemidoc MP Imaging System
Bio-rad. Densitometric analysis was conducted on Image Lab software from

Biorad.

3.4 Chromatin immunoprecipitation (ChIP) gPCR

Approximately 1x10"7 cells were crosslinked in 150mm dishes adding 1/10 of
volume with formaldehyde solution (HEPES pH 8 50mM, NaCl 100mM, EDTA
pH 8 1mM, EGTA 0,5 mM, formaldehyde 11%) for 10 minutes at room
temperature on shacking, followed by glycine quenching for 5 minutes.

After three washes with ice-cold PBS, fixed cells were scraped and collected by
centrifugation.

A preliminary lysis process occurred in “buffer 1” (Tris HCl pH 8 50mM, EDTA
pH 8 2mM, NP40 0,1%, glycerol 10%, protease inhibitor cocktail Sigma #P8340)
on wheel to disrupt cell outer membrane, followed by douncing with potter.
Subsequent centrifugation permits to collect nuclei and to discard cytoplasmic
fraction. Collected nuclei were resuspended in “lysis buffer 2” (Tris HCI pH 8
50mM, EDTA pHS8 5mM, SDS 1%, protease inhibitor cocktail) for 20" on wheel
and transferred to sonication tubes. Cross-linked chromatin was disrupted with
Cup Horn sonicator (Fisher scientific #FB705) until 150-200 bp fragments were

obtained.
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Each chromatin immunoprecipitation was set up with approximately 150ug of
chromatin and 3ug of specific antibody for targeting TEAD1 or iso-specific
antibody as negative control (anti-TEF3 NG2 clone Santa Cruz #sc-101184,
purified mouse IgG Bio-rad #PMPO01).

1/10 of volume calculated for IP reactions was taken from chromatin solution and
conserved at this stage as a fraction of input. IP reactions occurred overnight on
wheel at 4°C diluted 1:10 in volume with dilution buffer (Tris HCl pH 8 50mM,
EDTA pHS8 5mM, NaCl 200mM, NP40 0,5%, protease inhibitor cocktail).

The subsequent day, magnetic beads (Dynabeads protein G Invitrogen Thermo
scientific #10003D) were injected into the IP tubes in order to capture antibody-
chromatin complexes as reported by manufacturers. Immuno-complexes
collected by magnetic beads were subjected to subsequent washes and finally
eluted by two consecutive extractions.

Chromatin was reverse-cross linked overnight on shacking at 67°C and treated
with Rnase A and proteinase K. The input and ChIP DNA were finally purified
with phenol/chloroform solution, precipitated and resuspended in molecular
grade H2O. Finally, ChIP-qPCR was performed with primers amplifying CCN2
promoter region and HBB promoter region as negative control, since it is not
expressed in breast epithelium (primers listed in table 3).

Table 3:

Gene promoter

Sequence 5-3’ Forward

Sequence 5’-3’ Reverse

CCN2 TGTGCCAGCTTTTTCA | TGAGCTGAATGGAGT
GACG CCTACACA

HBB GCTTCTGACACAACT | CACCAACTTCATCCAC
GTGTTCACTAGC GTTCACC
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3.5 RNA sequencing (RNA-seq)

Total RNA extracted from MCF10A and MCF10AT cell lines (treated with
siRNAs against either ARID1A, YAP or a control sequence) was sent for
transcriptomic analysis through a service provider. Paired end (2x150)

sequencing of 60 M reads per sample was performed.

3.6 Bioinformatic analysis

3.6.1 RNA-seq

Fastq files were  checked wusing FastQC  (available  online:
https://www .bioinformatics.babraham.ac.uk/projects/fastqc/ )- Adapters
(AGATCGGAAGAGCACACGTCTGAACTCCAGTCA,

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT ) were trimmed using

cutadapt v 3.5%2 with the following command line options:

-m 30:30 --trim-n --nextseq-trim=20

Reads were aligned to the hg38 human genome using hisat v 2.2.1'** . Duplicate
reads were removed using Sambamba v(.8.214 .

Read counts at gene level (gencode v43 basic gene annotation) were obtained
using htseq-count v 0.12.4 with the following command line options:

-1 pos \

-m intersection-nonempty \

-f bam \

-s reverse \

-i gene_name \

--nonunique none \

--secondary-alignments ignore

3.6.2 ATAC-seq

Raw sequences were obtained from SRA (NCBI). Reads were aligned to the hg38
human genome sequence using STARM with the following command line

option:
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--alignIntronMax 1

to suppress spliced alignments.

Quality controls were performed using custom perl scripts and R scripts to
compute Transcription Start Site Enrichment (TSSE) score following ENCODE
definition!® after filtering reads overlapping ENCODE blacklisted regions. The
ENCODE reference TSS for hg38 was used. All samples displayed a TSSE > 6.
ATAC-peaks, differentially accessible regions and motifs enriched at regions
whose accessibility was impaired in ARIDIA KO were identified using
HOMER . Enhancer regions were identified based on HMM Chromatin states
annotation and peaks lying on enhancers were selected using bedtools!
intersect. Heatmaps and peak coverage images were obtained using

deeptools2!¥.

3.7 Statistical analysis

PCA, sample clustering and statistical testing for Differential gene expression
was carried out using DEseq2'®. Batch effect removal from rlog transformed data
was performed using limma package®'. GO term enrichment was computed
using the gprofiler2 R package!>.

R Session Info is reported in supplementary data.

RT-qPCR data and WB densitometric analysis were assessed in significance using
the unpaired Student T test for comparison between groups using GraphPad

software.
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4. Results

4.1 ARID1A loss impairs chromatin accessibility on enhancers

regions

Given ARID1A's primary function as a component of the SWI/SNF complex, we
conducted an analysis to ascertain the impact of ARIDIA deficiency on
chromatin accessibility in various cancer types.

In order to achieve this, an analysis was conducted on data deposited on the
Sequence Read Archive (SRA) from Assay for Transposase-Accessible Chromatin
sequencing (ATAC-Seq) experiments in MCF7, HCT116 and endometrial cells
knockout for ARID1A%2%1%3,

First of all, we inquired as to whether it would be feasible to delineate a set of
affected regions that exhibit common characteristics. In order to answer this
question, we initially undertook a comparison of the aforementioned regions
with the histone modification data obtained from ChIP-seq in the same cell lines
(ENCODE data). The comparative analysis revealed a significant decline in
chromatin accessibility in the regions designated as enhancers based on histone
marks. Indeed, out of 50908 peaks exhibiting diminished accessibility upon
ARID1A loss in MCF7 cells, 13,3% and 17,7% could be respectively classified as
weak and active enhancers. Furthermore, 57% of the less accessible chromatin
displays characteristics of quiescent chromatin. In HCT116 and endometrial cells,
the proportion of enhancers with reduced accessibility in ARID1A KO is 60.9%
and 72.8%, respectively.

In light of this observation, we sought to ascertain the impact of ARIDI1A
depletion on chromatin accessibility, focusing our investigation on regulatory

regions defined as enhancers. As illustrated in Figure 2, the depletion of ARID1A
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in cells resulted in a discernible yet modest decline in chromatin accessibility
when compared to the parental cell line.

Endometrial epithelial

MCF7 HCT116 cells
| —_ WT | —_— W —_ WT
ARID1A_KO Jtm i ARID1A_KO
ATAC Peak 10Kb -1.0  ATAC Peak 1OKb -1, ATAC Peak 1.0Kb
1.0
- 0.8
- 0.6
- 0.4
0.2
0.0

ATAC Peak 1.0kb -1.0 ATAC Peak 1.0Kkb -1.0 ATAC Peak 1.0Kb

Fig. 2 ARID1A loss slightly affects chromatin accessibility on all enhancer regions: Heatmaps of

ATAC-seq peaks in ARID1A KO and parental cell line. Each peak is stacked in rows ordered in

descending order of signal strength

4.2 ARID1A regulates chromatin accessibility at TEAD binding sites

As previously stated, ARID1A has been observed to co-bind chromatin with
several transcription factors.

In order to identify regulatory elements that are dependent on ARID1A activity,
we conducted an enrichment motif analysis on enhancer regions that were made
less accessible in KO of all cell lines, using the HOMER'™* software.

The top-most enriched motif matches the consensus sequence bound by AP-1
transcription factors. This finding is not unexpected, given that AP-1 co-binding
with the SWI/SNF complex has already been demonstrated to play a critical role

in establishing a permissive state for AP-1 binding regions, with ARID1A being
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a key factor in this process®*!°>1%¢, In the second position we have found FOXA],
whose functional interplay with ARID1A has been documented'?.
The third most represented motif is the TEAD family binding consensus, with

approximately 15,8% of the total peaks affected by loss of accessibility (Table 4).

Ranl Motif P-value % of Targets Best Match

T A ki A

1 C 1e-9359 46.40% Fra1(Bzip)
J"-\ T

2 TAA IAAAC 1e-824 12.64% FOXA1(Forkhead)

3 1e 567 15.84% TEAD(TEA)
T_ﬂgﬁ T

Table 4 Consensus sequence recognized by BZip (AP-1 family), FOXA1 and TEAD are the most
frequent in the regulatory regions negatively affected by ARID1A loss.

We then re-analysed the ATAC-seq data, this time focusing on peaks with
binding regions for TEAD within them, as reported in the ChIP-seq data for this
factor. In comparison to the observation of total enhancer peaks affected by
ARID1A loss, TEAD binding regions on enhancers demonstrated a markedly
reduced level of accessibility when compared to the parental cell lines. This effect

was observed consistently across all cancer cell lines analysed. (fig. 3).
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Fig.3 ATAC-seq unveils a significant reduction of chromatin accessibility at TEAD4-bound

enhancers regions in three different cell lines: Heatmaps of ATAC-seq peaks in ARID1A KO and

parental cell line. Each peak is stacked in rows ordered in descending order of signal strength.

4.3 YAP and ARID1A regulate a common set of genes in breast

epithelial cell lines

To wunderstand how changes in chromatin accessibility affect TEAD
transcriptional programmes, we analysed gene expression in ARID1A or YAP-
depleted cells. In fact, as has been thoroughly established, TEAD activity is
primarily dependent on the formation of a complex with YAP to initiate
transcription. To this end, we performed RNA-seq analysis in MCF10A cells and
its transformed counterpart MCF10AT cell line. MCFI10A cells are an
immortalised but non-tumorigenic human mammary epithelial cell line that

provides a good model to study the oncogenic effects of YAP. Indeed, these
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epithelial cells physiologically respond to mechanical stimuli that inhibit
proliferation through the “Hippo ON status” but over-activated YAP drives the
acquisition of oncogenic features'*s. Conversely, MCF10AT represents a cellular
context in which H-RAS transformations remove the negative control of the
Hippo pathway on YAP, allowing it to enter the nucleus and drive transcription
even at low mechanics'®. The efficacy of silencing was assessed both at the
protein level by Western blot analysis (Figure 4A-B-C) and at the mRNA
expression level by real-time qPCR (Figure 5). Densitometric analysis showed
that depletion of ARID1A did not result in a significant increase in YAP protein
expression, and vice versa. (Fig. 4B-C). This finding excluded the possibility that
the reduced expression of YAP targets upon ARID1A KD was dependent on the
reduced protein level of YAP.

A B  ARID1A protein levels C YAP protein level
N
& R Q}Q 2.5+ Kk 1.5+ ns
O .;.L"?" R 5 _— *kk
) ) o < 2.0- ns =)
ot B <
T < o
5 154 z 1.0
ARIDIA s s < g
< 1:0- g
< = 0.5
n m
z 0.5 g
0.0- 0.0-
& ¥ Q¥ R o
GAPDH &S £ &E
— — ‘}V’ &

Fig. 4 Expression of YAP and ARID1A proteins in MCF10A KD cells:

(A) Western blot (WB) for ARID1A/YAP in MCF10A treated with siRNA. GAPDH is used as
internal control for normalisation. (B-C) Densitometric analysis of ECL signals from WB in
MCF10A treated with siRNA against ARID1A or YAP or control. YAP and ARID1A signals are
normalised on GAPDH. n = 4. For all samples (compared to siCTR), unpaired one-tailed t-test p-
value < 0,05 (*), < 0,01 (**), <0,001(***).
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Fig. 5 Expression of YAP and ARID1A mRNAs in MCF10A KD cells:

Real Time qPCR in YAP and ARID1A depleted MCF10A cells in comparison to control. n = 3.
For all samples (compared to siCTR), unpaired one-tailed t-test p-value < 0,05 (*), < 0,01 (**), <
0,001(***).

In accordance with protein expression, no influence was observed between the
mRNA levels of YAP and ARID1A, thus precluding the possibility that increased
protein levels could depend upon a boost in transcription of these two factors.

To assess the similarity between samples and the weight of variance introduced
by our experimental conditions, we performed Principal Component Analysis
(PCA). In our case, PCA identified differences between ARID1A KD and YAP
KD as the main source of variance in our samples. The second component is
represented by differences between control and silenced samples for YAP and
ARID1A (Figure 6). Removal of the batch effect was effective and resulted in a

well-established clustering of replicates between samples (Fig. 6).
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Fig.6 Principal component analysis (PCA) of RNA-Seq experimental data from MCF10A cells:
The variance between ARID1A KD cells and YAP KD cells is greater than the differences between
these two conditions and control cells. Batch effect was successfully removed using the limma

package on R (PCA analysis without batch effect removal in Supplementary).

Next, we examined the effect of silencing on the top 50 genes for variance.
Consistent with the PCA analysis, the main source of variability comes from the
two knock-downs. Specifically, the ARID1A KD mainly induces an opposite

effect on the expression of this restricted subset of genes compared to the YAP

KD (Figure 7).
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Fig.7 Heatmap of top 50 genes for variance in MCF10A siRNA treated cells and control:

The top 50 genes were selected for variance in their expression, independent of experimental
design. The batch effect was successfully removed using the limma package in R (heatmap
without batch effect removal in the Supplementary file).

Despite this specular effect on this subset of genes, whole transcriptome analysis
of ARID1A or YAP-depleted MCF10A cells reveals a modest overlap between
these two conditions. In fact, of the 312 genes significantly affected by both YAP
and ARID1A KD, 271 genes are concordantly modulated by both YAP and
ARID1A (Figure 8).

In MCF10AT cells, the same analysis revealed an extensive number of genes
concordantly affected by these two conditions. To be specific, 350 genes are
concordantly modulated by both YAP and ARID1A out of 373 genes affected

(figure 4 in Supplementary).
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Fig. 8 Transcriptome analysis of ARID1A or YAP depleted MCF10A cells:
Venn diagram shows differentially expressed genes in the two analysed conditions. Intersections

between ARID1A and YAP KD count on 312 genes, 271 of which are concordantly affected. The
analysed gene expression is collected in a heatmap, which hierarchically clusters conditions. Each

. . | ! I ‘

individual gene of the human transcriptome occupies one column, intersecting one row for each
condition analysed. The Z-score on the right relates differential gene expression to a colour scale.
n=3

We then asked whether the genes differentially expressed upon ARID1A or YAP

KD share common features in terms of biological function. To do this, we

performed Gene Ontology (GO) enrichment analysis on the downregulated and
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upregulated gene sets in these two conditions compared to control (GO term of
upregulated genes in supplementary fig.6-7). Considering only downregulated
genes, 507 GO terms are enriched in ARIDIA KD cells while only 150 are
enriched in the YAP KD condition. Out of these 150, 112 GO terms are commonly
enriched with genes negatively affected by ARID1A KD (fig. 9)

A comprehensive examination of the Gene Ontology (GO) terms indicated that
both conditions are characterised by an enrichment of genes involved in cell
migration and proliferation. In particular, the depletion of YAP or ARIDIA

results in the downregulation of genes linked to the aforementioned GO terms

(Fig. 10-11).

GO GO
TERMS TERMS
ARID1A YAP KD

KD

395 112 38

Fig.9 Venn diagram for GO term enrichment analysis: Out of 150 GO terms enriched in
downregulated genes in YAP KD cells, 112 are shared with ARID1A KD.
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Top 20 overrepresented GO terms in ARID1A KD down-regulated genes

regulation of cell migration:G0:0030334
regulation of cell motility:G0:2000145

cell migration:GO:0016477

biological regulation:G0:0065007

blood vessel development:GO:0001568
circulatory system development:G0:0072359
locomotion:G0:0040011

regulation of locomotion:G0:0040012

cell adhesion:GO:0007155

vasculature development:G0:0001944

tube morphogenesis:G0:0035239

blood vessel morphogenesis:G0:0048514
cell motility:GO:0048870

cell population proliferation:G0:0008283
tube development:GO:0035295

regulation of biological process:GO:0050789
cellular response to chemical stimulus:GO:0070887
cell communication:GO:0007154
signaling:G0:0023052

cellular response to stimulus:G0:0051716
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Fig. 10 Gene ontology enrichment analysis for downregulated genes in MCF10A ARID1A KD

cells compared to control. Top 20 significantly enriched GO terms in ARID1A depleted cells.

Top 20 overrepresented GO terms in YAP KD down-regulated genes

regulation of multicellular organismal process:G0:0051239
regulation of cell migration:GO:0030334

regulation of cell motility:G0:2000145

intracellular signal transduction:GO:0035556

regulation of locomotion:G0:0040012

positive regulation of cell adhesion:G0:0045785

positive regulation of multicellular organismal process:G0:0051240
response to stimulus:G0:0050896

positive regulation of biological process:G0:0048518
intracellular signaling cassette:G0:0141124

positive regulation of cellular process:G0:0048522
locomotion:GO:0040011

regulation of cell adhesion:G0:0030155

positive regulation of developmental process:G0:0051094
cell population proliferation:G0O:0008283
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Fig. 11 Gene ontology enrichment analysis for downregulated genes in MCF10A YAP KD cells

compared to control. Top 20 significantly enriched GO terms in YAP depleted cells.
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To assess the significance of this overlap in terms of differential expression and
biological functions, we compared the list of genes downregulated in ARID1A
KD with gene sets collected in the GSEA database!®.

Consistent with the chromatin accessibility data, genes with a consensus
sequence for TEAD-1 in their promoter are present in the list of downregulated
genes more than by chance (fig. 12A).

Using the same approach, we have compared the above list with the set of 57
genes associated as a conserved signature of YAP'!. Also in this case, our
ARID1A-dependent gene list is significantly enriched for canonical YAP targets
(fig. 12B). No significant enrichment was reported for genes involved in the
Hippo pathway, suggesting that ARID1A does not affect YAP target genes by

upregulating its inhibitory factors. (Supplementary Figure 8).
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Fig. 12A Genes with TEAD-1 motif in their promoter are downregulated in ARID1A KD MCF10A
cells: Enrichment plot for genes with at least one conserved motif in their promoter recognized
by TEAD-1. Out of 278 genes with TEAD-1 binding site, 101 are significantly downregulated in
ARID1A KD. FDR g-value < 0,05 Fig. 12B «YAP signature genes» represent a significant portion
of downregulated genes in ARIDIA KD MCF10A cells: Enrichment plot for the gene-set «<YAP
signature» in control cells compared to ARID1A depleted cells. Out of 55 genes belonging to this
list, 27 are downregulated in ARID1A KD. FDR g-value < 0,01
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Having established the overlap between the YAP-TEAD transcriptional
programme and ARID1A-dependent genes, we focused our attention on a

restricted set of genes whose expression is significantly affected by the depletion

of both factors (fig. 13).
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Fig. 13 Set of genes concordantly affected by YAP or ARID1A depletion in MCF10A cells:

Box plot shows the normalised number of reads for a set of genes concordantly downregulated

upon YAP or ARID1A knockdown, compared to control. Statistical significance was assessed

using adjusted statistical tests for multiple comparisons.

As a final check on the transcriptomic data, we evaluated the expression of this
set of genes by real-time qPCR. As shown in Figure 14, AGFG2, AXL, CCN2 (best
known as CTGF and a major target of YAP) and LPCAT3 were significantly
downregulated in both conditions. Contrary to in silico data, CCN1 (also known
as CYR61) and CLU were not significantly downregulated in ARID1A-depleted

cells (data not shown) while NRP1 was not significantly downregulated in YAP
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KD cells.
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Fig. 14 Relative expression of genes concordantly affected by ARID1A KD or YAP KD in MCF10A

cells:

Real Time qPCR in YAP and ARID1A depleted MCF10A cells in comparison to control. n = 3.
For all samples (compared to siCTR), unpaired t-test p-value < 0,05 (*), <0,01 (**), <0,001(***).

4.4 TEAD occupancy on promoters of its targets is affected by
ARID1A loss

In order to evaluate the extent of the involvement of ARID1A in the YAP-TEAD
transcriptional programme, we took advantage of the Cas9 system to abolish
ARID1A expression in MCF10A cells. The target sequence recognised by CAS9
on the ARID1A coding sequence was selected using CHOP-CHOP software,
filtering to recognise exons closest to the 5' start site and with less off-target!%.
Western blot analysis for ARID1A protein confirmed the loss of ARID1A in the

selected clone (fig. 15A), as did Sanger sequencing, which revealed a 1-base
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insertion at the Cas9 cut point (Supplementary fig. 9). The ARID1A KO clone
partially resembles the molecular phenotype observed in KD cells, expressing
significantly lower levels of CCN2, AXL and NRP1 mRNAs compared to WT (fig.
15B).
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Fig. 15 Validation of ARID1A KO in MCF10A clone:

(A) Western blot for ARID1A in MCF10A clone. Beta tubulin as internal control.

(B) Real Time qPCR in ARID1A KO MCF10A cells in comparison to WT. n=3.

For all samples (compared to WT), unpaired t-test p-value < 0,05 (*), <0,01 (**), <0,001(***).

In light microscopy, MCF10A ARID1A KO appear phenotypically different and
behave quite differently compared to WT counterparts. In fact, as shown in
Figure 16, KO clones appear more elongated with a patchy cytoplasm and tend
to aggregate in insulae. In contrast, WT cells appear rounded with dense

cytoplasm and are uniformly distributed across the dish.
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A MCF10A KO ARID1A B MCF10A WT

Fig.16 Morphological changes of ARID1A KO MCF10A cells:
Photo acquired in light microscopy with 10x optical zoom. Scale bar 100 um

The clone generated in this way was used to validate the activity of ARID1A in
promoting TEAD binding to induce YAP target gene expression.

In order to do so, we performed ChIP-qPCR analysis for TEAD-4 in MCF10A KO
compared to the WT clone. In agreement with data collected in other cell lines,
ARIDIA KO shows a significant reduction in TEAD binding in the promoter
region of the CCN2 (CTGF) gene (Fig. 17).
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ChIP qPCR MCF10A WT versus ARID1A KO
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Fig. 17 ChIP-gPCR for TEAD4 in MCF10A ARID1A KO versus WT:

CCN2 enrichment is expressed as a fraction of the input for IP against TEAD4
compared to iso-specific control IgG. HBB is used as a negative control for TEAD IP. n =4

Statistical analysis was performed with unpaired t-test, p-value < 0,05 (*)
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5. Discussion

YAP is a co-transcriptional factor that works in conjunction with the TEAD 1-4
transcription factors to control crucial processes such as cell fate, organogenesis
and response to injury®!®% In all these processes, YAP is able to respond to a
variety of stimuli, but it is equally important that its activity can be switched off
when not required®. The first reported mechanism of control of YAP is the
activation of the Hippo pathway, which results in the cytoplasmic retention and
degradation of YAP®. Loss of function of Hippo components or the convergence
of other mechanisms can lead to YAP hyperactivity, which in turn is reported to
drive tumorigenesis in many cancers*®.

ARID1A is an accessory protein whose presence in the SWI/SNF remodelling
complex enables it to target specific chromatin regions by binding to
transcription factors!*.

The activity of ARID1A through the SWI/SNF complex could result in both
increased accessibility of regulatory regions on chromatin or a loss of
accessibility, depending on the factors that are recruited®. Despite this bivalent
effect on transcription, ARID1A is generally reported as a tumour suppressor
gene''®. In fact, it mainly contributes to the recruitment of factors involved in the
DNA damage response!®, cell cycle progression and apoptosis'®, and its activity
is lost in many tumours due to recurrent inactivating mutations!®.

To date, numerous studies have demonstrated a functional interplay between
these two factors in both physiological processes and oncogenesis!?12131,
Nevertheless, no unified mechanistic model has been established, and instead, a
context-dependent interplay has been observed.

The present PhD project offers a novel account of the complex

interplay between ARID1A and YAP activity in breast epithelial cells
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under high mechanical cues.

To clarify the scope of these interactions and to validate the aforementioned cell
context activity we used a breast epithelial cell model competent to regulate YAP
activity (MCF10A) and its transformed counterpart in which YAP activity is
unleashed by H-RAS oncogene (MCF10AT).

Given the primary function of ARIDIA as part of the chromatin remodelling
complex and the dependence of YAP on the transcription factor TEAD, we
hypothesise that ARIDIA functions with YAP by regulating chromatin
accessibility at TEAD-bound regions.

To this end, we analysed available ATAC-seq data from HCT116, MCF7 and
endometrioid cells in which ARID1A expression was abolished. In all cell lines
analysed, loss of ARIDIA slightly reduces chromatin accessibility, mainly at
enhancer regions. Enrichment analysis for transcription factor motifs in the less
accessible enhancers revealed AP-1, FOXA1 and TEAD as the most enriched.
While the mechanisms underlying ARID1A mediated activation of AP-1 and
FOXA1 have been thoroughly investigated, %1%, the interplay of ARID1A and
TEAD transcription factors is still poorly understood.

Given the fact that enhancers constitute the majority of YAP-TEAD cis-bound
regions and are essential for their transcriptional activity'®”, we crossed ATAC-
seq results in ARID1IA KO MCF7 cells with ChIP-seq data for TEAD obtained
from the same cell line. In fact, loss of ARID1A in these TEAD-bound enhancers
determined a strong reduction in accessibility.

Even though this effect was observed consistently across all cancer cell lines
analysed, a major limitation of our omics approach is the lack of confirmatory
data in the cell line used for subsequent analysis. Although MCEF7 are already
transformed cells, they still retain epithelial characteristics and Hippo

responsiveness!®s, so we assumed that these data could be a reasonable starting
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point for our question. At this point we moved to our cell models and performed
transcriptomic analysis in YAP or ARIDIA depleted cells using siRNA. In
MCF10A cells, although the overlap between these two conditions was modest,
an interestingly large proportion of the genes differentially expressed in each
condition were concordantly affected by depletion of both factors. Indeed, Gene
Set Enrichment Analysis (GSEA) revealed that known targets of YAP, as well as
genes with a TEAD1 motif in their promoter, were collectively significantly
downregulated in ARIDIA KD cells. Although ARIDIA loss has been
demonstrated to exert a dual impact on gene expression, with both positive and
negative effects, in our cell context the majority of YAP target genes are observed
to be repressed in response to ARIDIA knockdown. Collectively, in non-
tumorigenic cells such as MCF10A, our transcriptomic analysis demonstrated
that ARID1A plays a role in promoting the YAP oncogenic transcriptional
programme’®’,

Although we observed a significant downregulation of YAP signature genes in
MCF10AT in ARID1A KD (as shown in the Supplementary Table), we report a
poorer overlap in the affected genes between the two cell lines analysed. In this
context, we hypothesise that H-RAS may alter YAP dependencies on ARID1A for
some genes, thus bypassing the limitations imposed by ARID1A loss.

We then queried differentially expressed genes for functional analysis using GO
term enrichment analysis. As expected, depletion of YAP leads to a
downregulation of genes associated with proliferation and migration.
Surprisingly, these GO terms in most cases match the GO terms significantly
enriched in the list of ARID1A-dependent genes in MCF10A cells.

Finally, we took advantage of MCF10A ARID1A KO clone to establish a
mechanistic role for ARID1A in enabling TEAD-4 binding to the promoters of its

main target gene CTGF'"°. We also report, as qualitative data, the acquisition of a
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different cellular phenotype and behaviour for the ARID1A KO. We could
hypothesise that the transcriptional changes resulted in substantial alterations of
the biological processes, as reported in our functional GO term analysis. Lack of
data on this aspect is a gap in our study that we aim to fill with proliferation and
migration assays.

Taken together all this evidence supports a model in which ARID1IA promotes
TEAD binding and therefore represents a prerequisite to sustain YAP
transcriptional programme in cells experiencing high mechanical stress.
Complementary to our works, Piccolo and colleagues have recently elucidated
the mechanism by which the SWI/SNF complex sequesters YAP in the nucleus,
thereby preventing its binding with TEAD and consequently controlling their
activity'?. In particular, ARID1A inhibits the formation of YAP-TEAD complexes
exclusively in response to low mechanical cues, which correlates with a condition
in MCFI0A where YAP localisation is predominantly cytoplasmic.
Consequently, ARID1A may regulate those YAP molecules that evade Hippo
pathway negative control. This would explain the tumour-suppressor activity of
ARIDIA in the liver, whereby its loss renders YAP hyperactivation capable of
driving oncogenesis!'?.

These observations are consistent with the model presented here. Indeed,
mechanosensitive cells like MCF10A, which were used in this study, were
subjected to conditions that resulted in the exposure to high mechanical cues,
which determine the nuclear shuttling of YAP and consequently, its binding with
TEAD.

A physiological condition in which mechanotransduction releases YAP activity
is reprogramming in response to injury’. A well-studied example of this process
is the response of the liver to injury. In this instance, Li and colleagues have

reported that Aridla plays a primary role in maintaining a permissive chromatin
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state, which is essential for reprogramming. To be specific, following the
occurrence of injury, Aridla directly binds to Yap on accessible chromatin sites,
thereby supporting its activity in the reprogramming of hepatocytes'. Our
transcriptomic data in cells responsive to mechanical cues strongly supports
these observations.

In a pathological context, tumours were described as wounds that do not heal for
the changes in microenvironments that recall first steps of injury'”!. Nowadays,
we know that this is still a simplification because cancer cells are able to
profoundly shape tissue to obtain a supportive microenvironment to their
growth!”2. In this dynamic context, tumour cells experience increasing
compressive stress due to gain of volume and interactions between cells and
Extracellular matrix (ECM)'73. All these alterations synergistically promote YAP
shuttling to the nucleus, allowing its oncogenic function to be fully expressed
without genetic alterations in Hippo pathway'”. Even though YAP activity is
essential for tumour progression, its hyperactivity is not able to initiate
oncogenesis as a stand-alone factor. Indeed, in vivo injections in liver mice of
hepatoblastoma cell lines harbouring a constitutively active form of YAP (S127A)
was not sufficient to induce liver anomaly'”. In this carcinoma context, ARID1A
activity presented in this PhD project fits well. In fact, as already mentioned,
Aridla is able to promote cancer initiation in liver mice through promotion of
driver factors like Myc or Yap'®. Collectively, our data on gene expression and
GO term analysis direct us on a model in which ARID1A loss is detrimental for
YAP-dependent biological processes like proliferation and migration in cells
immortalised but non tumorigenic.

It can thus be postulated that while ARID1A is necessary in the early stages of
cancer, its activity is detrimental to tumour progression and metastasis. Indeed,

Aridlaloss alters chromatin accessibility and thus gene expression, enabling cell-
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motility and metastasis-related genes to be upregulated in the last stage of
tumourigenesis'?®. In this scenario of a well-established tumour, cancer cells
harbouring ARID1A null mutations and YAP hyperactivation could reshape
their transcriptional programme to boost cell cycle progression and metastatic
feature!”,

Further experiments will be required to validate this model and characterise the
effects of simultaneous hyperactivation of YAP and loss of ARIDIA in in

vitro and in vivo models of cancer progression.
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Fig.1 Total protein extracts were subjected to WB analysis to ascertain silencing efficacy for YAP or
ARID1A in MCF10A and MCF10AT cells.
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Fig.2 Principal component analysis (PCA) on RNA-seq data derived from YAP KD or ARID1A KD in

MCF10A cells, compared to control. No procedure of batch effect removal was performed.
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Fig.3 Heatmap of top 50 genes for variance in MCF10A siRNA treated cells and control:
The top 50 genes were selected for variance in their expression, independent of experimental
design. No procedure of batch effect removal was performed. The Z-score on the right relates

differential gene expression to a colour scale. n=3
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Fig. 4 Transcriptome analysis of ARID1A or YAP depleted MCF10AT cells:

Venn diagram shows differentially expressed genes in the two analysed conditions. Intersections
between ARID1A and YAP KD count on 373 genes, 350 of which are concordantly affected. The
analysed gene expression is collected in a heatmap which hierarchically clusters conditions. Each
individual gene of the human transcriptome occupies one column, intersecting one row for each

condition analysed. The Z-score on the right relates differential gene expression to a colour scale.
n=3
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Fig. 5A Volcano plot for transcriptomic data in YAP KD MCF10A cells compared to control.
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The x-axis shows the amount of variance in expression, while the y-axis shows the statistical

significance (-logl0 P value). Fig. 5B Volcano plot for transcriptomic data in ARID1IA KD

MCF10A cells compared to control.
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Fig.7 GO terms enrichment analysis in ARID1A KD top 20 up-regulated genes in MCF10A
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Fig.8 GSEA enrichment plot for the gene set "Hippo signalling” in ARID1A-depleted cells
compared to control. There are no significant differences in the enrichment score between the two
conditions, indicating that ARID1A does not upregulate the transcription of factors involved in
the negative control of YAP activity.
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ARIDIA CAGCCATACGGGTCCCAGACCCCGCA-GCGGTACCCGATGACCATGCAGGGCCGGGCG

10 _T7 CAGCCATACGGGTCCCAGACCCCGCAAGCGGTACCCGATGACCATGCAGGGCCGGGCG
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17177 CAGCCATACGGGTCCCAGACCCCGCAAGCGGTACCCGATGACCATGCAGGGCCGGGCG
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Fig.9 Fasta files of the genomic region (exon 2) spanning the target site of Crispr-Cas9 in ARID1A coding

sequence. In red is the insertion of 1 base in the KO clone, compared to the WT sequence.
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Fig. 10 Size control of sheared chromatin used for ChIP analysis
After decrosslinking and purification protocol, sheared chromatin was run on 1.2% agarose gel to verify

the optimal range of fragments between 150-500 bp.
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Fig.11 WB for IP against TEAD-4 in ChIP experiment

The same quantity of isospecific IgG was employed as a negative control for IP. A secondary

antibody anti-light chain mouse (HRP) conjugated was employed.

10% v/v of IP was carried out from sheared chromatin and loaded as Input.
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8. Data Availability

ATAC-seq MCF-7:

ATAC-seq data: SRA: PRINA554641; GEO: GSE134270
ChIP-seq and HMM Chromatin states (ENCODE):
TEAD4 ChIP: ENCODE ENCFF751VAZ
HMM_Chrom_states: ENCODE ENCFF985EWD

ATAC-seq HCT116:

ATAC-seq data: PRINA396039; GEO: GSE101966
TEAD4 ChIP: ENCODE ENCFF412Z]JN
HMM_Chrom_states: ENCODE ENCFF513PJK

ATAC-seq Endometrial epithelial cells

ATAC-seq data SRA: PRINA417567; GEO: GSE106658

TEAD4 ENCODE ENCFF974NUK

HMM_Chrom_states for Z12 cell line were generously shared by Prof Chandler
(https://www.sciencedirect.com/science/article/pii/S2211124720313553?via%3Dihub)

Reference data:

TSS hg38 reference: ENCODE ENCFF493CCB

ENCODE Unified GRCh38 Blacklist: ENCODE ENCFF356LFX

Gene annotation (RNA-seq): Gencode basic gene annotation v43(GRCh38.p13)

R sessionInfo()

R version 4.4.1 (2024-06-14)
Platform: x86_64-pc-linux-gnu
Running under: Ubuntu 22.04.3 LTS

Matrix products: default
BLAS: /usr/lib/x86_64-linux-gnu/blas/libblas.s0.3.10.0
LAPACK: /usr/lib/x86_64-linux-gnu/lapack/liblapack.s0.3.10.0

locale:
[1] LC_CTYPE=en_US.UTF-8 LC_NUMERIC=C
[3] LC_TIME=en_GB.UTF-8 LC_COLLATE=en_US.UTE-8

[5]LC_MONETARY=en_GB.UTF-8 LC_MESSAGES=en_US.UTE-8
[71LC_PAPER=en_GB.UTF-8 LC_NAME=C

[9] LC_ADDRESS=C LC_TELEPHONE=C

[11] LC_MEASUREMENT=en_GB.UTF-8 LC_IDENTIFICATION=C

time zone: Europe/Rome
tzcode source: system (glibc)

attached base packages:

[1] stats4stats graphics grDevices utils  datasets
[7] methods base
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other attached packages:

[1] limma_3.60.6 ggplot2_3.5.1

[3] DESeq2_1.44.0 SummarizedExperiment_1.34.0
[5] Biobase_2.64.0 MatrixGenerics_1.16.0

[7] matrixStats_1.4.1 GenomicRanges_1.56.2

[9] GenomelnfoDb_1.40.1 IRanges_2.38.1

[11] S4Vectors_0.42.1 BiocGenerics_0.50.0

[13] RColorBrewer_1.1-3 pheatmap_1.0.12

loaded via a namespace (and not attached):

[1] generics_0.1.3 utf8_1.24

[3] SparseArray_1.4.8 lattice_0.20-45
[5] magrittr_2.0.3 grid_4.4.1

[7] jsonlite_1.8.9 Matrix_1.4-0
[9] httr_1.4.7 fansi_1.0.6

[11] UCSC.utils_1.0.0 scales_1.3.0
[13] codetools_0.2-18 abind_1.4-8
[15] cli_3.6.3 rlang_1.1.4
[17] crayon_1.5.3 XVector_0.44.0
[19] munsell_0.5.1 withr_3.0.1
[21] DelayedArray_0.30.1 S4Arrays_1.4.1
[23] tools_4.4.1 parallel 4.4.1
[25] BiocParallel _1.38.0 dplyr_1.1.4
[27] colorspace_2.1-1 locfit_1.5-9.10
[29] GenomelnfoDbData_1.2.12 vctrs_0.6.5
[31] R6_2.5.1 lifecycle_1.0.4
[33] zlibbioc_1.50.0 pkgconfig 2.0.3
[35] pillar_1.9.0 gtable_0.3.5
[37] glue_1.8.0 Repp_1.0.13
[39] statmod_1.5.0 tidyselect_1.2.1

[41] tibble_3.2.1 compiler_4.4.1
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