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I Abstract

This thesis is divided in three sections; the main project is described in the first part,

while additional projects are developed in two appendixes.

In the main project we studied YAP, the downstream effector of the Hippo pathway, a
transcriptional co-factor that plays a fundamental role in de-differentiation, cell
proliferation and transformation. While its upstream regulation has been extensively
studied, its role as transcriptional co-factor is still poorly understood. We show that
YAP co-adjuvates the transcriptional responses of Myc oncogene to promote cell
proliferation and transformation; when both YAP and Myc are overexpressed, YAP is
recruited on genomic sites pre-marked by Myc, TEAD and active chromatin and
potentiate the expression of cell cycle genes regulated by Myc. In addition, we show
that YAP promotes cell de-differentiation by antagonizing in cis the expression of
liver-specific genes controlled by HNF4A master regulator, thus providing a
mechanism on how YAP can revert the phenotype of a differentiated hepatocyte into

a progenitor cell.

In the first appendix we explain the mechanism of BRD4 inhibition, a promising
strategy for the treatment of Myc-driven tumors. The efficacy of this strategy relies on
the control of transcriptional elongation mediated by BRD4 on gene promoters,
independently of the downregulation of Myc oncogene. Although the inhibition of
BRD4 causes its genome-wide displacement on promoters, the effects on
transcription are restricted to a subset of sensitive genes. This specificity relies on the
fact that while most genes compensate the drop in elongation caused by BRD4

inhibition with further recruitment of RNA Pol2 on promoters and maintain a



proficient mRNA transcription, vulnerable genes are not able to promote these
compensatory effects, because RNA Pol2 recruitment on these promoters is already
maximized. Our results show how the impairment of elongation genome-wide can

affect specific transcriptional programs.

In the second appendix we describe a new web application, Chrokit, aimed at
analyzing genomic data in a fast and intuitive way. Chrokit handles a set of genomic
regions of interest and performs several tasks on them, such as selecting particular
subsets, computing overlaps and visualize reads enrichment of specific chromatin
features interactively. The application is multiplatform and can be run on dedicated
servers to maximize computational power and provide accessibility to multiple users

simultaneously.



II Introduction

1 Overview of the Hippo pathway

The core of the Hippo pathway was first characterized in Drosophila Melanogaster
and is composed of a kinase cascade that ultimately leads to the control of cell
division, cell differentiation and stem cell properties (Wu et al., 2003). This pathway
is apically regulated by the Hippo (Hpo) Ser/Thr kinase, which interacts and
phosphorylate the Salvador (Sav) adaptor protein (Tapon et al., 2002); this leads to
the phosphorylation of Warts (Wts) kinase and its co-activator, Mats (Justice et al.,
1995), which in turn phosphorylates the final effector of the pathway, the Yorkie
transcriptional co-factor (Yki) (Huang et al., 2005). If Yki is phosphorylated, it binds
14-3-3 proteins and is sequestered in the cytoplasm (Oh and Irvine, 2008). The core
components of the Hippo pathway are conserved in mammals. In particular, the
homologous of Hpo, Sav, Wts, Mats and Yki are Mst1/2, WW45, Lats1/2, Mob a/b, and
YAP (YES associated protein), respectively (Zhao et al., 2010a). TAZ (transcriptional
co-activator with PDZ-binding motif), the YAP paralogue, was discovered later and
shares largely redundant functions with YAP (Kanai et al., 2000).

When the Hippo pathway is switched “on”, YAP and TAZ are phosphorylated by
Lats1/2 and inactivated, either because they are sequestrated in the cytoplasm (Hao
et al, 2008; Kanai et al, 2000) and destabilized through ubiquitination and
degradation by the proteasome (Zhao et al,, 2010b; Liu et al.,, 2010). If the Hippo
pathway is in an “off” state, YAP/TAZ are free to translocate into the nucleus to
regulate transcriptional programs controlling cell growth, organ development, de-
differentiation and tumorigenesis (Varelas, 2014). YAP/TAZ in the nucleus function
as transcriptional co-activators (Kanai et al., 2000; Yagi et al., 1999) (Figure 1); being

devoid of DNA binding capability, they require the interaction with transcription



factors partners in order to regulate gene transcription. Some of these transcription
factors have been characterized, the most prominent being proteins of the TEA

domain family member (TEAD) (Hansen et al., 2015; Ota and Sasaki, 2008).
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Figure 1: Overview of the Hippo pathway. Mst1/2 proteins (together with Sav adaptor protein)
promote the phosphorylation of Lats1/2 proteins, which, in turn, phosphorylate of YAP and TAZ co-
activators. When phosphorylated, they are retained in the cytoplasm by 14-3-3 proteins or degraded.
When the Hippo pathway is “off’, YAP and TAZ can translocate into the nucleus to promote
transcription of target genes.

Figure adapted from “The Hippo pathway: regulators and regulations” (Yu and Guan, 2013) Copyright
© 2013 by Cold Spring Harbor Laboratory Press.

2 Upstream regulation of YAP/TAZ

Multiple external stimuli can modulate the activity of YAP/TAZ by regulating the
activity of the Hippo pathway (Meng et al, 2016); in addition, Hippo pathway-
independent mechanism can directly regulate YAP/TAZ activity (Meng et al., 2016;
Feng et al., 2014). Below we provide a summary of the main stimuli identified so far,

which are represented in Figure 2.



2.1 Mechanical forces and extracellular matrix

YAP/TAZ nuclear localization is induced in conditions of high cytoskeletal tension
and when stress fibers are present, conditions that can be experimentally controlled
by tweaking the stiffness of the extracellular matrix. This mechanism of regulation is
dependent on the activity of Rho GTPases, actomyosin cytoskeleton (Dupont et al,,
2011) and JNK1/2 kinases (Meng et al., 2016). Cell adhesion to fibronectin promotes
the activation of focal adhesion kinases and the SRC-PI3K-PDK1 signaling pathway,
thus inhibiting Lats1/2 (Kim and Gumbiner, 2015). Pulling mechanical forces can act
on cells and induce YAP/TAZ activity via F-actin. Inhibition of its polymerization
(mediated by actin capping proteins) correlates with cytoplasmic retention of
YAP/TAZ; this mechanism is independent on and dominates over Hippo pathway-
dependent YAP/TAZ regulation (Aragona et al., 2013). In tissues, cell growth and
differentiation can be induced or inhibited by applying mechanical cues that regulate
YAP/TAZ activity. The biochemical components of this mechanically induced signal

transduction pathway are still poorly understood (Dupont, 2016).

2.2 Cell polarity and cell-cell contacts

Physical contact between cells is required for a correct tissue organization and
involves the formation of tight and adherens junctions (Niessen et al., 2011). Some of
the components in these junctions have been described as Hippo pathway regulators.
Angiomotin (AMOT) is one of the essential components of tight junctions (Wells et al,,
2006); it can interact with the WW motif of both YAP and TAZ proteins, thus
promoting their sequestration both at tight junctions and on the plasma membrane
(Zhao et al., 2011). As such, AMOT is a putative tumor suppressor, which restricts

YAP/TAZ activity.



KIBRA, a protein involved in cell polarity which localizes on the apical domain in
epithelial cells (Yoshihama et al., 2012) can activate Lats1l protein thus indirectly
promoting the phosphorylation and inactivation of YAP (Wilson et al, 2014). In
addition, KIBRA binds the PTPN14 phosphatase (Wilson et al., 2014), which, in turn,
dephosphorylate YAP and inhibit its activity (Liu et al., 2013b).

Studies on skin cells revealed that a-catenin can recognize and associate to 14-3-3
protein bound by phospho-YAP: this interaction inhibits YAP activity by preventing
YAP dephosphorylation mediated by PP2A phosphatase (Schlegelmilch et al.,, 2011).
Another regulator is Scribble (SCRIB), a determinant of cell polarity (Rodriguez-
Boulan and Macara, 2014). In mammary epithelial cells, this protein forms a
membrane associated complex with Mst, Lats and TAZ and promotes the
phosphorylation of Lats, thereby inhibiting TAZ. During the epithelial-to-
mesenchimal transition, Scribble is released into the cytoplasm and looses its binding
with the Mst/ Lats /TAZ complex, as a results TAZ is also released and free to
translocate into the nucleus where it controls the expression of genes controlling self-

renewal of breast (cancer) stem cells (Cordenonsi et al., 2011).

2.3 Signaling through G-protein coupled receptors

Many stimuli that lead to cell growth involve soluble molecules, such as hormones
and growth factors; some of these factors can also regulate the Hippo pathway
activity. Sphingosine-1-phosphate (S1P) can activate S1P receptors and Rho GTPases,
therefore activating YAP in a Hippo-independent manner (Miller et al., 2012).

YAP activation is important for the survival of podocytes and kidney function; in
podocytes, angiotensin II binds to its G-protein coupled receptor, AT1R, inhibits Lats
phosphorylation and promotes YAP nuclear translocation in an actin-dependent

manner (Wennmann et al,, 2014).



In general, activation of Gas proteins leads to phosphorylation and inhibition of Lats
and YAP, while the activation of G11/13, q11 can promote YAP nuclear translocation.
In the first scenario, Gas can activate cAMP and PKA, which in turn leads to the
phosphorylation of Lats /YAP (Yu et al,, 2013), while in the latter case, other stimuli
such as S1P, LPA (Yu et al,, 2012) or thrombin (Mo et al., 2012) can activate Gq11/13
and activate YAP. In both cases, Rho GTPases transduce external signals to Lats

kinases.

2.4  Metabolic stress conditions

Several evidences indicate that YAP/TAZ activity can be modulated by energy stress
conditions. During glucose deprivation cellular ATP levels decrease, the AMPK
protein is activated and phosphorylates and stabilizes AMOTL1 protein; this, in turn,
promotes the phosphorylation and cytoplasmic retention of YAP (deRan et al,, 2014).
AMPK can also directly inactivate YAP by phosphorylation on multiple sites (see
paragraph 4.1, page 11) (Wang et al.,, 2015) and can phosphorylate Lats1/2, which
leads to YAP cytoplasmic retention and degradation (Meng et al., 2016). In homeotic
conditions, YAP is active and can promote glycolysis and GLUT3 expression,
indicating a role for glucose uptake and utilization (Wang et al, 2015). High
concentrations of glucose are responsible for phosphofructokinase (PFK1) activation,
an enzyme involved in the gluconeogenic pathway. Other than its enzymatic activity,
PFK1 can bind TEAD, and this binding promote YAP/TAZ-TEAD stabilization and
activity (Enzo et al., 2015).

Lipid metabolism can also affect YAP/TAZ activity in a Hippo-independent manner.
Rho GTPases require geranylgeranylpyrophosphate, a product of mevalonate
pathway, for their localization on cell membrane. The mevalonate pathway is

activated by SREBP1/2 transcription factors and is important for cholesterol and lipid



metabolism. Inhibition of this pathway prevents the localization of Rho GTPases on
the cell membrane thus impairing YAP/TAZ activation (Sorrentino et al,, 2014).

Cell proliferation and growth are processes that require a large amount of energy;
when cells run out of metabolites, these processes must be terminated, and YAP and
TAZ inactivation can work as a switch between high usage and low usage of nutrients
(Yuetal, 2015).

While glucose deprivation and energy stress can inhibit YAP/TAZ activity, hypoxia
can lead to the opposite effect in two different ways. When O; pressure is lowered,
Lats 1/2 are ubiquitilated by the SIAH2 ubiquitin ligase and degraded, thus activating
YAP (Ma et al,, 2014). Moreover, in low oxygen condition, the master transcription
factor Hipoxia inducible factor 1A (HIF1A) is also activated (Semenza, 2001). This
factor can then bind the TAZ promoter and induce its expression (Xiang et al., 2014).
HIF1A also promotes the expression of SIAH1, which in turn further stimulates TAZ

activity by degrading Lats 2 kinase through ubiquitination (Xiang et al., 2014).
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Figure 2: Different external stimuli can regulate YAP and TAZ activity. The stiffness of
extracellular matrix (ECM) can activate Rho GTPases and JNK1/2 kinases, which, in turn, inhibit the
phosphorylation of Lats1/2 and indirectly activate YAP and TAZ; these can be activated also by Hippo-
independent mechanisms. Soluble factors can bind to G protein- coupled receptors (GPCRs);
depending on which kind of G protein is activated (Giz/13, Gq or Gs), Rho GTPases can be activated or
inhibited, and YAP and TAZ can be activated or inhibited, respectively. Proteins involved in cell
polarity (KIBRA/NF2, adherens and tight junctions proteins) can promote the phosphorylation of
Lats1/2 and YAP/TAZ inactivation. In energy stress condition, AMPK is activated: it can phosphorylate
and inhibit YAP and TAZ directly or promote the phosphorylation of Lats1/2 proteins.

Figure adapted from “Mechanisms of Hippo pathway regulation” (Meng et al., 2016) Copyright © 2016
Meng et al.; Published by Cold Spring Harbor Laboratory Press.

3 Transcriptional complexes that cooperate with YAP/TAZ

YAP and TAZ, as transcription co-factors, cannot bind directly DNA, but require the
presence of a transcription factor binding partner to associate to chromatin.

TEADs are the key mediators of YAP/TAZ activity in many biological systems. In
NIH3T3 cells and 3D cultures of MCF10A cells, YAP effect on cell proliferation is

impaired in the absence of this transcription factor. In Drosophila, Scalloped (the

9



TEAD homolog) is required for tissue overgrowth induced by Yki overexpression
(Zhao et al., 2008). In vitro studies on 293T cells or in 3D cultures of MCF10A cells
showed that disruption of TEAD/TAZ interaction inhibits cell growth (Zhang et al,,
2009a). This applies also for YAP: pharmacological inhibition of YAP/TEAD binding
with verteporfin in mouse liver reduces the hepatomegaly caused by YAP
overexpression and VGLL4, a TEAD binding partner, is able to inhibit YAP/TEAD
interaction and block lung cancer progression in vivo (Liu-Chittenden et al., 2012;
Zhang et al., 2014). Recent experiments in breast cancer cells showed that TEAD is
always present in YAP and TAZ genomic binding sites (Zanconato et al, 2015),
suggesting that TEADs may be required for YAP/TAZ functions in this biological
system.

Emerging evidence suggesting that TEADs are not the only binding partners of
YAP/TAZ comes from recent studies that identified other transcription factors as
mediators of YAP/TAZ co-activation.

SMAD transcription factors mediate the TGF-f signaling, leading to cell growth,
differentiation or apoptosis; activation of this pathway triggers nuclear translocation
of SMAD proteins and activation of their target genes (Moustakas et al., 2001). It has
been demonstrated that both TAZ (Varelas et al., 2008) and YAP (Varelas et al., 2010)
bind to SMAD 2/3 proteins and contribute to their nuclear accumulation and
transcriptional activity. TEADs can also bind to SMAD2/3 proteins, and their
knockdown leads to a reduced TGF-f signaling activity (Hiemer et al, 2014),
indicating that TEADs are required for YAP/TAZ/SMAD-mediated transcriptional
activation.

WW domain of YAP protein mediates the interaction with the PY motif present in the
RUNX transcription factor, thus promoting the expression of its target genes (Yagi et

al,, 1999) and inhibiting apoptosis (Levy et al., 2008b).

10



YAP/TAZ binding to Pax3 is required for co-activation of Pax3 target gens, which are
important for the development of the neural crest. This mechanism is independent of
TEAD binding (Manderfield et al., 2014), suggesting that, depending on the biological
system, TEAD may or may not be necessary for YAP/TAZ activity.

Interaction with TBX5 and [3-catenin transcription factor is required for proliferation
of cells of B-catenin-driven cancers (Rosenbluh et al., 2012); the assembly of this
complex is promoted by a specific YAP phosphorylation (He et al., 2016). YAP can
bind to and cooperate with Klf4 to induce the differentiation of the intestinal stem
cells into Goblet cells (Imajo et al., 2014).

Finally, following stimulation, the tyrosine kinase receptor ERBB4 can be processed
by proteolysis (such as neuregulin 1) into a soluble intracellular form (Ni, 2001); this
molecule can then bind to the WW-domain of YAP through its PPxY domain (Komuro
et al., 2003), and promote the YAP nuclear translocation and target gene expression,

by forming the ternary complex YAP/TEAD/ERBB4 (Haskins et al., 2014).

4 Regulation of YAP/TAZ activity by post-translational modification

4.1 Post-translational modifications affecting YAP activity

YAP localization, stability or activity can be modulated by post-translational
modifications that can occur on different residues (He et al., 2016).

Ser-127 is important for YAP inactivation: either Lats- or Akt-dependent
phosphorylation of this residue promotes YAP cytoplasmic retention through
interaction with 14-3-3 proteins (Hao et al,, 2008; Basu et al., 2003).

Ser-397 phosphorylation by Lats, instead, is a pre-requisite for Ser-400
phosphorylation by casein-kinase 1 (CK1), which mediates the recruitment of
ubiquitin ligases targeting YAP for proteasomal degradation (Zhao et al., 2010b).

During energy stress condition, AMPK kinase can phosphorylate YAP in multiple sites
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(Ser-61, Ser-94, Thr-119). Ser-61 phosphorylation inhibits YAP transcriptional
activity, while Ser-94 phosphorylation impairs its binding to TEADs (Wang et al,
2015). Ser-109 residue can be phosphorylated by PKC (delta), decreasing YAP
stability (Llado et al., 2015). DNA damage can activate c-Abl kinase, which can also
phosphorylate YAP on Tyr-407. In this scenario YAP increases its affinity for the p73
transcription factor, promoting the expression of pro-apoptotic genes (Levy et al,
2008a) and inhibiting the expression of anti-apoptotic gene (Keshet et al., 2015).
When Tyr-407 is not phosphorylated, YAP increase its affinity for RUNX and
potentiate the expression of the Itch gene, a ubiquitin ligase which induces p73
degradation (Levy et al., 2008b). Thus the Tyr-407 phosphorylation, by acting on the
regulation of p73 activity, is a switch between the pro-apoptotic and the anti-
apoptotic YAP function. Tyr-407 can also be phosphorylated by other tyrosine
kinases, such as YES1 and SRC kinases, to promote the assembly of the YAP-TBX5-(-
catenin transcriptional complex which is essential for the proliferation of 3-catenin
driven cancer cells (Rosenbluh et al., 2012).

Other post-translational modifications, able to modulate YAP activity, have been
discovered in the last few years.

The Set7 methyltransferase can methylate Lys-494 in YAP protein, leading to
cytoplasmic localization of YAP. It is still unknown which is/are the proteins that
keeps the methyleted-YAP in the cytoplasm, nor if Ser-127 phosphorylation is
required (Oudhoff et al., 2013).

Lys-494, together with Lys-497, can be also a target for acetylation/deacetylation by
CBP/p300 and SIRT1 proteins, respectively. This modifications can occur under
specific DNA-damaging conditions, increase YAP transcriptional activity and regulate

cellular responses to alkylating agents (Hata et al., 2012).
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YAP protein levels can also be regulated by modifying Lys-97 and Lys-280: these
residues can be either sumoylated by PML protein or ubiquitinated, increasing or

decreasing its half-life, respectively (Lapi et al., 2008).

4.2  Post-translational modifications affecting TAZ activity

TAZ activity regulation is very similar to that of YAP. Its nuclear/cytoplasmic
shuttling is mediated by phosphorylation of Ser-89, the homologous of YAP S127
(Kanai et al., 2000). With this modification, TAZ can bind to 14-3-3 proteins and is
sequestered in the cytoplasm. Furthermore, phosphorylated Ser-311 can form a
binding site for CK1 kinase, which in turn phosphorylates Ser-314, thus flagging TAZ
for ubiquitination and proteasomal degradation (Liu et al., 2010).

Similarly, TAZ can be targeted for proteasomal dependent degradation if Ser-58 and
Ser-62 are phosphorylated by GSK3 kinase (Huang et al, 2012). These
phosphorylations can be reversed by PP1A phosphatase (Liu et al.,, 2011).

TAZ can also be phosphorylated on Ser-90, Ser-105, Thr-326, Thr-346 during mitosis
by CDK1, preventing epithelial-to-mesenchimal transition (Zhang et al., 2015a). TAZ
can be phosphorylated by c-Abl in the Tyr-316 residue, in conditions of hyperosmotic
stress (Jang et al,, 2012); phospho-TAZ can then associate to NFAT5 and inhibit TAZ
DNA-binding and target genes expression.

Whether post-translational modifications, other than phosphorylations, may regulate

TAZ activity is at the present unknown.
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5 YAP/TAZ control tissue development, regeneration and cell

differentiation

5.1 YAP/TAZ are required for the development of many tissues

Genetic experiments in animal models revealed a relevant role of YAP/TAZ in tissue
development.

In Drosophila, Yki is required for eyes growth: when Yki expression was abolished,
eyes showed remarkable reduced size (Huang et al., 2005). In mice, YAP is required
for proper neuromuscular junction formation: mice that lack YAP expression in
muscle cells show decreased muscle strength because of impaired acetylcholine
receptor clustering (Zhao etal., 2017).

YAP and TAZ expression are required in nephrogenic lineage for proper kidney
development (Reginensi et al, 2013), independently of their pro-proliferative
functions. Cranial neural crest development also requires YAP and TAZ activation:
mice in which they have been knocked out have impaired vascular development of
the neural tube and craniofacial abnormalities (Wang et al, 2016). Additional
evidence of their role in the nervous system comes from studies in Zebrafish: when
YAP expression is knocked down, the size of brain and eyes is reduced, and the
development of craniofacial cartilage is impaired (Jiang et al., 2009). A temporal fine
regulation of Hippo-dependent YAP activation is required in post natal mammary
gland development: YAP-deficient mice undergo defects in the formation of the
structure of the gland during pregnancy, because of apoptosis of mammary epithelial

cells (Chen etal., 2014).

52 YAP promotes tissue regeneration
Emerging evidence in vivo also pointed out a role for YAP in mediating tissue

regeneration.
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YAP plays an important role in the regeneration of cardiac tissue: mice in which it has
been knocked out in cardiomyocytes show defects in heart functions from 6 weeks of
age (Xin et al,, 2013). Moreover, the overexpression of the activated mutant-form of
YAP (YAPS1274) in cardiomyocytes promotes regeneration of the heart (Xin et al,
2013). YAP expression is also required to maintain the intestinal stem cell pool and to
promote crypt regeneration, after irradiation-induced damage (Gregorieff et al,
2015). YAP expression was also found to be correlated to the regeneration of airway
epithelial cells after exposure to either naphthalene or diphtheria toxin A (Lange et
al., 2015). Proper muscle formation depends on YAP expression (Zhao et al., 2017)
and TEAD4 is required for muscle regeneration after notexin treatment, a drug that
damage muscle cells, suggesting that YAP could play a role also in regeneration of

skeletal muscles (Joshi et al., 2017).

53 YAP/TAZ promote de-differentiation

It is known that the Hippo pathway plays an important role in the determination of
cell fate in different tissues. YAP expression is essential to sustain pluripotency in
mouse embryonic stem cells, and TEADs are required to mediate this effect (Lian et
al., 2010). Moreover, YAP protein binds to promoters and induce the expression of
genes important for embryonic stem cells identity, such as Nanog, Oct4 and Sox2
(Lian et al,, 2010). In the lung, the balance between nuclear and cytoplasmic YAP
regulates the differentiation of the airway epithelium (Mahoney et al., 2014); here
both Mst1/2 deletion and the ectopic expression of YAPS127A result in the activation of
genes regulating proliferation and migration and the concomitant repression of genes
involved in metabolism and differentiation (Lange et al., 2015). In the intestine, YAP
and TAZ can exert two different functions; if they interact with Klf4, they promote the

differentiation of progenitor cells into Goblet cells, while if they cooperate with TEAD,
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they induce intestinal stem cells proliferation. This indicates that YAP and TAZ can
promote either differentiation or proliferation, depending on the context (Imajo et al,,
2014). TEAD and YAP regulate the expression of pancreatic progenitor cells specific
genes, while Mst1/2 activation and the consequent YAP inactivation promote the

differentiation to acinar or endocrine cells (Cebola et al., 2015).

6 Pathological consequences of YAP/TAZ activation

If not properly regulated, the Hippo pathway can lead to pathological conditions
(Cacemiro et al,, 2017; Li and Gumbiner, 2016). Initial experiments carried out in
Drosophila showed that if components of the Hippo pathway are inhibited (i.e.
boosted Yki activity), tissues increase in size in a significant way. In particular, Wts
deficiency leads to an overgrowth of different tissues, such as wings and legs (Justice
et al, 1995), while Mats mutations leads to tumor formation in various organs of
Drosophila. Mats has also a role in promoting apoptosis, and when its function is
impaired, programmed cell death cannot be activated properly (Lai et al., 2005). The
same phenotypes can be obtained when Hippo and Salvador proteins functions are
compromised. Sav has a dual role in both promoting cell cycle exit and apoptosis, and
its human ortholog (WW45) is found mutated in some cancer cell lines (Tapon et al,,
2002). Hippo is also required for cell cycle exit, modulating the expression of cyclin E
(Harvey et al,, 2003).

In mammals, Hippo pathway alteration can lead to overgrowth of different tissues
and cancer development as shown for Drosophila (Zanconato et al., 2016).
Experiments carried out in mouse models showed that conditional knock out of
WW45 in the liver induces the activation of YAP, expansion of oval cells and liver
tumor formation (Lee et al, 2010; Lu et al, 2010). Other in vivo experiments

demonstrated that also Mst1/2 proteins are strong tumor suppressors: when these

16



two proteins are conditionally deleted in hepatocytes, mice develop focal tumors in
liver parenchima (Lu et al., 2010; Song et al, 2010; Zhou et al, 2009). Single
inactivation of either Mstl or Mst2 did not result in organ overgrowth, indicating
their redundant role in regulating liver size. Mstl and 2 are also required for the
correct function of the intestine: when they are deleted, YAP relocalizes in the nuclei,
the differentiation of intestine epithelium is affected and adenomas start to appear in
the colon (Zhou et al, 2011). In the muscles, activation of YAP is able to cooperate
with TEAD and promotes rabdomyosarcoma development from satellite cells
(Tremblay et al., 2014).

Clinical data further indicates the association of YAP activation in a wide variety of
cancers (Zanconato et al, 2016). In the reproductive system, the ERG oncogene
induces YAP activation and the development of prostate cancer; ERG and YAP are
thus both expressed in prostate cancer tissues, and the expression of YAP is
correlated with poor prognosis (Nguyen et al,, 2015). TAZ was also found upregulated
in endometrial carcinoma (Romero-Pérez et al., 2015) while YAP is over-expressed in
cervical cancer tissues (He et al,, 2015); here it is also stabilized by E6 HPV oncogenic
protein, indicating that also viral agents can interfere with YAP function. Elevated
YAP/TAZ activity has been reported in cancers of central nervous system, such as
neuroblastoma (Li et al,, 2015), meningioma (Baia et al., 2012) and schwannoma
(Boin et al., 2014). YAP/TAZ nuclear staining and their activation is correlated also
with poor patients prognosis in non-small-cell lung cancer (Lau et al., 2014), breast
cancer (Di Agostino et al., 2015), and osteosarcoma (Chan et al., 2014), indicating that
Hippo pathway activity can be impaired also in tumors arising from different organs.
Unexpectedly, YAP seems to have an opposite effect in hematological malignancies,
such as multiple myelomas, lymphomas and leukemias. In malignant cells, which

harbor extended DNA damage due to oncogene driven replicative stress, Abll is
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localized in the nucleus but alone is not sufficient to trigger apoptosis. When YAP is
activated, it interacts with Abl1, which, in turn, is able to translocate in the nucleus
and induce apoptosis. Therefore, depending on the tissue, YAP can act also as a tumor
suppressor (Cottini et al., 2014).

YAP dysregulation can also lead to developmental defects, without promoting tumor
formation. Mst1/2 proteins suppress cell proliferation in the pancreas and are
required for proper tissue differentiation; their loss leads to structural defects and
impaired function of the organ (George et al., 2012). The same is true for heart: Hippo
pathway inactivation (either by ablating Sav, Mstl/2, Lats2 proteins) provokes
cardiomegaly and postnatal mice death (Heallen et al., 2011). Developmental defects
and hyperproliferation were also observed when Hippo pathway components are
deleted in lung (Lin et al., 2015) and skin (Schlegelmilch et al., 2011). These data
suggest that YAP activation may or may not promote tumorigenesis depending on

other factors, such as the biological system or the environment.

7 The role of YAP in the liver

In the liver, YAP plays key roles in regulating embryonic development, cell
differentiation and tissue regeneration; moreover its dysregulated activity is
responsible for tumorigenesis (Yimlamai et al., 2014; Hong et al,, 2015; Yimlamai et
al,, 2015).

During embryonic development, the Hippo pathway is involved in the transition from
fetal hepatoblasts to adult hepatocytes. In fetal liver, YAP and TEAD bind a specific
subset of enhancers and promote expression of embryonic-specific genes in
cooperation with HNF4A and FOXA2 (Alder et al, 2014), two transcription factors
that play a role in lipid metabolism, bile acid biosynthesis and hepatocyte identity

(Martinez-Jimenez et al., 2010; Inoue et al., 2004; Wolfrum et al., 2004; Babeu and
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Boudreau, 2014; Bonzo et al., 2012; Bochkis et al., 2008). These authors suggested
that upon hepatocyte differentiation, an enhancer switch can occur: HNF4A and
FOXA2 can be evicted from a subset of TEAD bound enhancers and relocate on a new
set of enhancers not bound by TEAD: this should promote the expression of adult
hepatocytes genes (Alder et al., 2014).

YAP ectopic activation is able to de-differentiate adult hepatocytes into progenitor
cells (Yimlamai et al., 2014). Moreover, Mst1/2 double knocked out represses HNF4A
and FOXAZ transcriptional program, promoting de-differentiation, hepatocyte
proliferation and oval cell expansion (Fitamant et al, 2015). This process is
reversible, since YAP inhibition is able to restore hepatocyte differentiation (Fitamant
etal, 2015).

YAP is also involved liver regeneration. Rats in which 70% of the liver was resected
through partial hepatectomy can regenerate the tissue within one week. During
regeneration, YAP is activated, localized in the nuclei and its target genes are
expressed (Grijalva et al.,, 2014). In this setting TAZ cannot compensate for loss of
YAP.

Finally, YAP plays an important role as oncogenic driver in the liver; when its
activation is prolonged (8 weeks), tumor nodules start to appear (Dong et al., 2007).
YAP-dependent liver overgrowth and tumor development strongly depend on TEAD
interaction: if YAP/TEAD interaction is genetically or pharmacologically inhibited,
liver cancer growth is reduced (Liu-Chittenden et al., 2012).

Clinical observations indicate that both YAP and TAZ are prognostic markers for
hepatocellular carcinoma (HCC). TAZ expression in HCC correlates with poor patient
outcome; its expression is required for hepatocellular carcinoma cell proliferation,
invasiveness and epithelial-to-mesenchimal transition (Xiao et al., 2015). YAP was

found upregulated in about 62% of HCC samples; where it displays nuclear
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localization and its expression is correlated with poor tumor differentiation and

prognosis (Xu et al,, 2009).
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III Materials and methods

Materials and methods of this project were published (Croci et al., 2017).

1 Biological experiments

1.1 Mice strains and cells

Tet-YAP mice (Col1A1-YAPS127A transgenic mice) were provided by Jonas Larsson and
tet-MYC transgenic mice from Martin Eilers (Van Riggelen et al., 2010). Liver-specific
transgene expression was repressed in LAP-tTA transgenic mice by continuous
administration of food supplemented with 625mg/Kg of doxycycline. For long-term
activation, 8 weeks old mice were shifted to a regular diet (i.e. doxycycline free) at 4
or 13 weeks. For short-term transgene activation (which was under the control of
Rosa26 ubiquitous promoter) (Kisseberth et al, 1999), mice were fed with
doxycycline-supplemented food for 2 days.

MycER was activated in 3T9MycER murine fibroblasts (Sabo et al., 2014) by the
addition of 4-hydroxytamoxifen (OHT, 20-400nM), while YAPS127A was induced by 2

pg/ml doxycycline and ethanol was used as control.

1.2 Chromatin immunoprecipitation

For Myc, TEAD, Histone Marks and RNA Pol2 ChIP, 3T9 fibroblasts or dissected
liver/tumors were fixed with 1% formaldehyde in PBS and quenched with 0.125M of
Glycine. For YAP ChlIP, fixation was performed by a double step approach with 0.5 M
DSG (Di-(N-succinimidyl)-glutarate) for 45 min and then 1% formaldehyde (FA) in
PBS 12 min. Fixed cells or tissues were further processed as previously described

(Sabo et al. 2014).
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Cells or liver tissue/tumoral nodules were lysed with RIPA buffer (20 mM HEPES
pH7.5, 300 mM NaCl, 5 mM EDTA, 10% Glycerol, 1% Triton X-100) supplemented
with MINI-complete Protease Inhibitor Cocktail Tablets (Roche) and phosphatase
inhibition (0.4 mM ortovanadate, 10 mM NaF) and sonicated (Branson). Cleared
lysates were quantified by Bradford assay, run on a SDS-page and immunoblotted
with the indicated primary antibodies. Chemiluminescent detection after incubation
of the membranes with the appropriate secondary antibody, was done through a CCD

camera using the ChemiDoc System (Bio-Rad).

1.3 Antibodies

The following Antibodies were used for ChIP: H3K4mel (Abcam, ab8895), H3K27ac
(Abcam, ab4729), H3K4me3 (Active Motif, #39159), MycN262 (Santa Cruz, sc 764)
and RNA Pol2 N20-X (Santa Cruz, sc-899), YAP 63.7 (Santa Cruz, sc101199), TEAD
(ARP38276_P050, Aviva Systems Biology). Normal rabbit IgG (Santa Cruz, sc-2027)

was used as background control.

2 Data analysis

2.1 Read filtering

ChIP-Seq and RNA-Seq libraries were sequenced using Illumina HiSeq 2000
instrument, to produce 50 bp reads, which were filtered using fastQC program v. 0.9.3
(Andrews, 2010).

PCR artefacts can occur in every NGS experiment, leading to high reads duplication
levels; in order to overcome this problem, unique reads were kept, while duplicate

reads were thrown.
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Depending on the quality of the experiment, each base pair of sequenced reads comes
with a score (the Phred score) that represents the probability of a base call in a given
position; this score is defined as - 10*log10 (p), where p is the estimated probability
of the base-call (Ewing et al,, 1998). Base pairs at the 3' end of the read have, on
average, lower scores than those on the 5' end; this is because the sequencing carried
out by Illumina sequencer involves synthesis of oligonucleotides, that is not
synchronous for all the reads (Fuller et al., 2009). For that reason, nucleotide that
came with a score lower than 20 were considered as not determined, and were
considered as “N”; this process, known as “masking”, was carried out using
fastqMasker (with options -Q 33 -q 20 -r -N -v -i), that is part of FASTX toolkit v.
0.0.13.2 (http://hannonlab.cshl.edu/fastx_toolkit/). Then, a read was discarded if 3

or more nucleotide were marked as “uncertain”.

2.2 Primary analyses: reads alignment
Upon the filtering step, reads were aligned on the mm9 genome assembly (Meyer et
al., 2013). Single-end or paired-end sequencing reads were obtained if a Chip-Seq or

RNA-Seq experiment was carried out, respectively.

Single-end reads alignment (ChIP-Seq). ChIP-Seq single end reads were aligned using
BWA program v. 0.6.2 (Li and Durbin, 2009), to find the position of each read in the
genome. This program implements the Burrows-Wheeler transform algorithm (BWT)
(Burrows and Wheeler, 1994) and the backward search (Ferragina and Manzini,
2000). These algorithms are fundamental for read mapping, since a brute force
search for each read on the genome would be infeasible from a computational point
of view. Briefly, the BWT algorithm takes the string on which the mapping should be

carried out (in this case the sequence of the genome) and find all possible
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combinations by rotating the string. All the rotations of the string are sort in
lexicographical order, and the last column of the matrix obtained is the BWT of the
original string; this is finally used in the backward search to find the position of each

read.

Paired-end reads alignment (RNA-Seq). This algorithm uses the BWT of the genome
and the backward search as before, to map each read in an efficient way. For paired
end read mapping (RNA-Seq experiments), tophat v. 2.0.8 software (Trapnell et al,,
2009) was used. This program can map the reads taking into account the splicing of
the genes. In a first step, tophat align the reads that can be mapped in a contiguous
way. In a second step, the program uses the first alignment to find possible
combinations of exon-exon junctions and carries out a second alignment using these
junctions as a template (https://ccb.jhu.edu/software/tophat/manual.shtml).

On average, after filtering and alignment steps, about 1/5-1/4 of successfully mapped

reads were obtained from the original reads from the instrument.

2.3 Secondary analyses: peak calling, DEG calling and expression quantification

ChIP-Seq peak calling. In order to find the genomic locations that are enriched in
mapped reads of a particular transcription factor or histone marks in ChIP-Seq
experiments, a peak calling analysis was carried out. For this purpose, the Model-
based Analysis of ChIP-Seq (MACS) software v. 2.0.9 was used (Zhang et al., 2008).
The aligned reads mapped on the “+” strand and “-” strand are generally concentrated
on the edges of the ChIP-Seq fragments, which are more accessible, compared to the
centre of the fragment that is occupied by the transcription factor and is not

accessible. The length (d) calculated by MACS is used to shift the reads on the 3' end

by d/2, improving the prediction of the transcription factor-DNA interaction site.
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Then, the program scans the genome to find genomic locations that are particularly
enriched in shifted reads, and are thus marked as “bound” by the transcription factor.
An input ChIP-Seq (a ChIP-Seq in which no antibody was wused or
immunoprecipitating the transcription factor of interest, i.e. the entire genome) is
subtracted for each step of the scanning, to remove the background noise.

Statistically significant peaks were defined if their p value was < 10-> for transcription
factors and 10-8 for histone marks. The enrichment of reads inside defined genomic
regions (for example, ChIP-Seq peaks) was calculated using the functions
implemented in compEpiTools package (Huber et al., 2015; Kishore et al., 2015).
Briefly, the enrichment was defined as the sum of the number of the reads for each
base pair of a genomic range; then, this number was normalized by the number of
aligned reads (obtaining rpm, reads per million). To calculate read density, this
number was further normalized by the width of the genomic regions (obtaining

rpm/bp, reads per million/base pair).

RNA-Seq differential gene expression and quantification. In RNA-Seq experiment,
finding the number of reads that fall into exons of the genes of a particular genome is
a required step. To this aim, featureCounts v. 1.4.5 program was used (Liao et al,
2014). Count files obtained were used for clustering analyses and for downstream
analyses: differential gene expression and expression quantification.

To find genes that were differentially expressed in two different conditions, DESeq2 R
package was used (Love et al,, 2014). This program takes as input the count files from
the previous step and finds the genes whose expression differs significantly. DESeq2
fits a negative binomial distribution to model RNA-Seq count data, and finds the genes
whose log2 fold change in gene expression deviates from this distribution. The log2

fold change given by DESeq2 of a specific gene is shrunken according to the mean
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level of the expression among replicates and to the variability of the expression. Thus,
the less a gene is expressed, as well as the more variable the expression of a gene is,
the more the log2 fold change is shrunken.

Expression was quantified as eRPKM (reads per million per Kb normalized on exons).
Genes were defined as deregulated if their p adjusted was < 0.05 and their absolute
value of log2 fold change calculated by DESeq2 was >0.5 for 2d liver and 3T9 cells,
while >1 for pre-tumoral liver and liver tumors.

All primary and secondary alighments were carried out using HTS-flow (Bianchi et al,,

2016).

2.4  Motif finding analysis

Motif finding analysis was required to find transcription factors that could cooperate
in cis with a given ChIP-ed transcription factor. This was carried out using PscanChIP
tool (Zambelli et al., 2013). This tool finds the over-represented sequences under
ChIP-Seq peaks summits, and compare them with Jaspar 2016 database (Mathelier et
al, 2016), to find which transcription factor the motif corresponds to. PscanChIP
outputs two p values in motif finding analysis, one global and one local.

The global p-value represents the probability of finding a specific motif in a subset of
query regions relatively to all the regions accessible by transcription factors in a
given cell line; low global p values are found when the ChIP-ed factor act as a dimer
with another transcription factor binding partner.

The local p-value represents the probability of finding a specific motif in a query
genomic region compared to the flanking regions. This can happen when two
transcription factors interact together but only in a specific subset of promoters with

specific functions.
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For motif finding analysis a window around [-75; +75] from the peaks summits was

used, and the average of local/global p value was shown.

2.5  Gene set enrichment analysis

The function of a given group of genes was determined through a geneset enrichment
analysis (GSEA) (Subramanian et al., 2005) using the java GSEA application
(http://software.broadinstitute.org/gsea/index.jsp). Briefly, a set of genes sorted by a
specific feature (in this case, log2 fold change in gene expression between two
conditions) is given in input to the algorithm. Then, for each gene in the ranked list,
the programs finds if that gene is present also in the geneset of the database, and, if
present, an enrichment score (ES) is increased, otherwise is decreased. To address
whether a geneset found is statistically significant or not, the same walk through the
genes of the query is done by shuffling randomly the order of these genes multiple
times (1074), forming a null distribution by which is possible to calculate a p value. In
the analyses, top 10 hits of GSEA results were considered, if the absolute value of

their enrichment score was higher than 2 and their p adjusted was lower than 0.01.

2.6  Definition of promoters/genebody/intergenic regions and super-enhancers

The location of a genomic region (i.e. ChIP-Seq peak) was assigned as follows.
Genomic regions overlapping with at least 1 base pair (bp) with any annotated
promoter (defined as [-2000; +1000] genomic window from TSS) were defined as
belonging to promoters. The rest of the regions were considered part of genebodies if
they overlapped with at least 1 bp with any transcript. All genomic regions not
assigned were defined as “intergenic”. Annotations were performed with the R
annotation packages of Bioconductor TxDb.Mmusculus.UCSC.mm9.knownGene

(Meyer et al.,, 2013) for all mouse experiments (liver and 3T9 cells).
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2.7  RNA Pol2 stalling index

The RNA Pol2 stalling index (Rahl et al.,, 2010) was defined as Sl=reads Prom/reads
GB, where “reads Prom” are the library-normalized reads at promoters, defined as |[-
300; +300] interval from TSS, while “reads GB” are the library-normalized reads at
genebodies, defined as [TSS+300; TES+300] interval. Genes shorter than 600 bp were
excluded from the analysis, and only genes with an RNA Pol2 peak onto their
promoters were considered. For average profile plots, genes were expanded 20%
before TSS and above TES, divided into 150 bins and the reads were normalized by
both library size and gene length. The function to calculate SI was implemented in

compEpiTools package (Kishore et al., 2015).

2.8  Public datasets

External data were retrieved from GEO database (Edgar, 2002). Adult and embryonic
HNF4A ChIP-Seq data were retrieved from GEO accession IDs GSM2055887 and
GSM1318181.

Chip-Seq and expression data of mouse liver data (ChIP-Seq, RNA-Seq) were

deposited under the accession ID GSE83869.
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IV Results

The results are divided in two sections. In the first part (Results part 1, page 29) we
describe the binding of YAP and TEAD to the genome and how they regulate
chromatin and transcriptional programs. In the second part (Result part 2, page 67)

we show the mechanism of YAP and Myc cooperation in promoting cell proliferation.

1 Results part 1: Genomic analysis of YAP and TEAD in the liver

1.1 Design and rationale of the study

The Hippo pathway plays an important role in liver function: when this pathway is
deregulated, YAP activation can promote hepatocyte de-differentiation, proliferation
and tumor formation (Camargo et al., 2007). Moreover, clinical data showed that YAP
is overexpressed in >50% of hepatocellular carcinoma samples (Xu et al., 2009) (see
paragraph I17, page 18).

In the recent years, many efforts focused on the study of the upstream regulation of
this pathway, in particular how soluble factors and mechanical cues could modulate
the activity of YAP and TEAD (Yu et al,, 2015). However, the mechanisms by which
YAP and TEAD activation translate these external stimuli into transcriptional
regulation are poorly known. To better investigate these aspects, we took advantage
of mouse models that expressed the constitutively active form of YAP (YAP51274) and
we focused our attention on the effects of YAP activation in the liver.

The R26-rtTA; tet-YAPS127A mouse model was used to evaluate the short-term
response upon YAP activation; in this model the rtTA element is in the Rosa26 locus,
ensuring a ubiquitous YAP expression by feeding mice with doxycycline for 2 days.
Unfortunately, this model could not be exploited to perform long-term analyses, since
prolonged ubiquitous activation of YAP caused mice death, due to intestinal

problems.
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The long-term effects of YAP activation were evaluated using LAP-tTA; tet-YAPS127A
mice; in this model, ectopic YAP transcription is restricted to the liver, because it is
under the control of liver-specific LAP promoter (Descombes et al., 1990). YAP
expression could be switched on by removing doxycycline from the mouse diet. Using
this model we analyzed the effects of YAP induction for 4 weeks and 13 weeks.

In the lab, we observed that short-term YAP induction (i.e. 2 days) did not alter
significantly the liver tissue (De Fazio, personal communication); however, 4 weeks
YAP induction led to a massive cell proliferation and hepatomegaly, characterized by
hyperplasia of poorly differentiated hepatocytes, as previously reported (De Fazio,
personal communication) (Camargo et al., 2007).

Examination of livers of LAP-tTA; tet-YAPS127A after 13 weeks of doxycycline free diet
revealed the appearance of focal tumoral lesions (De Fazio, personal communication).
Here by using ChIP-Seq and RNA-Seq experiments we profiled the genomic landscape
of YAP and TEAD following YAP activation in the liver. In particular, we asked which
were the genomic loci occupied by YAP and TEAD, how YAP and TEAD binding can
influence chromatin modifications at both promoters and distal sites, which were the
transcriptional programs regulated by either short- and long-term YAP induction and
whether other transcription factors cooperate or compete with YAP to regulate gene

expression.

1.2 TEAD binds chromatin mainly at distal sites

To examine genome wide chromatin occupancy following YAP activation we carried
out ChIP-Seq experiments in the mouse adult liver either in wild type animals (WT)
or in LAP-tTA; tet-YAPS127A mice after 4 weeks of YAPS127A expression (henceforth

pre-tumoral stage or 4W liver).
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TEAD bound 33417 genomic sites in WT liver and its occupancy was further
increased upon YAP activation, when 81682 ChIP peaks were detected (Figure 3, left).
TEAD genomic occupancy was mainly distal, since only 29.1% of the peaks were

located at promoters in WT liver and 17.7% in pre-tumoral liver (Figure 3, right).
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Figure 3: TEAD genomic occupancy is increased upon YAP activation and mainly involves distal
sites. Left: barplot representing TEAD peaks number in WT liver (red) and upon 4 weeks of YAP
induction (4W, pink); number of peaks is shown inside parenthesis. The number of peaks was
dramatically increased in pre-tumoral stage. Right: piecharts showing the fraction of TEAD peaks in
WT and 4W liver located at promoters (red), genebodies (blue) and intergenic regions (grey); the

majority of peaks were detected at distal sites in both conditions.

Virtually all TEAD peaks found in WT liver were consistently detected also in pre-
tumoral liver, both at promoters (Figure 4a) and distal sites (Figure 4d). Upon closer
inspection, the additional binding sites detected in 4W livers appeared as already
bound by low levels of TEAD in WT liver (Figure 4c, f; subset III), thus suggesting that
their low enrichment may have prevented their detection by the peak caller

algorithm.
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Figure 4: TEAD chromatin binding is increased upon YAP activation. (a, d) Venn diagrams
showing the overlap between TEAD peaks detected in WT and pre-tumoral liver both at promoters (a)
and distal sites (d), the number of genomic regions is shown in parenthesis; (b, ) Boxplot of the TEAD
enrichment in the subsets of TEAD peaks represented in the Venn diagrams above (I, II and III), at
promoters (b) and distal sites (e); common peaks were more enriched compared to other subsets, and
the increase in TEAD binding was global, but stronger in common peaks (subset II); (c, f) heatmaps
showing TEAD enrichments in conserved peaks and peaks acquired upon YAP activation, both at

promoters (c) and distal sites (f). (* p<2.2*¥10-16, Student’s t-test).

The higher number of TEAD peaks upon YAP activation was also accompanied by a
genome-wide increase in their enrichment (Figure 4b, e). This global raise in TEAD
genomic occupancy could be due to its increased expression induced by YAP

activation.
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RNA-Seq experiments showed that 3 out of the 4 TEAD genes (TEAD 1,2,4) increased
their expression upon YAP induction (Figure 5a); moreover, both YAP and TEAD
peaks were detected on the promoter of TEAD 1 and 4 (Figure 5b). These data
suggest that YAP induction may promote the expression of TEAD 1 and 4 through a

direct regulation.

a TEADI1 TEAD2 TEAD3 TEAD4
3 . e — .. WT n=3
s <q ® . 4W n=4
x . ; -
% f N . .
0 . - . .
WT AW WT 4W WT 4w
b Chr7 Chr7
52,470 kb 52,474 kb
119,820 kb 119,860 kb | I
[0-20] I I [0-20]
[0-20) [0-20)
TEAD4W _A A PR A banh A e —— e
- [n-Te] - - - - [0-16] -
YAP 4W uém_J_L._..._A.A:-. e A - een aa = =a melh dmiide emliem e an @ & me cemdne me aa ams s s
————— s L &
TEAD1 TEAD2
Chr17 Chr6
28,484 kb 28,488 kb 128,230 kb 128,250 kb
1 1
[0-20] ! ! [0-20]
[0-20] [0-20] |
[0-16] - [0-16] -t T T 7
- - - P SR, o — — P ._.A..‘éu.e._..“._.
TEAD3 TEAD4

Figure 5: TEAD expression is increased in pre-tumoral liver. a) expression of the TEADs family
members (in exonic reads per kilobase per million mapped reads, eRPKM) in three WT livers and four
pre-tumoral livers (4W); b) genome browser snapshots showing the enrichment of TEAD in WT liver,
and the enrichments of TEAD and YAP in pre-tumoral liver, on all TEADs promoters. (* p<0.01,
Student’s t-test).

In addition, as will be shown later in more details (see paragraph 1.4, page 35), YAP
favors TEAD binding on chromatin (Figure 8a, b; subsets IIl and II). Therefore, two

mechanisms could account for the increase of TEAD genomic interaction observed
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upon YAP induction. First, higher TEAD levels could shift the equilibrium between
bound/not bound protein on DNA and mediate a global increase of TEAD chromatin
association. Second, a YAP-mediated TEAD genomic stabilization could reinforce
TEAD binding strength on a specific subset of genomic loci co-bound by both YAP and

TEAD (Figure 8, subset II).

1.3 YAP and TEAD co-localize on chromatin

YAP could not be detected by ChIP-Seq in normal liver, possibly owing to its low
expression level; however, upon induction, YAP showed an extensive binding genome
wide (30768 peaks; Figure 6), albeit lower if compared to TEAD (81682 peaks)
(Figure 3). Most of YAP binding occurred at distal sites, with only 18% of its peaks

located at promoters in pre-tumoral liver (Figure 6).

Pre-tumoral liver peaks distribution
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Figure 6: YAP binds chromatin mainly at distal sites in pre-tumoral liver. Piechart representing

the YAP peaks localization in pre-tumoral liver; most of the peaks were detected in distal regions.

Almost all YAP binding sites (95% at promoters and 96% at distal sites) overlapped
with TEAD peaks (Figure 7, left). Moreover, high correlation of YAP and TEAD
enrichments was observed both at promoters (Pearson correlation coefficient=0.89)
and distal sites (Pearson correlation coefficient=0.86) (Figure 7, right).

On the contrary, TEAD was able to localize on chromatin independently of YAP, since
66% of its peaks didn’t show any overlap with YAP (Figure 7, left). These results
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indicate that, in vivo, YAP occupies only a subset of TEAD binding sites both at

promoters and at distal sites and suggest that TEAD may be required for YAP binding.
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Figure 7: YAP co-localize with TEAD on chromatin. Left: Venn diagrams showing the overlap
between YAP and TEAD ChIP-Seq peaks located at promoters (up) and distal sites (down). Right:
Scatterplots of the correlation between YAP and TEAD ChIP-Seq enrichments in the union of YAP and
TEAD binding sites.

1.4 YAP binding sites are mostly pre-bound by TEAD

We next wondered whether the presence of TEAD on chromatin in WT liver could
influence subsequent YAP recruitment. To test this, we calculated the overlap
between TEAD peaks detected in WT liver and YAP peaks detected upon its
activation. On promoters, the large majority of YAP bound loci were already pre-
bound by TEAD in normal liver (76%) (Figure 8a, Venn diagram). This was confirmed
at distal sites where half of the sites were already bound by TEAD in WT liver (Figure

8¢, Venn diagram).
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TEAD peaks detected in WT liver and shared with YAP at 4W (subset II in Figure 8)
were more enriched compared to all the other TEAD peaks (Figure 8b, d; subsets Il vs
[); following YAP activation, TEAD enrichment increased more in the subset of YAP

peaks in which TEAD pre-existed in WT liver (Figure 8b, d; subset II).
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Figure 8: YAP binds genomic sites mostly pre-occupied by TEAD. (3, c¢) Venn diagrams showing the
overlap between TEAD peaks detected in WT liver and YAP peaks detected in pre-tumoral liver at
promoters (a) and distal sites (c), the number of peaks is shown in parenthesis; heatmaps represent
the enrichment of TEAD (WT, 4W liver) and YAP (4W liver) of the subsets shown in Venn diagrams; (b,
d) boxplots representing the enrichments of TEAD and YAP in the three subsets shown in the Venn
diagrams, both at promoters (b) and distal sites (d). (* p<2.2*10-16, Student’s t-test).

Altogether, these data suggest that YAP chromatin binding was favored by pre-

existing TEAD binding, with a preference for sites that showed the highest TEAD
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enrichment (Figure 8, subset II). This was particularly prominent at promoters
(Figure 8a, b). In addition, upon YAP chromatin association, TEAD enrichment was
further increased (Figure 8, subset II), thus suggesting a role for YAP in stabilizing the

YAP/TEAD complex on chromatin.

1.5  YAP and TEAD bind active chromatin and induce epigenetic changes

We then wanted to explore the chromatin status of YAP and TEAD binding sites. We
compared the enrichment of histone modifications in genomic regions co-bound by
both YAP and TEAD (YT), to those bound exclusively by TEAD (T) or the remaining
regions in active chromatin where neither YAP or TEAD were detected (E).

As expected, YAP was remarkably enriched in YT regions, while in T regions its signal
was lower, albeit still detected (Figure 9). Presumably, YAP enrichment in T regions

was not sufficiently high to be called by the peak caller.
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Figure 9: TEAD and YAP bind active chromatin regions (I). Heatmap showing the ChIP-Seq
enrichment of YAP, TEAD and histone modifications in YT, T, E subsets, in WT liver and upon YAP

induction, both at promoters (up) and distal sites (down) (E= subset of H3K27Ac peaks not
overlapping with neither YAP or TEAD peaks).
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Figure 10: TEAD and YAP bind active chromatin regions (II). Boxplots representing the enrichment
of the transcription factors and histone modifications analyzed in the three subsets defined in Figure 9
(YT, T, E) both in normal (WT) and pre-tumoral liver (4W). Globally, YAP and TEAD bind active
chromatin regions and YAP further increases activation of chromatin in distal regions. (* p<0.01,

Student’s t-test).

High levels of H3K27Ac and H3K4me3 modifications were observed at promoters in
both T and YT regions compared to sites not bound by either YAP or TEAD (Figure 9,
Figure 10), with the YT subset being the most enriched in these histone marks. Higher
occupancy of RNA Pol2 (hereafter, Pol2) was also found at promoters of YT sites
(Figure 10). These data indicate that YAP recognized a subset of TEAD bound
promoters particularly enriched in activating histone modifications (H3K27Ac,
H3K4me3) and with high levels of Pol2.

H3K4mel and H3K27Ac were enriched in YT and T subsets at distal sites, compared
to regions not bound (E) (Figure 10); the level of these modifications was higher in
the YT subset, suggesting that YAP is able to bind active enhancer elements
(Heintzman et al., 2007; Creyghton et al., 2010). Moreover, an increase in Pol2 signal
in the distal YT suggests that YAP may be associated with enhancer RNA transcription

(Kim et al,, 2010).
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TEAD enrichment was increased in pre-tumoral liver in both T and YT subsets, at
promoters and distal sites; this increase was more prominent where TEAD co-
localized with YAP (YT subset; Figure 10), further suggesting that YAP binding
promotes stabilization of TEAD chromatin interaction.

We also observed that, upon YAP activation, H3K27Ac and Pol2 increased at the YT
subset at promoters (Figure 10); this suggests that YAP may promote the recruitment
of acetyl/methyltransferases and further recruitment of Pol2 to activate promoters.
At distal sites, raised H3K4mel and H3K27Ac levels and decreased H3K4me3
modification were observed at YT subset upon YAP binding (Figure 10). On the
contrary, enrichment of these signals was rather consistent in T and E subsets (Figure
10). This suggests that YAP binding contributes to enhancer activation, since high
H3K4mel/H3K4me3 signal ratio and H3K27Ac enrichment on distal sites are a
characteristic features of active enhancers (Heintzman et al., 2007; Creyghton et al,,

2010).

1.6 YAP binds chromatin mainly at distal sites upon its acute activation

We next wanted to investigate YAP chromatin binding upon its short-term activation.
We therefore expressed the mutant form YAPS127A in the liver for 2 days (hereafter,
2d liver) and analyzed the chromatin occupancy of YAP and TEAD by ChIP-Seq.

Upon short-term induction, 1328 YAP and 32486 TEAD peaks were detected on
chromatin, and their binding occurred mainly at distal sites (Figure 11). The vast
majority of YAP peaks overlapped with TEAD at both promoters (88% overlap) and
distal sites (83% overlap) (Figure 12, up), confirming that YAP binding may require
the presence of TEAD on chromatin; this was consistent with the high correlation of
YAP and TEAD enrichments (Pearson correlation coefficient=0.82 at promoters, 0.73

at distal sites; Figure 12, down). Altogether, these data indicate that YAP is able to
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bind chromatin upon its short-term overexpression mainly at distal sites and suggest

that the presence of TEAD is required on DNA, consistently to what observed in pre-

tumoral liver (Figure 7).
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Figure 11: TEAD and YAP bind mainly distal sites upon YAP short-term activation. Piecharts

showing the location of YAP peaks (left) and TEAD peaks (right) detected upon its short-term

activation. Red: promoters, blue: genebodies, grey: intergenic regions.
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Figure 12: Upon its short-term activation, YAP binding sites co-localize with TEAD. Up: Venn

diagrams of YAP/TEAD peaks overlap detected upon 2 days YAP induction, in both promoters (left)

and distal sites (right). Down: Scatterplots of the correlation between the enrichments of YAP and

TEAD at promoters (left) and distal sites (right).
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We then asked if YAP bound genomic sites pre-bound by TEAD also upon short-term
activation. We then overlapped YAP binding sites found at 2 days with TEAD binding
sites detected in WT liver. Almost all (90%) YAP peaks detected short-term
overlapped with TEAD peaks found in WT liver at promoters (Figure 13a); this
fraction was lower, yet consistent (80%) at distal sites (Figure 13c). TEAD
enrichment in WT liver was higher in sites targeted by YAP, both at promoters and
distal sites (Figure 13b, d). These data indicate that YAP recognizes genomic regions
pre-marked by TEAD upon short-term activation.

TEAD enrichment wasn'’t increased upon short-term YAP induction (Figure 13b, d), as
opposed to what observed in pre-tumoral liver (Figure 8b, d). Despite the raised
TEAD1 and TEAD4 expression after 2 days compared to WT liver (Figure 14), the
amount of TEADs transcripts at 2 days was lower compared to pre-tumoral liver and
tumors (Figure 20). This may suggest that prolonged YAP activation is required to
promote a sufficient TEAD protein production for its subsequent chromatin

stabilization.
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Figure 13: YAP recognizes regions pre-marked by TEAD upon short-term activation. (a, c) Venn

diagrams representing the overlap between YAP peaks detected after 2 days of induction and TEAD

peaks detected in WT liver, both at promoters (a) and distal sites (c), the number of peaks is shown in

parenthesis; (b, d) enrichment of TEAD in WT liver and TEAD and YAP upon short-term induction,

both at promoters (b) and distal sites (d) in the subsets shown in a) and c). (* p<0.001, Student’s t-

test).
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Figure 14: TEAD1 and TEAD4 increase their expression following 2 days YAP activation.

Dotplots showing the expression of TEAD genes in eRPKM in the liver of 4 WT mice and 6 mice in

which YAP was induced short-term. (* p<0.05, Student’s t-test).
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17 Acute activation of YAP does not lead to global changes in chromatin status

We then wanted to address differences in chromatin status upon short-term YAP
induction.

Few changes of TEAD chromatin interactions were detected in 2d liver: at promoters,
77% of TEAD peaks found in normal liver were consistently detected after YAP
activation, while 70% were conserved at distal sites (Figure 15). The consistency of
TEAD binding sites was also reflected by the fact that its enrichment was unaltered at
both promoters and distal sites (Figure 16). H3K27Ac, H3K4me3 and Pol2 peaks
detected in WT liver showed almost complete overlap with those detected in 2d liver
at promoters; at distal sites, about 80% of H3K27Ac and H3K4me1 binding sites were
detected both in WT and 2d liver (Figure 15). Moreover, the enrichment of histone
modifications was rather consistent between WT liver and upon short-term YAP
activation (Figure 16).

Therefore, chromatin was unaltered at promoters, and only slightly modified at distal

sites following short-term YAP induction.
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Figure 15: Short-term YAP induction does not lead to global changes in chromatin status (I).
Venn diagrams representing the overlap between peaks detected in WT liver and those found upon 2

days YAP induction, both at promoters (left) and distal sites (right).
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Figure 16: Short-term YAP induction does not lead to global changes in chromatin status (II).
Heatmap showing the enrichment of TEAD, YAP, histone modifications and Pol2 in both promoters and

distal sites (ROI: union of TEAD and YAP peaks detected at WT and 2d liver).

We next examined genomic sites bound by both YAP and TEAD at 2 days. At distal
sites, TEAD enrichment was increased (Figure 17; Figure 18), suggesting that YAP
may stabilize TEAD binding on chromatin, as observed before (Figure 8; Figure 10).
H3K27 acetylation increased at both promoters and distal sites, while H3K4me1l and
H3K4me3 levels were unaffected by YAP (Figure 17; Figure 18). This result strongly
suggests that YAP binding could promote changes in histone marks and that H3K27
acetylation may precede further chromatin modifications; additional work will be
required to address this point. The acetylation of histones on promoters following
YAP binding is linked to an increased Pol2 recruitment and elongation (see Figure

25b in paragraph 1.9, page 53).
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Figure 17: YAP binding promotes H3K27 acetylation upon short-term YAP activation (I).

Heatmap representing the promoters and distal sites bound by both YAP and TEAD after short-term

YAP activation (2d). The enrichment in H3K27Ac is increased in both promoters and distal sites.
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Figure 18: YAP binding promotes H3K27 acetylation upon short-term YAP activation (II).

Boxplots representing the enrichment of TEAD and histone modification at promoters and distal sites

in genomic regions bound by both YAP and TEAD at 2 days, following short-term YAP activation.

H3K27Ac enrichment is increased following acute YAP activation, at both promoters and distal sites. (*

p<0.05, Student’s paired t-test).
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1.8  YAP binding and histone modifications differ in distal sites between pre-tumoral
liver and tumors

We then collected tumor nodules after 13 weeks YAP activation and asked which
major genomic changes may occur at chromatin level during YAP-induced
tumorigenesis.

YAP and TEAD showed a global, slight increased occupancy at distal sites between
pre-tumoral liver and tumor, both in terms of peaks distribution (Figure 19) and
enrichment (Figure 21). This was paralleled by a higher expression of TEAD 2,3,4 in
tumors, while TEAD1, which was already highly expressed in pre-tumoral liver, didn’t
further change its level (Figure 20). Moreover, enrichment of H3K4mel histone
modification was higher in liver tumors at distal sites (Figure 21), consistently with a
putative role of YAP in enhancer activation.

Enrichments of H3K27Ac and Pol2 were rather consistent at promoters after 13
weeks of activation (Figure 21), and levels of H3K4me3, that marks active promoters
(Mikkelsen et al.,, 2007) didn’t show variations, suggesting that global quantitative
changes in modification of chromatin and Pol2 recruitment did not occur in liver

tumors.
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Figure 19: TEAD and YAP bind mainly distal sites in liver tumors. Piecharts representing the TEAD
and YAP peaks localization in tumor liver. The fraction of peaks detected at promoters was lower

compared to that of pre-tumoral liver (Figure 6).
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Figure 20: TEADs expression is increased in liver tumors. Dotplots showing the expression of the
four TEADs in eRPKMs in 4 pre-tumoral livers (4W) and in 8 tumor nodules. (* p<0.01, Student’s t-
test).
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ChIP-Seq enrichments in tumors
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Figure 21: The occupancy of YAP, TEAD and H3K4mel is increased at distal sites in liver
tumors. Up: Heatmap representing the enrichment of YAP, TEAD, histone modifications and Pol2 in
promoters and distal sites (ROI=union of YAP and TEAD peaks in pre-tumoral liver and tumors).
Down: Boxplots showing the enrichment of TEAD, YAP, histone modifications and Pol2 in pre-tumoral
and tumors, both at promoters and distal sites. Globally, chromatin is only slightly modified in liver

tumors, except for TEAD, YAP and H3K4me1l levels that increased at distal sites and decreased at

promoters. (* p<0.01, Wilcoxon test).
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We compared ChIP peaks of TEAD, YAP, H3K27Ac, H3K4me1l, H3K4me3 and Pol2
detected in pre-tumoral liver and liver tumors to find differences in chromatin
occupancies during tumorigenesis.

At promoters, 78% of TEAD peaks and 55% of YAP peaks were conserved also in
tumors (Figure 22, left). The shift in YAP binding regions was also reflected by
differences in its enrichments (Figure 23). Histone modifications were rather
consistent between pre-tumoral liver and tumors; 9962 out of 11523 (86%)
H3K27Ac peaks found in 4W liver were consistently detected in tumors; similar
results were observed for H3K4me3 (94% peaks conserved) (Figure 22, left). Pol2
binding sites were also unchanged at promoters, since 91% of its peaks were shared
between pre-tumoral liver and tumors (Figure 22, left).

At promoters, then, few changes in chromatin occupancy occurred in liver tumors
compared to the pre-tumoral stage (Figure 22, left); YAP being the exception, since
only half of its binding sites were conserved in tumors (Figure 22, left; Figure 23).

At distal sites, however, we observed a global shift in binding sites of YAP, TEAD and
Pol2 and the enrichments of all histone modifications tested (Figure 22, right). In
particular, only 62% of TEAD peaks and 57% and YAP peaks were conserved. Only
62% of H3K4mel peaks were conserved in pre-tumoral liver and tumors and this
fraction was lower for H3K27Ac peaks (46%) (Figure 22, right), suggesting that

different enhancers were active in pre-tumoral liver compared to tumors.
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Overlaps between 4W liver and Tumors
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Figure 22: YAP, TEAD, Pol2 binding sites and histone modifications changed their occupancy at
distal sites in liver tumors. Venn diagrams showing the overlap between peaks of transcription
factors and histone modifications detected in pre-tumoral liver (4W) and those found in tumors (T).
TEAD, Pol2, and histone marks are relocalized on the genome at distal sites, while YAP changed its

occupancy both at promoters and distal sites.

These data suggest that the phenotypic differences between pre-tumoral liver and
tumors may arise from transcriptional programs controlled by distal elements that
are selected and activated during tumor development. YAP may play a relevant role in

controlling these programs, both at promoters and enhancers.
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YAP peaks in 4W and Tumors
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Figure 23: YAP changes its genomic localization in liver tumors. Heatmaps representing the YAP
enrichment in pre-tumoral liver (4W) and tumor (T), at promoters and distal sites, in YAP peaks
detected in pre-tumoral liver only (4W peaks), tumor liver only (T peaks) or the peaks consistently
detected in the two conditions (4W & T peaks). The enrichment of YAP was high only where its peaks

were found, indicating that peaks called were reliable.

1.9  Pol2 recruitment and elongation are altered in YAP regulated genes
We then profiled transcriptional responses that followed YAP induction in pre-
tumoral liver. Different transcriptional programs were regulated upon YAP activation,

as shown by the clustering between RNA-Seq samples (Figure 24).
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RNA-Seq read counts
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Figure 24: YAP regulates different transcriptional programs in pre-tumoral livers and tumors.
Heatmap representing the distance (1-pearson correlation) of RNA-Seq read counts of 3 WT mouse
livers (WT LAP-tTA), 4 mouse livers upon YAP induction (4W) and 8 independent tumor nodules
detected after 13 weeks of YAP activation. Samples belonging to the same condition clustered well
together, and tumors behaved differently compared to pre-tumoral liver, indicating good quality RNA-

Seq experiments and consistency between replicates.

Compared to WT liver, 2174 genes (hereafter, DEGs) changed significantly their
expression upon 4 weeks of YAP activation. YAP mainly promoted transcriptional
activation: 1850 genes were upregulated (DEG up) while only 324 genes were
downregulated (DEG down).

To address how YAP induction could modulate gene transcription, we analyzed Pol2
distribution along genes differentially expressed which were also bound by YAP at
their promoters in pre-tumoral liver. Upregulated genes, as determined by RNA-Seq
analysis, showed marked increase in both pausing and elongating Pol2 (Figure 25a,

up), indicating that both Pol2 recruitment and its release from promoters could
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account for gene upregulation. Whether pause release was also actively induced or
the Pol2 recruitment simply shifted the equilibrium toward the elongating form
remains an open question.

In downregulated genes, the signal of both pausing and elongating Pol2 dropped
following 4 weeks YAP activation (Figure 25a, center); this suggests that YAP was
able to repress genes by inhibiting Pol2 recruitment on promoters and possibly by
decreasing elongation.

Similar results were observed upon short-term YAP induction: both Pol2 recruitment
and elongation increased in genes upregulated and bound by YAP in 2d liver (Figure
25b). Only 5 genes were bound and repressed by YAP short-term; this was not
sufficient to detect with statistical power the changes in stalled or elongating Pol2.
This suggests that the effects on transcriptional regulation were mediated directly by

YAP and not by secondary effects arising from its long-term activation.
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Pol2 distribution over genes
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Figure 25: Pol2 recruitment and elongation increases in YAP upregulated genes, while
decreases in YAP repressed genes. a) Pol2 enrichments are shown for genes upregulated (Up),
downregulated (Center) or not deregulated (Down) upon 4 weeks YAP activation (pre-tumoral liver)
bound by YAP on their promoters. Average Pol2 profile is represented on the left for normal liver (WT)
or pre-tumoral liver (4W). Read density on transcription start sites (TSS) and genebodies are shown
on the right; b) Pol2 enrichments for genes upregulated upon short-term YAP activation and bound by

YAP. (* p<0.01, paired Student’s t-test).
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1.10 YAP induction represses liver-specific programs and activates cell cycle genes

We then carried out a gene set enrichment analysis (GSEA) on DEGs to find which are
transcriptional programs regulated by YAP.

The analysis revealed that liver specific genes and cell cycle regulators were altered
(Figure 26). In particular, HNF1A and HNF4A targets were inhibited in pre-tumoral
tissue. HNF4A (hepatocyte nuclear factor 4 a) is a transcription factor that regulates
various biological functions in the liver and pancreas (Babeu and Boudreau, 2014)
and belongs to the same family of retinoic acid X receptors (RXR) (Bookout et al,
2006), with which share the DNA binding recognition motif xxxxCAAAGTCCA (Fang et
al, 2012). HNF4A promotes lipid metabolism (Martinez-Jimenez et al., 2010), lipid
transport through induction of apolipoprotein genes (Leclerc et al.,, 2001) and bile-
acid biosynthesis, since it binds and regulates enzymes involved in bile acid
biosynthetic pathway, such as the very long chain acyl-CoA synthase-related gene
(VLACSR) (Inoue et al, 2004) and CYP8B1 (Inoue et al, 2006). A relevant role of
HNF4A has been demonstrated in gluconeogenesis, because it cooperates with
Peroxisome proliferator-activated receptor (PPAR) co-activator 1 (PGC-1) to promote
the expression of enzymes involved in this pathway (Rhee et al, 2003). Finally,
HNF4A promotes the expression of cytochrome CYP3A4, the enzyme mainly involved
in xenobiotic metabolism (Tirona et al., 2003).

HNF1A (hepatocyte nuclear factor 1 a), a homeodomain-containing protein, regulates
the expression of genes important for liver development, but is expressed also in
pancreas, gut and kidney (Mendel and Crabtree, 1991). In liver, it plays a fundamental
role in the metabolism and uptake of bile acid and metabolism of cholesterol (Shih et
al., 2001). When bile acid levels rise, both HNF4A expression and binding on DNA are
inhibited. Since HNF1A expression depends on HNF4A binding on its promoter, bile

acids can inhibit also the HNF1A expression, therefore forming a negative feedback-
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loop when their concentration is high (Jung and Kullak-Ublick, 2003).

The pronounced cell proliferation observed in the hepatic tissue upon 4 weeks of YAP
activation (De Fazio, personal communication) is consistent with the upregulation of
cell cycle programs detected by GSEA, particularly genes involved in G2/M

checkpoint progression and E2F targets (Figure 26).

GSEA of DEGs in pre-tumoral liver
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Figure 26: Both liver specific and cell cycle programs are affected upon YAP induction (4
weeks). Barplot showing the normalized enrichment score (NES) of top 10 significant hits of geneset
enrichment analysis carried out on DEGs detected in pre-tumoral liver. Among all the signatures
detected, HNF4A and HNF1A programs were found downregulated (red bars, up), while cell cycle

genes, such as E2F targets and G2M checkpoint genes were found upregulated (blue bars, down).

To find the immediate-early transcriptional response of YAP activation, we carried
out a geneset enrichment analysis using DEGs detected upon short-term (2 days)
induction.

Interestingly, few specific programs were altered at this stage: HNF1A and SREBP
target genes, together with genes involved in the metabolism of cholesterol were
downregulated (Figure 27).
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GSEA of DEGs in 2d liver
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Figure 27: HNF1A and SREBP programs are affected upon short-term YAP induction. Barplot

showing the normalized enrichment score (NES) of the geneset enrichment analysis on DEGs upon
short-term YAP overexpression. HNF1A and SREBP targets, together with genes involved in
cholesterol metabolism, were downregulated (red bars, up). Genes normally repressed by HNF1A were

upregulated (blue bar, down).

SREBPs (sterol regulatory element-binding proteins) play an important role in
maintaining lipid homeostasis in the liver (Horton et al., 2002). SREBP-1 and SREBP-
2, its two isoforms, promote the biosynthesis of fatty acids and cholesterol,
respectively (Horton et al., 2002). Regulation of SREBP-1 is achieved by binding of
RXR/LXR (liver X receptor) heterodimer on its promoter (Repa et al., 2000).

The expression of genes involved in cell cycle was not altered at this early stage,
consistently with the lack of YAP induced proliferation following 2 days of activation
(De Fazio, personal communication).

Altogether these data indicate that YAP, when activated, can modulate different
transcriptional programs in a time-dependent manner. Targets of HNF1A and SREBP
were affected as immediate-early response (Figure 27), while downregulation of
HNF4A targets and upregulation of cell cycle genes occurred later, in pre-tumoral

stage (Figure 26).
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1.11 YAP can directly affect HNF4A liver-specific programs

We then asked if some transcription factors could cooperate or compete in cis with
YAP to regulate gene expression. We therefore carried out a motif finding analysis on
sequences around YAP peak summits associated to DEGs. As expected, TEAD motif
was found as the top hit both at promoters and at distal regions (Figure 28),
according to the high overlap between YAP and TEAD peaks (Figure 7, left). HNF4A/G
motifs were also enriched under YAP peak summits, both at promoters and distal
sites (Figure 28), suggesting that the downregulation of HNF4A programs that
occurred in pre-tumoral liver was directly mediated by YAP binding on HNF4A

binding sites.
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Figure 28: Motif finding analysis in YAP peaks associated to DEGs. Barplots representing the
statistical significance (-Log p value) of the result of motif finding analysis carried out using PscanChIP
tool (Zambelli et al,, 2013) on YAP binding sites associated to DEGs, both at promoters (left) and distal

sites (right).
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Interestingly, the analysis detected retinoid X receptors (RXR) as another putative
transcription factor that can interact with YAP (Figure 28); RXR are nuclear receptors
that homodimerize or heterodimerize with other nuclear receptors, bind promoters
of target genes and operate as transcription factors (Dawson and Xia, 2012). In the
liver, their heterodimerization with liver X receptors (LXR) is able to promote the
expression of SREBs, together with other enzymes, involved in the de novo fatty acid
biosynthesis. Fatty acids produced are then used for cholesterol esterification, and

this provides a mechanism to get rid of free cholesterol, which is toxic (Calkin and

Tontonoz, 2012).
This suggests that YAP could cooperate with RXR to regulate the expression of SREBs
and lipid metabolism. However, RXR and HNF4 transcription factors recognize very

similar DNA sequence motifs (Figure 29), raising an issue about the interpretation of

this result; therefore, experimental validation will be required to assess the putative

YAP/RXR cooperation.
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Figure 29: RXR and HNF transcription factors recognize similar DNA sequences. Motifs
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recognized by HNF4A and HNF4G are very similar to those recognized by RXRa, RXRb and RXRg

(Mathelier et al.,, 2016).
Other motifs were found enriched by this analysis: NR2F1 and NR2F6, FOS/JUN

dimer and FOXA2. NR2F1/NR2F6 are two orphan receptors playing a role in immune

system (Hermann-Kleiter and Baier, 2014). JUN/FOS, a heterodimer that form the

AP1 complex, is known to bind YAP/TEAD complex on chromatin and promote the
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expression of genes involved in S-phase progression and mitosis, leading to oncogenic
growth in breast cancer cells (Zanconato et al.,, 2015). FOXA2 transcription factor
regulates lipid metabolism in the liver in cooperation with HNF4A (Wolfrum et al,,

2004).

1.12  YAP binds HNF4A sites but does not affect their chromatin status

The downregulation of liver-specific genes following YAP activation is consistent with
a previous report (Alder et al., 2014). In the adult liver, HNF4A and FOXA2 bind to a
set of enhancers to regulate the expression of hepatocyte identity genes (Sekiya and
Suzuki, 2011). When YAP is overexpressed, HNF4A and FOXA2 change their
chromatin occupancy and activate some enhancers important for embryonic
development and silence those active in the adult tissue (Alder et al., 2014).

To better investigate the mechanisms of YAP-mediated suppression of liver-specific
programs regulated by HNF4A, we took advantage of published HNF4A and FOXA2
ChIP-Seq data performed in adult and in embryonic liver (Alder et al., 2014). From all
23783 YAP/TEAD co-bound distal sites detected in pre-tumoral liver we defined four
subsets: (1) YAP/TEAD regions bound by HNF4A in wild-type adult liver (“Adult”),
(2) regions bound by HNF4A in both in the adult and the embryonic liver (“Common”)
(3) regions bound by HNF4A only in the embryonic liver (“Embryo”) and (4) regions
not bound by HNF4A in neither the conditions (“Control”). 26% of YAP/TEAD
enhancers were bound by HNF4A in normal liver (“Adult” and “Common” subsets;
Figure 30, up), indicating that YAP could play a direct role in perturbing HNF4A
targets, by interfering with its activity.

We thus compared the enrichment of H3K4mel and H3K27Ac histone marks in those
subsets, both in WT liver and in pre-tumoral liver. Genomic regions bound by HNF4A

in WT liver (either in “Adult” or “Common” subsets) were highly enriched in
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H3K4mel and H3K27Ac; upon YAP activation, the enrichment of these two histone
modifications remained largely unaffected (Figure 30, down). YAP/TEAD enhancers
in the “Control” subset were poorly enriched in H3K4mel and H3K27Ac, indicating
that genomic regions not bound by HNF4A in adult liver were characterized by
inactive chromatin context (Figure 30, up). Upon YAP induction, the enrichment of
these two histone marks was strongly increased (Figure 30) in this subset, suggesting

enhancer activation driven by YAP.

Subsets -

Normalized enrichment

Embryo (1893) | .
Adult (2620)| '%"f‘

Common (3550)| :

Control (15720)

WT 4w 4w WT 4w WT 4w § 2
Q
TEAD  YAP H3K4mel H3K27Ac ° £
HNF4A
Embryo Common
51 T
=e * =8 o
2 — Ze
I 5 m BB
€ ol — - el = = .
WT H3K4mel  H3K27Ac H3K4mel  H3K27Ac
B 4w
Adult Control
gy T 7 . -~
E o g_ - I [
g B . - L% *
ze! EX-
c=m SR - zE
3 - °
;|- Bl NS
£ o — — : T of = - =

H3K4me1 H3K27Ac H3K4me1 H3K27Ac

Figure 30: YAP activates chromatin in enhancers not bound by HNF4A in WT liver. Up: heatmap
representing the enrichments of YAP, TEAD and histone modifications in the “Embryo”, “Adult”,
“Common” and “Control” subsets (see text). Adult HNF4A ChIP enrichment was retrieved from GEO ID:
GSM2055887, while embryonic HNF4A from GEO ID: GSM1318181. Down: Boxplots representing the
read density of H3K4mel and H3K27Ac in WT and pre-tumoral liver in the four subsets. (* p<0.01,

paired Student’s t-test).
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1.13 YAP represses the expression of genes associated to HNF4A bound enhancers

To evaluate the effect of YAP binding on HNF4A bound sites in WT liver (“Common”
and “Adult” subsets), we analyzed the transcriptional response of genes regulated by
the subsets defined above. For each genomic range, we annotated the nearest gene (if
it falls into a distance of 20 kb from its midpoint) and determined the fraction of
genes up- or downregulated upon YAP activation.

Genes associated to YAP/TEAD enhancers bound by HNF4A in WT adult liver (either
in the “Adult” or “Common” subsets) were mostly downregulated, while genes
controlled by enhancers bound by HNF4A in embryonic liver (“Embryo” subset) were
prevalently upregulated (Figure 31). Genes regulated by distal YAP/TEAD elements
in the “Control” subset were mostly upregulated, as well (Figure 31).

Fraction of DEGs in YAP/TEAD enhancers

Embryo Adult Common Control
DOWN 47 (43.93%) DOWN 143 74 87% DOWN 191 (73.46%) DOWN 532 (40.24%)
‘ ‘ 0, ‘ .
UP 60 (56.07%) UP 48 (25.13%) UP 69 (26.54%) UP 790 (59.76%)

Figure 31: YAP/TEAD enhancers in pre-tumoral liver negatively regulate HNF4A targets.
Piecharts representing the fraction of genes up- (red) or downregulated (blue) by YAP/TEAD
enhancers bound by HNF4A only in embryonic liver (“Embryo”), in adult liver (“Adult”), in both adult
and embryo (“Common”), and not bound by HNF4A in any condition (“Control”). Genes controlled by
enhancers bound by HNF4A in adult liver (either “Adult” or “Common”) were mostly downregulated,
while those regulated by enhancers bound by HNF4A in embryo or not bound by HNF4A at all were

mostly upregulated.

A geneset enrichment analysis revealed that downregulated genes controlled by
YAP/TEAD enhancers bound by HNF4A in WT liver (subsets “Adult” and “Common”)
were mainly liver-specific and were also downregulated in samples of hepatocellular

carcinoma (Figure 32).
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Programs regulated by YAP/TEAD enhancers
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Figure 32: Liver-specific programs controlled by HNF4A are downregulated by YAP. Barplots

showing the statistical significance of geneset enrichment analysis (-log1l0 p value) carried out for

genes associated to the four subsets of enhancers (“Adult”, “Embryo”, “Common”, “Control”). Genes

downregulated (blue) by YAP/TEAD enhancers bound by HNF4A in WT liver were mostly liver-

specific, while no clear signatures can be distinguished for upregulated genes (red).

Upregulated genes controlled by YAP/TEAD in enhancers bound by HNF4A in

embryonic liver (subset “Embryo”) did not belong to specific categories, the same was

found for the subset in which HNF4A is not bound in neither embryonic nor adult

liver (“Control”) (Figure 32).

65



These results altogether indicate that when YAP binds to genomic sites pre-marked
by HNF4A in normal liver, it then exerts a repressor function on the transcription of
liver-specific genes, without affecting the chromatin status (Figure 30, down). In all
the other loci, YAP acts as an activator: it probably recruits histone acetyltransferases
and/or methyltransferases to increase the level of H3K27Ac and H3K4me1l (Figure
30, down) and promotes the expression of associated genes.

Performing ChIP-Seq experiments and functional studies on HNF4A in pre-tumoral

liver could unravel the mechanism behind YAP-mediated repression.
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2 Results part 2: YAP cooperates with Myc to promote cell proliferation

2.1 Design and rationale of the study

Myc oncogene is a helix-loop-helix transcription factor, whose activation is
fundamental for cell cycle entry and is crucial in determination of organ size (Perna et
al, 2012; Trumpp et al, 2001). Myc expression is sufficient to promote cell
proliferation both in vitro (Perna et al., 2012) and in vivo (Pelengaris et al., 1999), but
Myc-induced cell cycle entry is impaired in confluent cells (Demeterco et al., 2002)
and in adult liver, indicating that Myc expression alone is not sufficient to induce cell
proliferation (De Fazio, personal communication). These evidences imply that Myc
activation is context dependent. Therefore, we asked whether YAP activation could
synergize with Myc to bypass these limitations. Three observations support a
putative role of YAP in co-adjuvating Myc response. First, massive cell proliferation
was observed in the mouse liver when both YAP and Myc were expressed together
(De Fazio, personal communication). Second, their co-expression in confluent
fibroblasts was sufficient to induce cell cycle while expression of either factor alone
was inconsequential (De Fazio, personal communication). Finally, based on RNA-Seq,
Myc was overexpressed in tumors, possibly suggesting that cells with elevated levels

of Myc were positively selected during tumor evolution (Figure 33).
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Myc expression in tet-YAP liver
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Figure 33: Myc expression is higher in tet-YAP tumor nodules. Myc expression (in eRPKMs) of
RNA-Seq replicates in 3 WT mice livers, 4 pre-tumoral livers (4W) and 8 independent tumor nodules.
The higher expression in tumor nodules compared to pre-tumoral tissue suggests that cells with high

expression of Myc were selected. (* p=0.0018, Student’s t-test).

With next generation sequencing data, we carried out genomic and transcriptomic
analyses using in vitro and in vivo models, to better investigate whether and how YAP
and Myc can cooperate at genomic level and which are the transcriptional programs

they regulate to promote cell proliferation.

2.2 The in vitro approach: 3T9 cell line

As in vitro model to study YAP/Myc cooperation we used 3T9 cell line that
overexpressed the mutant and active form of YAP (YAPS1274), whose expression was
under the control of doxycycline. Myc, fused with estrogen receptor, was
constitutively expressed and could be activated upon 4-hydroxytamoxifen (OHT)
treatment (Littlewood et al., 1995). Single activation of either Myc or YAP had no
effects on confluent cells, while their concomitant activation lead to strong cell
proliferation (De Fazio, personal communication). This reflects on the difference in
transcriptional regulation observed between experimental conditions, where samples

in which both Myc and YAP were active clustered separately (Figure 34).
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Transcriptional activation upon YAP and Myc activation

Distance
(1-correlation)

0 0.02 0.04

Il

OHT

OHT
OHT+Dox
OHT+Dox
OHT+Dox
OHT

Dox

Dox

Dox

ctrl

ctrl
ctrl

= = © X X X b
S © © I R R LRITTI
8883888z%3

[ e

I T T

O OO

Figure 34: Different transcriptional responses are activated when YAP, Myc or both are induced
in 3T9 cells. Heatmap representing the distance (1-correlation) of RNA-Seq read counts in transcripts
in different experimental conditions: WT cells (ctrl), YAP and Myc induction alone (Dox and OHT,
respectively) on in combination (OHT+Dox). Samples belonging to different experimental conditions
clustered almost separately, indicating that different transcriptional programs were active when YAP,

Myc, or both were expressed.

Synergistic interaction between YAP and Myc could also be noted by assessing the
number of genes de-regulated compared to normal cells; 2377 genes were
deregulated (DEGs) when both proteins were co-activated, while the expression of
only 300 and 932 genes were altered when only YAP or Myc were induced alone,
respectively (Figure 35a). Stronger gene deregulation was observed in YAP/Myc co-
activated cells, since the change in gene expression was higher in cells treated with

both Doxycycline and OHT (Figure 35b).
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Differentially expressed genes in 3T9 cells

a b
M DEG UP 2 -
g |™ DEGDOWN T ox
« o | - 5
' s , 2
£ 8 os ® ST
2 Y
< o)
g 27 *
7 E = -*
— "
°- s & & 4 & A&
Q
Dox OHT Dox+OHT 3 O~2~ 92‘ ~ 62\ 62~
§ §
Q Q

Figure 35: Induction of both YAP and Myc leads to stronger gene de-regulation compared to
single Myc or YAP induction alone in vitro. a) barplot representing the number of DEG up (red) and
DEG down (blue) upon activation of YAP alone (Dox), Myc alone (OHT) or the combination of both
(Dox+0OHT) in 3T9 cells; b) log2 fold change in gene expression of genes up (red) or downregulated
(blue) upon induction of YAP (Dox), Myc (OHT) or YAP+Myc (Dox+OHT). Both number of DEGs and
their change in expression were higher when YAP and Myc were overexpressed together. (* p<0.001,
Student’s t-test).

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

Geneset enrichment analysis on deregulated genes showed that concomitant
activation of both Myc and YAP modulated the expression of genes involved in cell

cycle (Figure 36).
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GSEA of deregulated genes in 3T9 cells
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Figure 36: Cell cycle genes are upregulated when both YAP and Myc are activated. Barplots
representing p adjusted of GSEA (Subramanian et al, 2005) of the top 10 hits when cells were
activated with YAP (Dox), Myc (OHT) or YAP+Myc (OHT+Dox). When both YAP and Myc were activated

in 3T9 cells, cell cycle genes were regulated.

These results showed a synergistic effect of Myc and YAP in activating cell cycle gene

expression and in promoting cell proliferation.

We then carried out ChIP-Seq analyses of YAP, TEAD and Myc to better understand
how YAP and Myc could co-regulate common genes. The majority of Myc chromatin
binding involved promoters, while YAP and TEAD bound prevalently distal regions
(Figure 37).
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Peaks location in 3T9 cells
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Figure 37: Myc binds mainly promoters, while YAP/TEAD distal sites in 3T9 cells upon YAP and

Myc activation. Piecharts representing the fraction of Myc, YAP or TEAD peaks located on promoters

(red), genebodies (blue) or intergenic sites (grey).

Almost all promoters that overlapped with YAP were bound also by Myc and TEAD

(~90%) (Figure 38a) and the enrichment of these factors, when bound together, was

higher compared to their enrichment when they bound chromatin alone (Figure 38b).

This suggests that YAP, Myc and TEAD may stabilize each other when they co-localize

on chromatin.
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Occupancy of YAP, Myc, TEAD promoters of 3T9 cells
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Figure 38: Upon YAP and Myc concomitant activation, YAP and Myc extensively co-localize at
promoters in 3T9 cells. a) barplot representing the fraction of promoters bound by YAP, Myc or
TEAD that are also co-bound by the other two factors: almost all YAP-bound promoters were also co-
bound by Myc and TEAD; b) Enrichment of YAP, Myc or TEAD in promoters bound by Myc alone (M),
TEAD alone (T), Myc+TEAD (MT), Myc+TEAD+YAP (YMT) or YAP+Myc (YM); the enrichment in YMT
promoters was higher for all the three transcription factors, suggesting that Myc, TEAD and YAP were
stabilized when bound together. (* p<0.001, Student’s t-test).

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

To identify genes bound and regulated by YAP, Myc and TEAD, we examined the
change in expression of genes whose promoters were bound by YAP, Myc and TEAD
together. These genes changed more their expression when Myc and YAP were
overexpressed together, compared to when these transcription factors were
overexpressed alone (Figure 39), indicating that their simultaneous binding to

promoters associated with stronger genes deregulation.
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Differential gene regulation in 3T9 cells
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Figure 39: Genes bound by both YAP, TEAD, Myc undergo greater changes in gene expression
when both YAP and Myc are expressed. Boxplots representing the log2 fold change of expression of
genes whose promoters were bound by both YAP and Myc in YAP+Myc activated cells. Genes
downregulated upon concomitant YAP and Myc expression (left) were only mildly downregulated
when either YAP or Myc were overexpressed alone (Dox / OHT), but strongly downregulated when
both were expressed (Dox+OHT). The same was true for upregulation (right). (*, ** p<0.05, Student’s t-
test.

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and

YAP” (Croci et al., 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

These data indicate that YAP and Myc cooperate in cis on the DNA, stabilize each
other’s binding and strongly enhance the expression of genes involved in the cell

cycle.

2.3 The in vivo approach: mouse liver

To verify if the cooperation between YAP and Myc observed in 3T9 cells occurred also
in vivo, we carried out experiments in the adult liver of mouse models where the
expression of Myc, YAP (YAPS1274) or the combination of both could be switched on
using doxycycline (tet-Myc, tet-YAP, tet-YAP/Myc liver, respectively). We examined
the hepatic tissue after 2 days of doxycycline treatment. Robust cell proliferation

occurred only when both YAP and Myc were expressed (tet-YAP/Myc liver), while
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only weak cell proliferation was observed when either Myc or YAP were induced
alone (De Fazio personal communication), in accordance to the different

transcriptional programs activated in these mice (Figure 40).

Expression analysis in mouse liver

Distance
(1-correlation)

?

0 0.04 0.08

tet-Myc
tet-Myc
tet-Myc
tet-Myc
WT

WT

WT

WT

tet-YAP
tet-YAP
tet-YAP
tet-YAP
tet-YAP
tet-YAP
tet-YAPMyc
tet-YAPMyc
tet-YAPMyc

Figure 40: Different transcriptional programs are active when both Myc and YAP were induced
in vivo. Heatmap representing the distance (1-correlation) of RNA-Seq read counts of 4 WT livers or
livers in which Myc alone (tet-Myc), YAP alone (tet-YAP) or both (tet-YAP/Myc) were overexpressed
for 2 days. YAP/Myc concomitant overexpression lead to the activation of different transcriptional

programs compared to when single factors were expressed alone.

Consistent with this, many genes (3586) were found significantly de-regulated only
when both YAP and Myc were overexpressed together (Figure 41a) and their change
in expression was higher compared to DEGs resulting from single expression of Myc

or YAP alone (Figure 41b).

75



Differentially expressed genes in mouse liver
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Figure 41: Induction of both YAP and Myc in vivo leads to stronger gene de-regulation compared
to single Myc or YAP induction. a) barplot representing the number of DEG up (red) and DEG down
(blue) upon activation of YAP alone (tet-YAP), Myc alone (tet-Myc) or the combination of both (tet-
YAP/Myc); b) boxplot representing log2 fold change in gene expression of genes up (red) or down
(blue) regulated upon induction of YAP (tet-YAP), Myc (tet-Myc), YAP+Myc (tet-YAP/Myc). Both
number of DEGs and their change in expression was higher when both YAP and Myc were
overexpressed. (* p<0.01, Student’s t-test).

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

Moreover, genes differentially regulated when both Myc and YAP were overexpressed
were enriched in ontological terms linked to cell growth and cell cycle control (Figure

42).
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GSEA of genes induced by YAP and Myc
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Figure 42: Concomitant induction of Myc and YAP upregulates cell cycle genes in mouse liver.
Barplot representing p adjusted of top 10 hits of GSEA (Subramanian et al., 2005) of genes upregulated
when both Myc and YAP were induced in tet-YAP/Myc liver.

To understand if YAP/Myc cooperation involved co-occurrence of these factors on
chromatin, we analyzed genomic occupancy of Myc, TEAD and YAP in WT, tet-YAP,
tet-Myc and tet-YAP/Myc livers by performing ChIP-Seq experiments.

In normal (WT) liver, Myc was weakly bound to DNA (only about 5000 peaks), but
upon its overexpression, its association with chromatin was strongly enhanced
(32000 and 30000 peaks detected in tet-Myc and tet-YAP/Myc liver, respectively)
(Figure 43, left); YAP induction alone was able to increase the number of Myc binding
sites, but only mildly (13000 Myc peaks in tet-YAP) (Figure 43, left). This indicates
that Myc chromatin binding scales with its own overexpression levels and is not

further increased by YAP expression.
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Chromatin binding of Myc, YAP, TEAD in mouse liver
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Figure 43: ChIP peaks of Myc, YAP and TEAD detected in mouse liver. Barplots representing the
number of peaks of Myc (left), YAP (center), TEAD (right) at promoters (dark grey) and distal sites
(light grey) in mouse liver, in all the conditions tested (WT liver, tet-Myc, tet-YAP, tet-YAP/Myc). The
percentage represents the fraction of peaks located at promoters.

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

YAP chromatin binding in WT liver and tet-Myc liver was negligible, while upon its
induction about 1300 binding sites were found in tet-YAP liver (Figure 43, center).
When YAP and Myc were induced together (tet-YAP/Myc liver), YAP chromatin
interaction was strongly increased (about 12000 peaks detected) (Figure 43, center),
suggesting that Myc promotes the binding of YAP to chromatin.

Finally, TEAD chromatin occupancy was extensive and rather consistent in all the
condition tested, with a slight increase in conditions when Myc was expressed (Figure
43, right).

To verify if TEAD, Myc and YAP co-localized on chromatin as observed in 3T9 cells,
we overlapped YAP/Myc/TEAD peaks in all the conditions tested. On average, 70% of
Myc peaks co-localized with TEAD (Figure 44). While only a negligible fraction (23%)
of YAP binding sites were shared with Myc in tet-YAP liver, almost all (91%) of them

co-localized with Myc in tet-YAP/Myc liver (Figure 44).
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Overlap of YAP, Myc, TEAD peaks in 2d liver
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Figure 44: YAP and Myc co-localize when expressed together in tet-YAP/Myc liver. Left: Barplot
representing the fraction of overlapping peaks in different comparisons of ChIP-Seq experiments. In
WT liver or tet-Myc liver, Myc and TEAD peaks showed high overlap. When YAP was expressed alone
(tet-YAP), both YAP and Myc co-localized with TEAD, but weak overlap was present between Myc and
YAP. In tet-YAP/Myc liver, YAP and Myc co-localized together, and the vast majority of YAP binding
sites were shared with Myc. Right: Venn diagram representation of these overlaps.

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

YAP localization to Myc binding sites reflected also on the change in the distribution
of YAP ChIP-Seq peaks: while the majority of YAP peaks were located at distal sites in
tet-YAP liver (Figure 45, left), 50% were found at promoters when YAP was

overexpressed together with Myc (Figure 45, right).
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Figure 45: YAP is recruited on promoters when co-expressed with Myc in tet-YAP/Myc liver.
Piecharts showing the YAP peaks distribution in tet-YAP liver (left) and tet-YAP/Myc liver (right). The
majority (81%) of YAP peaks were located in distal sites in tet-YAP liver (left); when Myc was
overexpressed with YAP (tet-YAP/Myc liver, right), YAP was recruited on Myc bound sites, and 50% of
them occupied promoters.

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

Co-localization of YAP and Myc correlated with gene regulation: a consistent fraction
of genes deregulated upon Myc/YAP activation was bound by both YAP and Myc

(Figure 46).

YAP and Myc binding on deregulated genes
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Figure 46: Co-occurrence of YAP and Myc on promoters is associated with gene deregulation.
Barplot representing the fraction of genes upregulated (left) or downregulated (right) bound by YAP,
Myc or both at their promoter, in tet-YAP, tet-Myc or tet-YAP/Myc liver. The fraction of DEGs bound by
both YAP and Myc was higher in tet-YAP/Myc liver, compared to the other conditions tested.

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.
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Moreover, promoters of up- and downregulated genes in tet-YAP/Myc liver were pre-
bound by H3K27Ac and H3K4me3 (Figure 47); this was expected, since Myc requires
open, pre-activated chromatin to bind DNA (Sabo et al, 2014). Upon Myc
overexpression, the enrichment of H3K4me3 was further increased (Figure 47,

down), suggesting the possible recruitment of methyltransferases on these sites.
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Figure 47: Myc binding is associated with pre-activated chromatin and an increase in H3K4
trimethylation. Boxplots representing the enrichment of and H3K27Ac (up) and H3K4me3 (down) on
promoters of up (left) and downregulated genes (right) in tet-YAP/Myc liver. Promoters bound (B) by
Myc had higher enrichments compared to those not bound (NB) and enrichment of H3K4me3 was
increased upon Myc overexpression (tet-Myc and tet-YAP/Myc). (* p<0.001, Student’s t-test).

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

Genes upregulated by concomitant Myc/YAP activation and bound by both these
factors showed increased Pol2 recruitment and elongation (Figure 48), according to
the mechanism of Myc and YAP in promoting transcriptional activation (Rahl et al,

2010; Sabo et al., 2014; Galli et al., 2015; Kress et al., 2016).
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Pol2 distribution on upregulated genes
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Figure 48: Genes upregulated upon concomitant YAP and Myc expression have increased Pol2
recruitment and elongation. Average profile of Pol2 enrichment on genebodies of upregulated genes
bound by YAP, Myc and TEAD, both in WT and tet-YAP/Myc liver. Boxplots represent the read density
of Pol2 at TSS and genebodies. Pol2 levels increased both at TSS (recruitment) and genebodies
(elongation). (* p< 0.05, paired Student’s t-test).

Figure adapted from “Transcriptional integration of mitogenic and mechanical signals by Myc and
YAP” (Croci et al.,, 2017) Copyright © 2017 Croci et al.; Published by Cold Spring Harbor Laboratory

Press.

These data together suggest that, when Myc is overexpressed with YAP, it binds
chromatin in promoters pre-marked by TEAD (Figure 44) and pre-activated by
H3K27Ac and H3K4me3 (Figure 47), and hijack YAP binding to those sites. Then,
through recruiting more Pol2 and promoting its elongation (Figure 48), is able to

induce the expression of cell cycle genes and cell proliferation (Figure 42).

2.4 YAP cooperates with Myc upon their long-term induction

We then wanted to address the long-term effects of YAP/Myc cooperation in the liver.
We overexpressed Myc, YAP or both in mouse liver for 4 weeks, using the LAP-tTA
system. While YAP expression alone (tet-YAP) lead to hepatomegaly as reported

(Camargo et al., 2007) and Myc expression alone (tet-Myc) did not alter significantly
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liver phenotype, concomitant expression of both (tet-YAP/Myc) resulted in severe
hepatomegaly and the survival of these mice was impaired compared to those in
which Myc alone or YAP alone were overexpressed (De Fazio, personal
communication). This phenotype was consistent with gene expression: clustering of
RNA-Seq read counts indicated that tet-YAP/Myc livers exhibit a high similarity to
tumor transcriptional profiles compared to livers in which only Myc (tet-Myc) or only

YAP (tet-YAP) were overexpressed (Figure 49).

Expression analysis in LapTTA mice
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Figure 49: Transcriptional profile of liver after 4 weeks of concomitant Myc and YAP activation
is similar to tet-YAP tumors. Heatmap representing the distance (1-correlation) of RNA-Seq reads
count on 3 WT livers, 4 tet-YAP livers, 3 tet-Myc livers, 3 tet-YAP/Myc livers activated for 4 weeks and
tet-YAP tumors derived from 13 weeks YAP activation. Transcriptional programs of the tet-YAP/Myc

replicates resemble those of tumors.
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To address whether YAP and Myc co-localization on chromatin persisted also upon
their combined long-term activation, we profiled YAP and Myc chromatin binding by
ChIP-Seq.

Myc binding was highly increased if both YAP and Myc were induced long-term, since
more than 50000 peaks were detected in tet-YAP/Myc liver, while lower numbers

were found in WT or tet-YAP liver (Figure 50).
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Figure 50: Myc chromatin association is increased in long-term YAP/Myc co-activation. Barplot
representing the number of Myc peaks detected in WT, tet-YAP and tet-YAP/Myc liver; when Myc was

overexpressed with YAP, its chromatin binding increased compared to WT liver.

Only part (11%) of YAP binding sites co-localized with Myc in tet-YAP liver (Figure
51, left), while the vast majority of them (87%) were located in Myc bound regions in
tet-YAP/Myc mice (Figure 51, right), confirming the relocalization seen in short-term
experiments. Moreover, their binding was stronger in co-bound sites compared to
regions bound by YAP or Myc alone (Figure 52).

All these data together indicate that cooperation between YAP and Myc persists long-
term and leads to hepatomegaly, resembling tumor nodules, both genotipically and

phenotypically.
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Overlap of Myc/YAP peaks at 4 weeks
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Figure 51: Concomitant of YAP and Myc leads to co-localization of their binding sites upon their
long-term overexpression in liver. Venn diagrams showing the overlap between YAP and Myc peaks
detected in tet-YAP liver (left) and tet-YAP/Myc liver (right) after 4 weeks. In tet-YAP liver, only 11%
of YAP binding sites overlapped with Myc (left), but in tet-YAP/Myc liver, this overlap was highly
improved (87%, right).

Enrichment of YAP and Myc peaks in tet-YAP/Myc liver
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Figure 52: YAP and Myc chromatin binding is stronger when they are bound together. Boxplot
representing the enrichment of Myc and YAP in peaks detected in tet-YAP/Myc liver. Co-bound sites
(subset II) were more enriched in YAP and Myc compared to the sites bound by only one of the factors

subsets I and III), suggesting that YAP and Myc could stabilize each other. (* p<0.01, Student’s t-test).
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V Discussion

YAP and TEAD play a crucial role in liver, promoting cell de-differentiation,
proliferation and tumor formation (Camargo et al., 2007; Zanconato et al., 2016).
Here, by using genomic analyses based on next-generation sequencing, we were able
to investigate the transcriptional regulation mediated by YAP and TEAD in mouse
liver.

In the liver of WT animals, YAP binding wasn’t detected on chromatin, probably
because of its low expression level. When ectopically activated, its chromatin binding
involved mainly distal sites (Figure 6) and always co-localized with TEAD (Figure 7;
Figure 12), suggesting that TEAD is required for YAP binding in vivo. This is
consistent with recent experiments in which YAP and TEAD strongly co-localize in
vitro (Stein et al, 2015; Zanconato et al., 2015); moreover, suppression of TEAD
expression by either knockdown or siRNA impaired YAP chromatin binding (Stein et
al,, 2015; Zanconato et al,, 2015).

A subset of YAP peaks in pre-tumoral liver weren’t pre-bound by TEAD in normal
liver; upon induction, TEAD enrichment strongly increased in those sites (Figure 8,
subset III), indicating the formation of new YAP and TEAD binding sites. We can
hypothesize two different mechanisms for this observation: (1) YAP activation,
through a positive feedback loop, could induce TEAD expression (Figure 5), therefore
increasing TEAD binding to chromatin (Figure 3, left) by acting on the equilibrium
between bound/not bound protein on DNA; (2) on the other hand, YAP could bind
TEAD and this can further stabilize TEAD on chromatin. Further experiments will be
needed to confirm whether YAP promotes TEAD chromatin stabilization, for instance,
TEAD occupancy could be evaluated upon acute repression of YAP (if TEAD binding is

lost, then YAP would play a role in stabilizing TEAD genomic interaction).
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When overexpressed, YAP was able to bind a set of distal elements enriched in
H3K27Ac and H3K4mel (Figure 9; Figure 10), two histone modifications that are
present on active enhancers. In those sites, the enrichment of H3K27Ac and
H3K4me1l histone marks further increased by YAP expression (Figure 9; Figure 10);
thus suggesting that YAP could recruit acetyltransferases or methyltransferases to
promote enhancer activation. This is in line with previous experiments in Drosophila,
where Yorkie was shown to bind and recruit NcoA6, a subunit of the Trithorax-
mediated (Trr) methyltransferase complex (Oh et al, 2014). Similarly, YAP can
recruit NcoA6 in mammals to promote H3K4 methylation (Oh et al., 2014). In vitro,
CBP/p300, a histone acetyltransferase complex, is able to bind YAP in H3K27Ac
marked sites, thus linking H3K27 acetylation to YAP activity (Stein et al, 2015;
Zanconato et al,, 2015). These experimental evidences suggest that YAP could recruit

both methyltransferases and acetyltransferases also in vivo.

De-differentiation of the adult hepatocytes observed upon prolonged YAP activation
(4 weeks) was consistent with the repression of the transcriptional programs
controlled by HNF1A and HNF4A (Figure 26), two transcription factors that regulate
liver specific functions, such as bile acid biosynthesis and gluconeogenesis (see
paragraph IV1.10, page 57). The motif finding analysis revealed that HNF4A
consensus binding motif was enriched under YAP peaks summits (Figure 28),
suggesting that YAP could antagonize HNF4A target gene expression in cis.

By exploiting published HNF4A ChIP-Seq data from WT and embryonic liver (Alder et
al, 2014), we created a subset of enhancers regulated by HNF4A and YAP/TEAD
during embryonic development and in adult liver. Genes associated to distal sites

bound by HNF4A in embryonic liver and YAP/TEAD (“Embryo” subset,
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Figure 3030) were strongly upregulated (Figure 31). Moreover, H3K4mel and
H3K27Ac marks in those sites were increased (Figure 30, subset “Embryo”), strongly
suggesting that YAP may recruit acetyl/methyltransferases to promote enhancer
activation and induce the expression of the related genes (Figure 31). This is
consistent with previous data showing that YAP expression induces HNF4A
localization to embryonic enhancers and promote their activation (Alder et al., 2014).
Upon its induction, YAP was also able to bind sites that were previously pre-bound by
HNF4A in normal liver (“Adult” and “Common” subsets,

Figure 3030); in those sites, the levels of H3K27Ac and H3K4me1l remained unaltered
in pre-tumoral liver (Figure 30, down) while the expression of the associated liver-
specific genes was inhibited (Figure 32). YAP could therefore act as a transcriptional
repressor on a specific subset of HNF4A targets active in normal liver, to promote de-
differentiation.

How the repression of these targets would be achieved needs to be addressed.
Polycomb repressive complexes (PRC1 and PRC2) inhibit transcription by modifying
histones. While PRC1 is able to catalyze H2A ubiquitination, PRC2 promotes the
trimethylation of H3K27; these two chromatin modifications exert inhibitory effects
on gene expression (Margueron and Reinberg, 2011). Transcription could also be
modulated by acting on chromatin remodeling; in particular, protein complexes such
as SWI/SNF can be recruited on target promoters by transcription factors and
regulate the position of nucleosomes (Becker and Workman, 2013). Nucleosome
depletion on promoters facilitates transcription, while an increased nucleosome
density determines a closed chromatin conformation, thus reducing the accessibility
to transcriptional machinery and decreasing gene expression.

ChIP-Seq experiments on PRC components (such as Suzl2) or the profiling of

nucleosome positioning could reveal whether HNF4A target genes repression in pre-
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tumoral liver was achieved by chromatin modifications, chromatin remodeling or a

combination of both.

The pronounced cell proliferation resulting from YAP activation was consistent with
the upregulation of genes involved in cell cycle, such as E2F1 targets and those
promoting G2/M progression (Figure 26). In our work we found that YAP can
cooperate in cis with Myc to promote transcription of cell cycle genes.

Prolonged activation of the Myc transcription factor by mitogenic stimuli induces cell
proliferation and tumor formation (Dang, 2013), but specific circumstances need to
be present for Myc targets activation (Xiao et al.,, 2001; Murphy et al., 2008). When
both YAP and Myc were activated, YAP recognized genomic regions pre-bound by
TEAD and Myc (Figure 44), leading to the stabilization of their binding on chromatin
(Figure 38; Figure 43) and the increase in transcription of the target mitogenic
programs (Figure 36; Figure 42), both in vitro and in vivo. Therefore, YAP is able to
co-adjuvate Myc transcriptional response.

Mitogenic signals promote Myc activation (Bernard and Eilers, 2006); however, in
confluent cells, Myc induced cell division is inhibited (Demeterco et al., 2002). To fully
exert its transcriptional effects on cell cycle genes, Myc requires the activation of YAP,
which is induced by high cytoskeletal tension, a situation commonly found in sub-
confluent cells (Yu et al, 2012). Therefore, in our work we reveal a mechanism of
integration between mitogenic and mechanical stimuli that translates into
cooperation in cis between YAP and Myc to promote cell proliferation.

Our data suggest a model in which YAP is able to potentiate Myc transcriptional
response. Myc bind promoters pre-bound by TEAD (Figure 44) and inside active
chromatin context (Figure 47); this binding further activates chromatin by increasing

H3K4me3 and H3K27Ac levels (Figure 47), and promotes YAP recruitment. YAP could
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be targeted in those regions either by recognizing a suitable chromatin environment
for its binding or through a direct interaction with Myc, as suggested by a co-IP
experiment in which YAP protein can be pulled down by immunoprecipitating Myc
(Xiao etal., 2013).

Similar to Myc, the AP1 complex plays an important role in regulating cell
proliferation (Eferl and Wagner, 2003); FOS and JUN, two of its components, are
known to bind and co-localize with YAP/TEAD dimer on enhancers and promote the
expression of cell cycle genes (Zanconato et al., 2015). Consistently with this, we were
able to detect JUN/FOS consensus DNA binding motif under YAP peaks associated to
deregulated genes (Figure 28), suggesting that AP1 complex may cooperate with
YAP/TEAD dimer to promote cell division also in mouse liver.

Therefore, the expression of genes involved in cell proliferation observed following
YAP activation (Figure 26; Figure 36; Figure 42) can be strongly enhanced either by a
cooperation in cis between YAP and Myc in regulating Myc target genes and a direct
interaction between YAP/TEAD and AP1 complex (Figure 28) (Zanconato et al,

2015).

SREBP targets and genes involved in the metabolism of cholesterol were
downregulated upon short-term YAP induction (Figure 27). SREB proteins play a role
in the biosynthesis of cholesterol in cooperation with HNF4A (Misawa et al., 2003).

YAP activation could therefore interfere with the production of enzymes involved in

cholesterol biosynthesis by perturbing SREBPs and HNF4A target gene expression.

Most of YAP and TEAD chromatin binding occurred at distal sites (Figure 3; Figure 6;
Figure 11; Figure 19). Therefore, the identification of transcriptional programs

controlled by YAP/TEAD may have been limited by our ability to link enhancers to
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the corresponding genes. To improve the association between enhancers and target
promoters, experiments on the structure of chromosomes need to be performed.
Recently, a technique called Capture Hi-C (CHi-C) was developed (Mifsud et al., 2015);
this strategy is similar to a regular Hi-C experiment, but it allows to select particular
regions of interest (in this case promoters) and potentially detect enhancer-promoter

pairs.
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VI Appendix 1. Compensatory effects of
RNA Pol2 determine BET inhibition
specificity

1 Introduction

1.1 The c-Myc transcription factor

c-Myc (henceforth Myc) is a transcription factor belonging to the basic helix-loop-
helix leucine zipper family (Dang et al,, 1999); it is able to control transcriptional
programs that promote cell proliferation (Grandori et al., 2000) and inhibit cell
differentiation (Demeterco et al., 2002), both in vitro (Zhang et al., 2009b) and in vivo
(Mauleon et al., 2004). Myc promotes cell proliferation by modulating the expression
of cell cycle genes; it can both repress the production of cell cycle inhibitors, such as
p21 (Gartel et al., 2001) and induce the expression of cyclins, such as cyclin E (Pérez-
Roger et al,, 1997), cyclin D (Mateyak et al., 1999) and cyclin B1 (Yin et al., 2001).
Other than cell cycle genes, Myc is responsible for the activation of metabolic genes: T
cells lacking Myc expression have a reduced glucose and glutamine catabolism (Wang
et al, 2011) and in neural stem cells, loss of Myc impairs the expression of genes
involved in metabolism of nucleotides (Wey and Knoepfler, 2010). Cell differentiation
is also controlled by Myc: together with Oct3/4, Sox2 and Klf4, Myc is one of the
transcription factors that, when expressed in adult fibroblasts, are able to induce re-
programming into pluripotent stem cells (Takahashi and Yamanaka, 2006) and when
Myc is deleted in those cells, their self-renewal capacity is lost (Smith et al., 2010).
Therefore, Myc plays a fundamental role in maintaining the pluripotency of stem

cells.

92



Other roles of Myc involve the production of energy (through glycolysis and
mitochondrial development), the synthesis of amino acids, nucleotides and lipids and
the DNA replication (Kress et al, 2015); moreover, it is able to promote the

transcription of ribosomal RNA and ribosome biogenesis (Arabi et al., 2005).

1.2 MYC forms heterodimers with MAX and binds specific DNA sequences

Myc, as a transcription factor, binds chromatin to exert its functions. Following its
dimerization with Max, it binds DNA, with a strong preference for an exanucleotidic
sequence (i.e. CACGTG), called “E-box” (Walhout et al., 1997). Albeit with lower
affinity, The Myc/Max heterodimer can also bind “non-canonical E-boxes” (CANNTG),
which differs from canonical E-box in the two central nucleotides (Blackwell et al,,
1993). Max, in turn, besides forming heterodimers with Myc, is also able to either
homodimerize or to heterodimerize with Mad proteins (Luscher, 2001). While
association with Myc translates into cell cycle progression, the Max-Mad dimer
inhibits cell proliferation (Luscher, 2001).

In quiescent cells, Myc prevalently binds promoters in its high affinity binding sites,
the E-box sequences. When overexpressed in cancer, Myc increase s its occupancy on
DNA particularly at enhancers, even without the presence of the E-box. This increase
in binding stabilization occurs on genomic sites characterized by open chromatin
(DNase hypersensitive sites), indicating that Myc is not a pioneer factor, but its

binding requires pre-activated chromatin (Sabo et al., 2014).

1.3 Mpycis frequently altered in tumors
Myc is known to have a role in tumor initiation and maintenance. Years ago, studies
on chickens highlighted the oncogenic properties of the Myc protein: v-Myc, the

homologous of the human gene present in some oncogenic retroviruses, is able to
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transform cells and trigger tumor formation (Lee and Reddy, 1999). Moreover, when
Myc is inactivated in tumor cells, proliferative phenotype is reversed, and cells
undergo senescence or apoptosis (Gabay et al., 2014), indicating that Myc is required
for tumor maintenance. The role of Myc as an oncogene is supported also by the fact
that its expression is altered in a variety of cancers, such as acute myeloid leukemias
(Salvatori et al, 2011), chronic myeloid leukemias (Albajar et al, 2011), gastric
tumors (de Souza et al., 2013), pancreas tumors (Hessmann et al, 2016), breast
cancers (Xu et al, 2010), prostate cancers (Koh et al, 2010), colorectal cancers
(Sikora et al., 1987)(Annibali et al., 2014), gliomas (Annibali et al., 2014).

Common causes of the alterations in Myc levels in cancer are the amplifications or
translocations of the myc locus. Amplifications have been observed in many tumor
types, such as prostate carcinomas (Jenkins et al., 1997), neuroblastomas (Slavc et al,,
1990) and breast carcinomas (Escot et al., 1986). Myc was also found to be amplified
in metastases from primary tumors of breast cancer, suggesting that its
overexpression may give survival advantage to disseminated cells (Singhi et al,,
2012).

One of the most studied translocations involves the IgH enhancer with Myc locus: this
allows the control of Myc expression in B-cell, and gives rise to Burkitt's lymphomas
and multiple myelomas (Bergsagel and Kuehl, 2001). The increase in Myc expression
due to the translocation occurs during B lymphocytes development, when cells start
to express immunoglobulins on the plasma membrane and exit the bone marrow
(Yan et al., 2007). Although point mutations of Myc are much less common in tumors,
few have been reported in Burkitt’'s lymphomas (Bahram et al., 2000) that may
increase tumor potential (Schmitz et al., 2012). In particular, Ser-62 and Thr-58 sites,
when phosphorylated, can be recognized by ubiquitin ligases; their mutation can thus

confer stronger stability to the Myc protein because its proteasome degradation is
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reduced (Welcker et al, 2004). Transforming activity of mutant Myc is stronger
compared to wild-type Myc: point mutations confer to Myc the ability to bypass the
p53 tumor suppressor activity and to induce lymphomagenesis earlier (Hemann et

al, 2005).

1.4  Regulation of transcription by Myc

In higher eukaryotes, RNA Pol2 is the enzyme responsible for the transcription of the
protein-coding genes. The first step of transcription, called “initiation”, involves Pol2
recruitment and binding on the TSS. Here it is phosphorylated by cyclin H-CDK7
(Komarnitsky et al., 2000) in the Ser-5 residue of its C-terminal domain (CTD): this
yet inactive form of the enzyme is called “paused” Pol2. Transcription of many genes
bound by paused Pol2 at their promoter is blocked by negative elongation complexes,
such as NELF and DSIF (Rahl et al., 2010), which prevent the full mRNa synthesis. In
order to confer Pol2 processivity and mRNA production, Ser-2 residue must be
phosphorylated by CDK9, a subunit of P-TEFB complex (Price, 2000); this step,
known as “elongation”, induces Pol2 release into the genebody to allow RNA
transcription until reaching the transcription end site (TES) (Bowman and Kelly,
2014). Only 30% of human genes which bear initiating Pol2 on their TSS are actively
transcribed to produce full-length RNA; this because the two steps of transcription
are tightly controlled and promoter-pause release is a limiting step in gene
expression in higher eukaryotes (Guenther et al., 2007).

Experiments in embryonic stem cells showed that Myc is able to recruit P-TEFB to its
target genes to phosphorylate negative elongation factors NELF and DSIF and induce
RNA Pol2 elongation (Rahl et al.,, 2010), as well as promoting RNA Pol2 recruitment
itself (Walz et al,, 2014; Sabo et al., 2014). Importantly, even on instances when Myc

over-expression leads to its wide spread chromatin interaction, Myc does not
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generally amplify the expression of every bound gene, but still regulates specific

targets, which, in turn, can lead to global RNA amplification (Sabo et al., 2014).

1.5  Therapeutic strategies to target Myc-driven cancers

Since Myc is essential for tumor cell proliferation and survival, the inhibition of its
activity should be promising for cancer therapy (Soucek and Evan, 2010; Felsher,
2010). An approach to evaluate the efficacy of therapeutic approaches based on Myc
inhibition is to use Omomyc (Soucek et al., 1998), which is obtained modifying 4
residues in Myc sequence; this new protein can homodymerise with WT Myc and can
therefore sequester it from its binding with MAX, provoking the proliferation arrest
of NIH3T3 cells (Soucek et al., 1998).

Unfortunately, the “undruggability” of this molecule impedes the development of
small molecules that could impair its activity as a transcription factor; this is mainly
due to the lack of a druggable pocket in its protein structure (Koh et al.,, 2016).
Therefore, alternative approaches are being explored, such as targeting Myc stability,
reducing its mRNA levels or performing screens to find synthetic lethal genes (Koh et
al.,, 2016).

A compound that inhibits the Myc IRES (internal ribosomal entry site) activity has
been recently developed; this compound synergized with ER stress to induce
apoptosis in multiple myeloma cells (Shi et al,, 2016). Despite the challenge, some
small molecules have been developed as Myc inhibitors: some compounds were
found to reduce Myc/MAX heterodimers formation, while others stabilize MAX/MAX
homodimers; in this latter case, MAX is sequester and is not available for dimerization
with Myc, thus reducing Myc oncogenic potential (Berg, 2010).

Myc expression can be inhibited also by using a 15-bp antisense oligonucleotide

targeting Myc mRNA; this treatment was able to induce cell death in prostate cancer
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cells (Balaji et al.,, 1997). High throughput screening using siRNAs identified genes
that are synthetic lethal with Myc: these belong to DNA repair system, mitosis,
metabolism, apoptosis, transcription and ribosomal RNA biogenesis (Toyoshima et
al, 2012). This screen also identified CDK12 and BRD4 as vulnerable in Myc
overexpressing cancers, two genes implicated in transcriptional elongation. BRD4
was independently found by another group (Kessler et al., 2012) to be synthetic lethal

with Myc.

1.6  BRD4 is a therapeutic target for cancer treatment

BRD4 (Bromodomain containing protein 4) is a chromatin reader and is part of the
bromodomain and extraterminal domain (BET) family proteins. The members of this
family share two bromodomains (BRD), which recognize acetylated chromatin
(Filippakopoulos et al., 2012), and an extraterminal domain (ET), that is required for
BET proteins interaction with other proteins (Rahman et al., 2011).

Several evidences linked BRD4 to the control of gene expression, by means of
different mechanisms.

Recently it has been demonstrated that BRD4 not only is a chromatin reader, but can
induce chromatin decompaction and nucleosome eviction driven its intrinsic histone
acetyltransferase activity (Devaiah et al, 2016). BRD4 can also promote
transcriptional elongation by recruiting P-TEFB to promoters (Yang et al,, 2005), by
acting as an atypical protein kinase to catalyze phosphorylation of Ser-2 in the C-
terminal domain of Polymerase II (Devaiah et al., 2012) and by promoting anti-pause
enhancer activation (Liu et al., 2013a).

Different studies showed that BRD4 protein is an important cell cycle regulator.
During mitosis, the mechanisms by which transcription is inherited by daughter cells

are poorly known. BRD4 binds genes of the M/G1 phase that need to be expressed
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after mitosis, thus instructing the daughter cells on which transcripts will have to be
produce (Dey et al., 2009). Then, by promoting G1-phase genes expression, it is
required for S-phase progression (Mochizuki et al.,, 2008). SPA-1, a GTP-ase activating
protein negatively regulates the G2/M progression because it can bind BRD4 and
induce its cytoplasmic retention; therefore, BRD4 and SPA-1 levels need to be
balanced for correct cell cycle progression (Farina et al., 2004).

BRD4 aberrant activity is correlated to tumor growth. Its expression is high in
hepatocellular carcinoma and when it was knocked down using RNA interference,
reduced tumor proliferation was observed (Zhang et al.,, 2015b). Translocation of
BRD4 next to NUT gene can produce a fusion protein that leads to an aggressive form
of squamous cell carcinomas (French, 2012); when the interaction between
acetylated chromatin and BRD4 is blocked by inhibitors, tumor cells differentiate and
stop to proliferate. Overall, these data provide a rationale for targeting BRD4 in
cancer therapy.

Among BRD4 inhibitors that have been developed, [-BET (Nicodeme et al., 2010) and
JQ1 (Filippakopoulos et al., 2010) are the most widely used in research. Both these
small molecules mimic and compete with the acetylated histones: they can bind BRD
domains with high affinity and can displace BRD4 from chromatin, reducing its ability

to regulate transcription.

1.7  Treatment of Myc-driven tumors through BRD4 inhibition

Several experiments indicated that BRD4 inhibition blocks cell growth in Myc-driven
tumors.

One of the first studies that achieved this was conducted on Multiple Myelomas (MM),
in which the immunoglobulin heavy chain (IgH) enhancer is translocated upstream of

the Myc locus, and modulates its expression. Experiments on MM1.S, a cell line
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derived from a MM patient (Greenstein et al., 2003) showed that BRD4 is bound to
the IgH enhancer and plays a key role in promoting Myc expression; if BRD4 is
inhibited by JQ1 treatment, Myc levels are reduced, together with Myc target genes
(Delmore et al., 2011) thus leading to a block in cell proliferation and induction of
senescence.

MM are not the only tumors in which BRD4 inhibition leads to cell cycle arrest
dependent on Myc downregulation. Some forms of leukemia derive from the fusion
between Mixed lineage leukemia (MLL) and AF9 proteins; these can form complexes
with BRD4 to promote gene transcription (Dawson et al,, 2011). A BET inhibitor that
detaches BRD4 from chromatin can reduce the abnormal Myc expression driven by
MLL/AF9 chimera (Dawson et al, 2011). Burkitt's lymphoma and Acute myeloid
leukemia (AML) are also vulnerable to BET inhibition: nanomolar concentrations of
JQ1l can downregulate Myc expression and its target genes, thus reducing the
proliferation of these tumors in mouse models (Mertz et al., 2011). Other evidence of
AML sensitivity to BET inhibition came from an shRNA screen in which knock-down
of BRD4 reduced Myc and Myc target genes in vivo, inducing myeloid differentiation
and reducing leukemia stem cells (Zuber et al., 2011).

The BRD4 inhibition potential in reducing growth of malignant cells is not limited to
the tumors mentioned above: treatment of acute lymphoblastic leukemia (ALL) cell
lines with JQ1 was able to decrease BRD4 binding on Myc promoter thus leading to
strong downregulation of Myc expression (Ott et al, 2012). As a result cell
proliferation and survival were greatly affected. Similarly, Myc expression can be
inhibited by nanomolar concentrations of JQ1 to induce apoptosis of Myc-amplified
medulloblastoma (Bandopadhayay et al., 2014) and Bladder cancer cells (Wu et al,,

2016). Here, BRD4 can bind to and cooperate with Myc to promote Ezh2 expression, a
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gene important for bladder cancer cell proliferation; JQ1 treatment evicts BRD4-
associated Myc from EZH2 promoter, thus reducing its levels and inducing apoptosis.
The selectivity of BRD4 inhibition for tumor genes has been investigated through
ChIP-sequencing approach using MM1.S cell lines (Lovén et al, 2013). Super-
enhancers, a subset of particularly large enhancers, drive the expression of genes
important for MM identity, one of which is Myc. Super-enhancers are highly enriched
in BRD4; thus accounting for their high vulnerability to JQ1 treatment (Lovén et al,,

2013).

1.8  Background and Rationale

In our lab, we investigated the mechanisms of BET inhibition in Myc induced tumors,
testing different cell lines derived from human or murine B-cell lymphomas. In
particular, we used RAJI, DAUDI, BL-28, P3H1R, RAMOS, BL-2 as different Burkitt’s
lymphomas (BL) and murine B-cell lymphomas derived from Ep-Myc transgenic mice
(Adams et al., 1985).

As BET inhibitor, we used JQ1; this compound mimics acetylated histones, binds the
bromodomain of BRD4 and prevents its interaction with acetylated chromatin
(Filippakopoulos et al., 2010).

Following JQ1 treatment, both BL and Ep-Myc underwent cell cycle arrest, that was
time and dose-dependent. Both RAJI and Ep-Myc lymphomas showed sensitivity to
BET inhibition, evidenced by growth arrest visible from 48h onward, even at the
lowest concentration tested (Figure 53a, b).

Profiling the level of Myc expression we noticed that while low JQ1 concentrations
were sufficient to decrease Myc protein levels in DAUDI, BL-2 and RAMOS cell lines,
RAJI, BL-28 cells and Ep-Myc lymphomas required higher concentrations of the

inhibitor (500nM ]JQ1) (Figure 53c).
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Yet, the cytostatic effect observed in RAJI, BL-28 and DAUDI cell lines was observed in
the absence of change in Myc protein levels (Figure 53c); suggesting that BET

inhibition was cytostatic independently of the downregulation of Myc.
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Figure 53: BRD4 inhibition blocks cell cycle of B-cell lymphomas, without affecting Myc levels.
a) Growth curve of RAJI, DAUDI and BL-28 Burkitt's Lymphoma cell lines and Ep-Myc lymphoma,
grown in different JQ1 concentrations. b) Heatmap representing the relative growth of different cell
lines tested in different JQ1 concentrations. c) Western blot experiments showing Myc protein levels in
different cell lines tested at different JQ1 concentrations, after 6h or 24h. Myc level decreased in RA]JI,
BL-28 and DAUDI cells at high (500nM) JQ1 concentration.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

We therefore focused our attention on RA]JI cell lines and profiled the transcriptional
response following JQ1 treatment with microarrays: expression of genes involved in
cell cycle, DNA replication and E2F1 targets were reduced upon BET inhibition
(Figure 54a, b). Moreover, two signatures of genes deregulated in MM1.S cells upon
JQ1 treatment were also found enriched in downregulated genes (Delmore et al,
2011) (Figure 54c), indicating that BET inhibition can perturb specific transcriptional

programs in common between MM1.S and RA]JI cells.
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Figure 54: Myc targets are affected in RAJI cells upon JQ1 treatment. GSEA analysis showing
transcriptional programs downregulated in RA]JI cells following 100nM ]JQ1 treatment for 24h. (a, b)
Cell cycle and E2F1 transcriptional programs were affected by BET inhibition; c) similar
transcriptional programs were deregulated also in MM1.S cells when treated with JQ1.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Overall these data suggested an alternative mechanism of action of BET inhibitors
and raised the question of how inhibition of BRD4 can result in selective inhibition of

Myc activity.

2 Materials and methods

2.1 Biological experiments

All the protocols used for Burkitt's lymphoma (BL-2, BL-28, DAUDI, P3HR1, RAJI and
RAMOS), acute myeloid leukemia cell lines and EuMyc lymphoma, including cell
growth conditions, western blot experiments, cell growth assays, plasmids used, 4SU

labelling and analysis, chromatin extraction and immunoprecipitation, RNA-
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extraction and quantification, antibodies and primers were published (Donato et al,,

2016).

2.2 Data analyses

All the data analyses were performed as before (see materials and methods,
paragraph II12, page 22). Reads were aligned on hg19 assembly as reference genome
(Meyer et al, 2013). As the annotation package to determine promoters and
genebodies we used TxDb.Hsapiens.UCSC.hg19.knownGene for OCI-Lyl and RA]JI
cells, while TxDb.Hsapiens.UCSC.hg18.knownGene (Meyer et al, 2013) for MM1.S
cells.

Super enhancers were defined as in Lovén et al (Lovén et al., 2013); BRD4 peaks were
merged together (known as “stitching”) if their distance to each other was less than
12.5 Kb. Then, merged peaks were ranked in ascending order according to the total
number of BRD4 library-normalized reads (r.p.m.), giving rise to a distribution
(Figure 58); enhancers above the inflection point were considered as “super
enhancers”, while the others were considered “regular enhancers”.

We applied the random forest algorithm using the functions implemented in
“randomForest” R library. A random forest model is a non-linear classifier based on a
set of decision trees; in each tree a random sample of the features is selected, and,
based on them, a classification is given as output. The outputs of all the trees in the
model are joined together to produce a p value for the classification of each

observation. In our model, we used 4000 trees for the classification.

2.3 Public datasets
External data were retrieved from GEO (Edgar, 2002). MM.1S cell line: GSE31365

(expression data), GSE42355 (ChIP-Seq data relative to BRD4 and Pol2), GSE42161
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(Myc ChIP-Seq), GSE43743 (Pol2 ChIP-Seq in CDKO9i treated cells). OCI-Ly1 cell line:
GSE45630 (expression data) and GSE46663 (ChIP-Seq). ChIP-Seq data for RAJI cell

line were deposited in GEO database, under the accession ID GSE76192.

3 Results

3.1 BRD4 is globally evicted from chromatin upon JQ1 treatment

To verify whether JQ1 specificity depends on selective BRD4 binding to a subset of
genes or selective BRD4 eviction from chromatin in specific loci, we profiled genomic
occupancy of BRD4 through ChIP-Seq. In normal conditions (i.e. cells treated with
DMSO) 11915 BRD4 binding sites were detected, which decreased to 3084 upon JQ1

treatment (Figure 55).

BRD4
DMSO Ja1

144

Figure 55: BRD4 is evicted from chromatin following JQ1 treatment. Venn diagram representing
the overlap of BRD4 peaks in RAJI cells treated with DMSO (control) or JQ1 100nM for 24 h. Only part
of BRD4 peaks were consistently detected upon BET inhibition.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The decrease in peaks number was observed both at promoters, genebodies and
distal sites (Figure 56a); this was accompanied by a reduction in chromatin

occupancy in the residual peaks, as determined by the reduction in BRD4 enrichment
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(Figure 56b). This indicates that BRD4 detachment from chromatin occurred genome-

wide.
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Figure 56: BRD4 eviction occurs in all genomic sites. a) piecharts representing BRD4 peak location.
Eviction of BRD4 upon JQ1 treatment occurred equally at promoters, genebodies and intergenic sites.
b) Boxplot and average profile on TSS representing BRD4 enrichment in promoters, genebodies and
distal sites, both in DMSO and ]JQ1 treated cells. The chromatin occupancy was decreased both at
promoters, genebodies and distal sites.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The specificity of JQ1 on selected transcriptional programs (i.e. Myc target genes) is
therefore not mediated by a selective loss of BRD4 binding to particular genomic
regions. We then profiled BRD4 binding on promoters of genes upregulated (DEG up),
downregulated (DEG down) or not deregulated (no DEG) by the treatment. While
only 18% (6416) of promoters of no DEGs were bound by BRD4, 59% (821) and 26%
(321) of down or up regulated genes were bound, respectively (Figure 57), indicating
a correlation between BRD4 occupancy and gene regulation, particularly

transcriptional activation.
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Figure 57: BRD4 binding is associated with gene deregulation. Piecharts representing the fraction
of no DEG, DEG down and DEG up upon JQ1 treatment, bound by BRD4 at promoters. The fraction of
bound deregulated genes was higher compared to the fraction bound on no DEGs, especially that of
downregulated genes. BRD4 binding is therefore correlated to gene regulation, in particular
downregulation.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

3.2 Super enhancer-associated genes are sensitive to BET inhibition
The expression of cell identity genes (Whyte et al., 2013) and genes important for the
oncogenic activity of MM cells is under the control of super enhancers, a subset of

very large enhancers with high load of BRD4, H3K27Ac and Med1 (Lovén et al.,, 2013)

(Figure 58).
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Figure 58: Super enhancers calling. Distal BRD4 peaks were joined together if they were close to
each other and ranked according to their BRD4 enrichment. Enhancers above the inflection point of the
plot were defined as “super enhancers”, while the other being normal enhancers.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Previous work showed that MM1.S cells, when treated with JQ1, underwent
preferential detachment of BRD4 associated to super enhancers and downregulation
of its target genes, leading to cell cycle arrest (Lovén et al., 2013). We then asked if, in
RAJI cells, super enhancers-associated genes were particularly susceptible to JQ1
administration as observed for MM cell lines. We computationally identified 269
super enhancers that were highly enriched in BRD4 in untreated cells (DMSO
treatment). Of these super enhancers, only 77 were preserved following JQ1

treatment (Figure 59).

RAJI Super Enhancers

DMSO JQ1

Figure 59: Most super enhancers are lost upon JQ1 treatment. Venn diagram showing the overlap
between super enhancers detected in cells treated with DMSO and JQ1. Many super enhancers were
lost upon BET inhibition.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

As expected, the loss in BRD4 occupancy was more pronounced on super enhancers

compared to regular enhancers (Figure 60).
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Figure 60: BRD4 eviction occurs preferentially in super enhancers. Boxplot representing the read
density of BRD4 peaks inside super enhancers (SE) and regular enhancers (Enh) in cells treated with
DMSO or ]JQ1. Even if BRD4 eviction was widespread, super enhancers were particularly vulnerable to
BET inhibition, compared to regular enhancers. (* p<0.05, Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

As expected, super enhancers were characterized by stronger enrichment of

H3K27Ac compared to normal enhancers (Figure 61, left), and higher

H3K4mel/H3K4me3 abundance ratio compared to promoters (Figure 61, right),

which are features of active enhancers (Heintzman et al., 2007).
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Figure 61: Super enhancers bear features of active enhancers. Left: boxplot representing the read
density of H3K27Ac inside BRD4 peaks that constitute super enhancers (SE), promoters and normal
enhancers. Super enhancers were particularly acetylated, thus active. Right: H3K4mel/H3K4me3
signal ratio inside super enhancers, promoters, regular enhancers. The value in super enhancers was
comparable to those of normal enhancers, which was higher compared to promoters. (* p<0.001,

Student’s t-test).
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Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The fraction of JQ1 sensitive genes controlled by super enhancers was slightly higher
compared to those controlled by regular enhancers (Figure 62, 16% vs 6%), possibly

reflecting an intrinsic higher vulnerability of SEs to BET inhibition.

Super enhancers Enhancers B DEG-down
50 (16%)
81
1240 (6%)
275 (94%)
(84%)

Chi square: p-val. <10 °

Figure 62: Super enhancer controlled genes are particularly susceptible to JQ1. Piecharts
representing the fraction of genes associated to super enhancers and regular enhancers that were
downregulated following JQ1 treatment. Genes associated to super enhancers were more
downreguated compared to those associated to normal enhancers.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

3.3 Mycand E2F1 genomic occupancy is not affected by JQ1 treatment

We then carried out ChIP-Seq experiments to address if JQ1 treatment affected also
Myc and E2F1 occupancy on chromatin. These factors promote the expression of cell
cycle genes and cell proliferation (Leung et al., 2008); moreover, the geneset
enrichment analysis showed that E2ZF1 may regulate JQ1 sensitive genes (Figure 54b)
and E2F targets were inhibited by JQ1 treatment in diffuse large B cell lymphomas

(Chapuy etal., 2013).
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As expected, both Myc and E2F1 binding showed a marked preference for promoters

(Figure 63).

Myc DMSO (15246) E2F1 DMSO (4820)

56%
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25%
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43% e Intergenic

Figure 63: Myc and E2F1 bind mainly promoters. Piecharts representing the location of the Myc
and E2F1 peaks detected in cells treated with DMSO and JQ1. About 50% of Myc peaks and 83% of
E2F1 peaks were located in promoters of annotated genes, both in DMSO and JQ1 treated cells.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Surprisingly, both their number of peaks and their enrichments were slightly
increased upon BET inhibition (Figure 64), indicating that JQ1 vulnerability does not

associate with eviction of either Myc or E2F1 from their target genes.
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Figure 64: Myc and E2F1 occupancy is slightly increased genome-wide following JQ1. Left: Venn
diagrams representing the overlap of Myc and E2F1 peaks detected in cells treated with DMSO or JQ1.
Upon treatment, the number of binding sites of both transcription factors is increased. Middle: Boxplot
of the enrichment of Myc and E2F1 in promoters, genebodies and intergenic regions, upon JQ1
inhibition. The enrichment of both transcription factors was increased in all the subsets, particularly at
promoters. Right: Average profile of Myc and E2F1 occupancy at TSSs. Upon JQ1, peaks were higher
and sharper compared to DMSO treated cells.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

3.4  Pol2 occupancy is not altered by JQ1 treatment
Next we analyzed Pol2 ChIP-Seq to understand whether JQ1 treatment influenced
Pol2 genomic occupancy. Most of Pol2 was found associated to genebodies, as

expected, which represents the amount of transcribing enzyme (Figure 65).
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Figure 65: Pol2 is mainly located at genebodies. Piecharts showing the location of the peaks of Pol2
detected in DMSO and ]JQ1 treated cells. Most of Pol2 was located in genebodies. Following JQ1
inhibition, both the number of peaks and location were unaffected.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Even though the number of Pol2 binding sites was slightly decreased by ]JQ1

administration, its promoter occupancy was strengthen (Figure 66).
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Figure 66: Pol2 chromatin occupancy is weakly affected by JQ1 treatment. Left: Venn diagram
representing the overlap of Pol2 peaks detected in cells treated with DMSO or JQ1. Middle: boxplot of
the enrichment of Pol2 in different locations, treated with DMSO or JQ1. Right: average profile of Pol2
on TSSs. Globally, Pol2 enrichment was slightly increased by JQ1.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

This indicates that JQ1 specificity for a subset of genes is not accounted by reduced

Pol2 promoter recruitment.
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3.5  Genes highly expressed and enriched in transcription factors and activating
histone marks are downregulated upon JQ1 treatment

We next wanted to identify properties able to distinguish genes downregulated

(vulnerable to BET inhibition) from those that did not change expression. We

compared the occupancy of transcription factors and histone marks on promoters of

these two subsets of genes; DEG down were characterized by high levels of BRD4,

Myc, E2F1, H3K4me3 and H3K27Ac, two activating histone marks (Calo and Wysocka,

2013), while genes not deregulated showed lower enrichments (Figure 67).
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Figure 67: JQ1 sensitive genes are highly enriched in transcription factors, Pol2 and activating
histone marks at their promoters. Left: Boxplot representing the ChIP-Seq enrichments of
transcription factors or histone marks in promoters of genes downregulated or not deregulated in cells
treated with DMSO or JQ1. Right: average profiles of transcription factors and histone marks around
TSS of DEG down or no DEG following JQ1 treatment. Genes vulnerable to JQ1 treatment were enriched
in transcription factors, Pol2 and activating histone marks. Only BRD4 was lost upon treatment. (*
p<2.2*10-16, Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Then, to extend our findings to other tumors, we took advantage of publicly available
ChIP-Seq datasets of OCI-Lyl and MM1.S cells, treated or not with JQ1. OCI-Ly1 cell
line derives from a non Hodgkin lymphoma (Mehra et al, 2002) which upon
treatment with JQ1 shows Myc and Myc targets downregulation and proliferation
arrest (Chapuy et al., 2013). Similarly, when MM1.S were treated with JQ1, repression
of Myc expression and its targets was observed, thus leading to a cytostatic effect
(Delmore et al., 2011) (see paragraph 1.7, page 98). In line with what observed in
RAJI cells, both OCI-Ly1 and MM1.S cells showed strong enrichment of transcription
factors, Pol2 and activating histone marks (H3K4me3, H3K27Ac) at promoters of JQ1

sensitive genes (Figure 68; Figure 69).
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Figure 68: Genes downregulated upon JQ1 inhibition are more enriched in transcription factors

and histone marks in OCI-Lyl cells. Boxplots and profiles representing the enrichment of

transcription factors and histone marks in TSSs of genes no DEG and DEG down following JQ1

inhibition, for OCI-Ly1 cells. (* p<2.2*¥10-16, Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and

transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 69: Genes downregulated upon JQ1 inhibition are more enriched in transcription factors
and histone marks in MM1.S cells. Boxplots and profiles representing the enrichment of
transcription factors and histone marks in TSSs of genes no DEG and DEG down following JQ1
inhibition, for MM1.S cells. (* p<2.2*¥10-16, Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

According to our microarray experiments, downregulated genes were generally more

abundant compared to no DEGs (Figure 70, left). To evaluate whether gene
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downregulation may also depend on RNA instability, we calculated half life of mRNAs
of no DEG and DEG down using a published dataset (Schwanhausser et al., 2011); this
analysis showed that there was no significant difference between the two groups

(Figure 70, right).
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Figure 70: Downregulation of genes is not caused by mRNA instability. Left: boxplot representing
the abundance of RNA of no DEGs and DEG down; downregulated genes were the more expressed.
Right: Boxplot representing the half life of mRNAs of no DEG and DEG down genes; stability of mRNA
was similar between no DEG and DEG down. (* p<0.05, Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Moreover, nascent RNA analysis by 4sU confirmed that the level of JQ1 sensitive

genes was reduced due to inhibition of transcription (Figure 71).
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Figure 71: Downregulation of JQ1 sensitive genes is mediated by transcriptional inhibition.
Barplot representing the rate of nascent RNA from the 4SU experiment. Reduction in transcription was
observed in DEG down.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

To find whether JQ1 sensitivity could be predicted from specific genomic features, we
built a random forest-based machine learning model trained with features of each
single gene (mRNA abundance and ChIP-Seq enrichments of Myc, E2F1, BRD4 and
histone modifications) aimed at classifying no DEGs from DEG down. The model was
able to perform the prediction with high accuracy (AUC=0.83) (Figure 72, left), and
indicated mRNA level, E2F1 and Pol2 ChIP enrichments as the most discriminative

elements (Figure 72, right).
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Figure 72: Random forest model predicts JQ1 sensitivity with high accuracy. Left: receiver
operating characteristic (ROC) curve of the random forest model to predict if genes were sensitive to
JQ1 treatment. Right: importance of the features for the classification of random forest model.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Therefore, genes highly expressed and with high enrichment of Myc, E2F1 and
histone marks at their promoters are more sensitive to JQ1, and this sensitivity can be

predicted with high accuracy based on such features.

3.6  Selective Pol2 compensation at promoters determines JQ1 selectivity

We then characterized the mechanisms of BRD4 selective inhibition on transcription
by profiling Pol2 enrichment on JQ1 sensitive genes. Following 24h of JQ1 treatment,
Pol2 stalling index (i.e. the stalling Pol2/elongating Pol2 ratio, known also as
“traveling ratio”) increased in both no DEG and DEG down. This genome-wide effect
was in accordance with a general role of BRD4 in promoting Pol2 elongation (see
paragraph 1.6, page 97). However, while downregulated genes showed a reduction in

elongating Pol2 (Figure 73, up), which was coherent with their reduced expression,
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no DEGs had no alteration in elongation but

promoters (Figure 73, down).
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Figure 73: Pol2 stalling index decreases in both DEG down and no DEGs. Cumulative distribution
of the enrichments of Pol2 in TSS (left), genebodies (middle) and of stalling indexes (right) of DEG
down (up) and no DEG (down). While in DEG down the elongating Pol2 was decreased, in no DEG the
Pol2 recruitment at promoters was increased. This lead to a raised stalling index for both subsets.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The enrichment of Pol2 phosphorylated on Ser-5 (i.e. pausing Pol2) and Ser-2 (i.e.
processive Pol2) (see paragraph 1.4, page 95) on DEG down showed that, following
JQ1, the pausing Pol2 on promoters was not affected, while the elongating form was

severely impaired (Figure 74).
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Figure 74: The amount of elongating form of Pol2 is impaired in DEG down. Up: Pol2 Ser-2P
average profile on no DEGs and DEG down; drop in elongating Pol2 occurred only in DEG down. Down:
Average profile of Pol2 Ser-5P (pausing Pol2) on no DEGs and DEG down; Promoter occupancy of
paused Pol2 was unaffected upon JQ1 treatment in DEG down, while was increased in no DEG.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

In no DEGs, processive Pol2 was not impaired as shown by Pol2 Ser-2P profile (Figure
74, up), while a slight increase in Pol2 Ser-5P (paused Pol2) suggested recruitment of
the enzyme on promoters (Figure 74, down), possibly reflecting compensatory
recruitment of Pol2 (see below). Similar results were obtained in MM1.S cells treated
with JQ1. While a drop in elongating Pol2 was observed for downregulated genes, no
DEGs maintained a constant level of Pol2 on genebodies and increased the amount of

pausing Pol2 on their promoters (Figure 75).

122



DEG-down

a
© Stalling Index (TSS/gene body) reads on TSS [-300; +300] reads on GB [+300; TES+3000]
= s s
8 8 g
2 E g g
T3
=5 - 5)0"4150 8 el p=0.134 1 p=00027
2
B« 1 3 s
qC, o 5 5 c
]
Z P D¢ D¢ Og <
=] . .
S > > > reduction in
@x e & & & elongating
3 RNAPol2
TSS-20% TES+20% 1 1 2 5 10 20 0.2 0.5 10 20 5.0
no DEG
Stalling Index (TSS/gene body) reads on TSS [-300; +300] reads on GB [+300; TES+3000]
© 8 8 8
~o
o . . s
X — DMSO g 2 *1p=0307
< — Ja1 “» - «
To i} 4}
2 c® es Vs
% o} S ]
5° D¢ Og 2
°g =3 S X
° - f .
8S g 8 increase in promoter| ¥
x, stalled RNAPol2
S o °
TSS—20% TES+20% 1 2 5 10 20 T2 5 10 20 02 05 10 20 50
Pol2 reads on GB
b [+300,TES+3000]
012, T
o
-g o0 X T -
'
Sl ' - 1 ' ®@DMSO
> ] @t
B 006 o
(l:) |
35
0oood T+ L

DEG-down No-DEG

Figure 75: Increase in Pol2 recruitment cannot compensate the drop in elongation in DEG down
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Student’s t-test).

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The effects that JQ1 exerted on transcription and Pol2 enrichments lead us to

postulate that, while BET inhibition could reduce the elongation rate genome-wide,
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genes insensitive to JQ1 (no DEGs) could compensate this reduction by increasing
Pol2 recruitment on their promoters.

To verify this, we profiled Pol2 occupancy in cells treated with JQ1 short-term (6h)
and long-term (24h), to test whether reduction of elongating Pol2 occurring short-
term is restored after 24h only in genes refractory to JQ1. Both DEG down and no
DEGs showed decreased Pol2 elongation after 6h (Figure 76). While this loss was
persistent at longer time points (24h) for DEG down (Figure 76, up), no DEGs were
able to compensate the reduction of elongating Pol2 at 24 h (Figure 76, down), to
reach levels comparable to control cells treated with DMSO.

All these data indicate that BRD4 inhibition led to a global decrease in elongating Pol2
short-term, independently on the gene (DEG down or no DEG), consistently with the
fact that BRD4 promotes elongation (Moon et al, 2005). While after prolonged
inhibition (24h) no DEGs can compensate the loss of processive Pol2 (the amount of
Pol2 Ser-2P) by further recruiting polymerase on their promoters, JQ1 sensitive genes
cannot, because are already “saturated” of transcription factors and Pol2 on their
promoters (Pol2 recruitment at promoters is already maximized). Therefore, upon
JQ1 treatment, while no DEGs are able to maintain a proficient mRNA production,

vulnerable genes (DEG down) undergo transcriptional inhibition.
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Figure 76: Drop in elongating Pol2 in DEG down is not compensated by further Pol2
recruitment on their promoters. Left: average Pol2 profiles on DEG down and no DEG, after short-
term (6h) or long-term (24h) JQ1 treatment. Right: Boxplots representing the enrichment of Pol2 in
TSS and genebodies of the two subsets of genes. The drop in elongating Pol2 that occurred short-term
in both categories was not compensated by further recruitment on promoters in DEG down.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

3.7  Inhibition of elongation selectively represses JQ1 sensitive genes

BRD4 inhibition leads to a reduction in Pol2 elongation; this translates into
dowregulation of genes highly expressed and with high enrichment of Pol2 and
transcription factors on their promoters. Since they cannot compensate the loss in
elongating Pol2 with further recruitment of this enzyme to keep a constant mRNA

levels, they are particularly vulnerable to JQ1 treatment.
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If this mechanism were true, any inhibitor of elongation would selectively affect the
expression of genes sensitive to BET inhibition, thus phenocopying JQ1 treatment. To
test this, we took advantage of a published dataset and we analyzed Pol2 distribution
in MM1.S cells treated with a CDK9 inhibitor (Anders et al., 2013).

The enrichment of Pol2 on genebodies of downregulated genes was reduced, while
pausing form of Pol2 remained largely unaffected. In genes not deregulated, instead,
the decrease in elongating Pol2 was less pronounced compared to DEG down, and an
average increase in Pol2 recruitment was observed at their promoters (Figure 77).
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Figure 77: Elongation inhibition recapitulates JQ1 treatment. Pol2 enrichments of DEG down and
no DEG in MML.S treated with a CDK9 inhibitor (CDK9i). The treatment was able to perturb Pol2
equilibrium similarly to what observed for BET inhibition.

Figure adapted from “Compensatory RNA polymerase 2 loading determines the efficacy and
transcriptional selectivity of JQ1 in Myc-driven tumors” (Donato et al, 2016) Copyright © 2016

Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Thus, independently of how elongation was inhibited, genes with higher levels of Pol2
on promoters showed a lower capacity to compensate the drop in Pol2 present on
genebodies with further promoter recruitment and consequently their expression

was reduced. On the contrary, genes that didn’t change significantly their expression
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could maintain a constant mRNA level because they recruited more Pol2 on their
promoters. Altogether, these results show how a general perturbation of elongation

could translate into regulation of specific transcriptional programs.

4 Discussion

BRD4 inhibition is a strategy to inhibit the proliferation of Myc driven tumors
(Delmore et al., 2011; Dawson et al., 2011; Zuber et al, 2011; Lovén et al., 2013).
While in some systems JQ1 treatment causes a reduction in Myc mRNA and protein
levels, we noticed that some cell lines, such as Burkitt's and Epu-Myc lymphomas were
vulnerable to BET inhibition independently on Myc downregulation (Figure 53).
Therefore, JQ1 treatment can block tumor cell proliferation either by reducing Myc
oncogene expression or by interfering with Myc activity, independently on its levels.
We found that JQ1 treatment impairs transcription genome-wide, as evidenced by the
global eviction of BRD4 from chromatin (Figure 55) and the global reduction of Pol2
elongation observed upon acute BRD4 inhibition (Figure 76). However, only a specific
subset of genes was affected by BET inhibition (DEG down), where the expression of
the other genes (no DEGs) was unaltered, despite the global effect of this drug on
transcriptional elongation, thus suggesting potential adaptive transcriptional
responses on this latter group of genes.

Indeed, while no DEGs could compensate the drop in elongating Pol2 by recruiting
more RNA polymerase on their promoters, DEG down could not, since they had
already reached their maximal Pol2 loading and thus were unable to maintain a
proficient mRNA synthesis (Figure 73-77).

This may suggest that high transcriptional rate of genes important for cancer cell
proliferation, such as cell cycle and metabolic genes, will make tumor cells vulnerable

to BET inhibition because their expression is rate-limited by their Pol2 pause release.
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Any perturbation affecting Pol2 elongation (i.e. JQ1 treatment) would therefore
impair gene expression.

These effects of JQ1 treatment could be recapitulated by a general inhibitor of
elongation (Figure 77); again, genes sensitive to the treatment were highly enriched
in Pol2 and couldn’t restore elongation with further recruitment of Pol2 on
promoters to maintain transcriptional rate, further indicating that elongation is the
limiting step for the expression of JQ1 sensitive genes.

Our work provides a rationale to how a treatment that impairs elongation can lead to

specific repression of a particular subset of genes.
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VII Appendix 2. Chrokit: a user-friendly
multiplatform web application to
interactively explore genomic data

1 Introduction

In the last years, Next-generation sequencing (NGS) has become fundamental for
genome-wide scale studies. Based on this technology a number of techniques have
been devised to interrogate the genome and gain insight on how genetic information
is interpreted by cells. In particular, transcription factor binding on the DNA can be
addressed using chromatin immunoprecipitation coupled with sequencing (ChIP-
Seq) (Nakato and Shirahige, 2017), expression of genes can be quantified with RNA-
Sequencing (Wang et al.,, 2009), and accessibility of DNA with DNase-Seq (Song and
Crawford, 2010). While different algorithms can be applied for these computational
analyses, some of the steps are conserved among different kind of experiments.

In general, each of these experiments produces millions of short DNA reads; these
reads are filtered for their quality and aligned to the reference genome, leading to the
production of an alignment file, usually in BAM format. This file contains information
about the position in the genome for each read. Usually, secondary analyses are
carried out after the alignment. For example, peak-calling is performed in ChIP-Seq
experiments to find where a transcription factor binds to the genome; in DNase-Seq,
instead, chromatin-accessible regions are found from the sequencing of DNase I
hypersensitive sites (Song and Crawford, 2010). Secondary analyses, then, usually
take as input the alignment files and output genomic regions of particular interest.
From this point, higher-level analyses are usually performed to gain information
about genome regulation; these involves a number of computational operations, such

as the annotation of genomic regions, the determination of their overlap and
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quantification and correlation of the signals (i.e. read enrichments) determined
within such regions.

While programs that perform alignments and secondary analyses have been
extensively developed and optimized in the last few years (Trapnell et al., 2009; Li
and Durbin, 2009; Love et al., 2014; Zhang et al.,, 2008), user friendly applications
built for higher-level NGS data analyses are still in their initial stage of development
and fail to fully meet the need of the genomics community. Examples of these
applications are seqMINER (Ye et al.,, 2011) and EpiMINE (Jammula and Pasini, 2016):
these programs can calculate and plot, using heatmaps and profiles, the read
enrichment on a specific set of genomic coordinates using a graphical user interface
(GUI). Another tool recently published is EaSeq (Lerdrup et al, 2016), which
performs multiple analyses on genomic data using a GUI in an interactive way.
Finally, compEpiTools (Kishore et al.,, 2015) is a versatile R library that allows all
these analyses to be integrated in R scripts. All these programs, despite their
usefulness, suffer from limitations which restrict their usage, that are described
below.

An important problem that is shared among the tools mentioned above is that none of
them is able to be run as a web application: this implies that they must be used on
local machines, thus preventing the user from performing computationally intensive
tasks (such as those performed on dedicated clusters) and precluding their use by
different users simultaneously.

In particular, seqMINER and EpiMINE are not able to separate computationally
intensive tasks from the faster plot generation; this makes the analysis quite
inefficient and cumbersome. These programs are also limited in the number of
analyses they can perform; moreover, even if these two applications offer a user-

friendly GUI, the plots generated lack interactivity and the filtering or modification of
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genomic region of interest (ROI) is not implemented. On the other hand, EaSeq can
produce interactive plots, but it runs only on windows operating systems, which is
rarely used in bioinformatic community; moreover, it is written in Microsoft Visual
Studio and .NET framework, which makes the implementation of new functions less
user friendly.

We created Chrokit, a web application that overcomes many of the above mentioned
limitations: it performs most of the genomic analyses with an interactive and easy-to-
use GUI, designed for intuitive use to minimize dedicated training of perspective
users. The application, written completely in R (R Development Core Team, 2016),
can be installed on a remote server and run on any platform (Windows, Linux,
MacOS) through a web interface. This guarantees increased computational power,
accessibility to different users at the same time and the possibility to run the

application remotely from different kind of devices (laptops, tablets, smartphones).

2 Materials and methods

2.1 Implementation

The application was developed in R programming language (R Development Core
Team, 2016). Web interface was build using shiny, shinyFiles, shinydashboard
libraries (Winston Chang, Joe Cheng, ]JJ Allaire and McPherson, 2017; Pedersen, 2016;
Chang, 2016). The main engine of the program uses the following libraries: fastcluster
(Millner, 2013), Vennerable (Swinton, 2013), VennDiagram (Chen, 2016),
GenomicRanges (Lawrence et al.,, 2013), data.table (Srinivasan, 2017), RColorBrewer
(Neuwirth, 2014), Rsamtools (Hayden, 2016), ppcor (Kim, 2015), parallel.

The enrichment calculation for each base pair on DNA (the “primitive” function from
which other operations are carried out) was implemented using a modified version of

the “baseCoverage” function of “compEpiTools” R package (Kishore et al., 2015).
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The method for calculating the stalling index of a particular transcription factor

(usually polymerase) of a specific set of genes was inspired by “stallinglndex”

function in “compEpiTools” R package (Kishore et al., 2015).

2.2

Description of the method

Central in the implementation of the program is the class “RegionOfInterest” (ROI).

This class contains attributes and functions useful for the management of genomic

regions. It is composed by the following attributes:
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genomic ranges: a GRanges class object, that represents the coordinates in the
genome each ROI refers to, the strand of the DNA (if available, represent the
orientation) and eventually the annotation

a name: the name of the ROI

a fixed point: useful when coordinates have to be resized or center on a
specific point, that is not simply the midpoint of the GRange (i.e. the summit)

a flag: is the kind of genomic regions a ROI belongs to (it could be a promoter,
a transcript or a generic range). This is useful because for specific operations,
different kind of ROIs should be treated differently

a BAMlist: each ROI can be associated to a set of BAM files (i.e. files of aligned
reads) that represent the enrichments of genomic features (for example,
ChIPped transcription factors or histone marks) for each position of a specific
genomic region

a source: during the analysis, new ROIs can be produced; the more the analysis
goes on, the more complex the steps to create a ROI can be. For this reason,
each ROI brings a message that represent how the ROI has been constructed

(i.e. alog message)



To determine the enrichment of a feature in a specific genomic region, the program

calculates the number of reads of pileup for each base of the DNA that belongs to a

specific set of genomic coordinates and stores them in memory, as a “primitive”

operation. Once the object (“BAMlist” of the class “RegionOflnterest”) has been stored

in the RAM, every operation that will require the determination of the enrichment

either in the entire region or in a variable number of bins chosen by the user is done

quickly by performing the sum of the enrichments already pre-calculated for each

base pair. The Figure 78 summarizes this structure.
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Figure 78: Enrichment at base-pair level is pre-computed by Chrokit application. During BAM

association step (from blue to green square), the number of reads aligned to each base pair of the

genomic range is calculated; this computationally intensive operation is carried out only once. Then,

each task that involves enrichments (binning, sum of the enrichments, summit detection) will be fast.

Figures 3(left),5, 8-10, 13, 15-18, 21-23, 30, 50-52 of this thesis were built using

Chrokit application.
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3 Results

3.1 Overview of Chrokit implementation

Either BED files or gene lists derived from upstream NGS analyses can be used as
input by Chrokit application (Figure 79, left) to create the genomic regions of interest
(ROI, see materials and methods, paragraph 2.2, page 132); briefly, a ROI is an R
object representing a set of genomic regions associated to their genomic coordinates
(chromosome number, start position and end position). Other ROIs can then be
created starting from these primary ROIs or modified in multiple ways. From this
point, a user can find the fraction of genomic regions of a ROI inside annotated
promoters or genes and evaluate the co-localization of two or multiple ROIs; finally,
he can download the region of interest object as a table (Figure 79, right).

If alignment files (i.e. BAM files) are available, they can be associated to ROIs (Figure
79, center); from this point, it is possible to evaluate the enrichments of genomic
features by using different graphical representations, such as quantitative heatmaps,
profiles, boxplots or -calculate the correlations/partial correlations between
enrichments in specific regions and representing them through heatmaps or
scatterplots; finally, a meta-gene representations of reads enrichment is available

(Figure 79, right).
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Figure 79: Overview of Chrokit application. Left: Chrokit accepts BED files and gene lists as input,
and save them in memory as regions of interest (ROI). BED files can derive from NGS experiments,
such as ChIP-Seq or DNase-Seq; gene lists can be a group of up/downregulated genes from RNA-Seq
analyses or custom gene sets. BAM files can be used to calculate the enrichment at base-pair level in a
specific region of interest (see materials and methods). Center: ROIs are R object that are stored in the
system memory. ROIs can be created or modified in multiple ways and, if BAM files were associated, it
is possible to filter ROIs according to their enrichments or detect summits. Right: Chrokit can return
different kind of outputs. If BAM files were not associated to ROIs (up, blue), it is possible to determine
the distribution of genomic regions in promoters of annotated genes, perform overlaps between ROIs
and download them as xIs file. If BAM files were associated to ROIs (down, green), the program allows
to evaluate quantitative information of reads enrichment with interactive heatmaps, profiles or
boxplots; it can calculate correlations between enrichments (showing them as heatmaps or

scatterplots) and display reads distribution along genes.

3.2 Inputs for the program: data type and format(s)

Chrokit uses the output from first-level analyses of NGS experiments to obtain “region

of interest” (ROI), which are the objects at the basis of the Chrokit application.
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The user can import coordinates files in BED format either by searching in the
filesystem or by providing the path of the file; then, a preview of the file is displayed
on a dedicated window as a table, showing the genomic coordinates (chromosome
position, start, end) and eventually the file can be imported as ROL.

Coordinates of promoters or genebodies can be imported by providing a list of
ENTREZ gene IDs, either by uploading a text file containing the IDs or by pasting them
into a dedicated window. This is useful, for example, to investigate genomic features
of a list of genes found upregulated in an RNA-Seq experiment. In this case, a
transcript database based on UCSC annotation (Meyer et al., 2013) can be imported in
the program, to convert each ID to the coordinate of the corresponding promoters
and transcripts and producing the ROIs; promoters can be further refined by the user
by choosing a genomic window around annotated transcription start sites (TSS). All
the isoforms of genes are considered during this conversion, and the user can set a
threshold on the maximum allowed transcript length; this is useful in some situations
in which big transcripts (usually >100 Kb) may cause memory problems.

Gene Symbols can be provided instead of IDs, but a genome-wide annotation
database (such as org.Mm.eg.db for mouse (Carlson, 2016)) is required for symbol-to-
ID conversion, which is performed by Chrokit.

Both transcript database and genome annotation database are chosen depending on
the organism of interest and, if the corresponding libraries are not installed in the
system, the user can download them from Bioconductor (Huber et al., 2015) within
Chrokit.

In many NGS experiments BAM files are used to calculate the enrichments of reads in
defined regions of interest; for example, in ChIP-Seq, the enrichment represents the
binding intensity of a specific transcription factor, while in DNase-Seq the chromatin

accessibility.
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Path to BAM files can be imported in Chrokit: a user can browse the entire filesystem
or manually provide the path of the file. When the file is selected, the program checks

whether the BAM index is present; if so, the path to the BAM file is imported.

3.3 Regions of interest can be created and modified by Chrokit

Once necessary files have been imported, it is possible to create and modify ROIs
starting from genomic regions loaded in memory. As example, to merge ChIP-Seq
replicates together, a user can select multiple regions of interest corresponding to
peaks of a transcription factor and calculate their union, to find regions present in at
least one ROI or the intersection, to find only regions in common (Figure 80a). It is
also possible to subset existing ROIs to keep ranges that overlap with other ROIs. For
example, to retrieve the binding sites of a transcription factor on promoters of
annotated genes, the user can select the ROI corresponding to ChIP-Seq peaks in the
panel shown in Figure 80a and then ask for the overlap with the ROI corresponding to
promoters, in the panel shown in Figure 80b; alternatively, to find the binding events
at distal sites, the ROI corresponding to promoters must not overlap with ChIP-Seq

peaks (Figure 80c).
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Figure 80: ROIs can be created from pre-existing regions of interest. Panel for the creation of a
new ROI from pre-existing ROIs. A selected ROI or the union/intersection of multiple ROIs (a) can be

filtered to keep only those overlapping (b) or not overlapping (c) with other ROIs.

Once a ROI has been created, it is possible to perform different operations to modify
it. Genomic coordinates can be resized from the center of the ROI (Figure 81a); this is
particularly useful for further representation of data, in which a fixed width for all
ranges of a ROI is recommended (see below, Figure 85). Usually, a motif finding
analysis is carried out using the summit of peaks of a transcription factor in a ChIP-
Seq experiment. For this reason, a user can retrieve the summits of a ROI by selecting
the BAM file for which the maximum pileup of reads is desired (Figure 81b).
Sometimes ChIP-Seq peaks must be filtered according to the width of the peaks or the
enrichments of some chromatin features; this can be easily accomplished through the
interface (Figure 81c, e). Finally, the management of ROIs characterized by a high
number of genomic regions can be a computationally intensive, or even unfeasible on
some platforms lacking powerful hardware. Therefore, a representative random

sample of a ROI can be selected for use in further analyses (Figure 81d).
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Figure 81: ROIs can be modified in multiple ways. Multiple operations can be performed on ROIs: a)
change the genomic boundaries of its ranges; b) center on the summits, using a particular associated

BAM file as a reference; c) filtering on width, d) subsampling; e) filtering on enrichments.

Annotation of ROIs becomes particularly useful when a gene ontology analysis has to
be carried out on genes associated to a specific subset of ChIP-Seq peaks. For this, a
suitable annotation database must be imported (see paragraph 3.2, page 135), and
the program finds the closest gene from the midpoint (or from the boundaries) of
each genomic range inside a ROI; alternatively, Chrokit can find all the genes inside a
fixed genomic window from the midpoint of genomic ranges.

To perform the analyses on enrichments, BAM files can be associated to ROIs; this is
the most computationally intensive task and usually require 1 minute.

Finally, ROIs can be downloaded as *xls file, a tab delimited text file which contains
the ranges, the nearest gene ID or symbol (if annotated) and (potentially) the
enrichments of specific chromatin features associated to the ROI, such as
transcription factors binding, histone modifications, RNA abundance or DNA

accessibility.
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3.4  Genomic analyses
Upon ROI construction and (potentially) BAM association, a user can perform higher-
level analyses, whose output usually consists of publication-quality plots that can be

downloaded as *.pdf files.

Single evaluation of a ROI

Detailed evaluation of a selected ROI can be performed using gene annotation
information and BAM files associated to the ROI. For example, a user needs to
examine the binding of a transcription factor in a ChIP-Seq experiment; he then
selects a ROI corresponding to the peaks of the ChIP-ed transcription factor and the
BAM file associated to it. Chrokit outputs a piechart representing the peaks location of
the transcription factor inside promoters, genebodies and intergenic regions (Figure
82a; in this example only a minority of peaks were located at promoters). Then, the
program plots the distribution of the peak width in these three subsets (in this
example, peaks at promoter were wider on average compared to the other subsets,
Figure 82b). Finally, the enrichments of the transcription factor inside the three
subsets are shown in a lower panel, both as boxplots (Figure 82c) and average peak
profile (Figure 82d).

This kind of analysis is then commonly used to obtain basic information of a ChIP-Seq
analysis.

The user can set different parameters for this analysis, such as the colors, the log2
transformation of read enrichments or the choice between total read coverage (rpm,
reads per million) or read density (rpm/bp, rpm normalized by width of the genomic

range).
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Figure 82: Chrokit evaluates features of single ROIs. a) piechart showing the fraction of genomic
regions of the ROI at promoters (red), genebodies (blue) or intergenic regions (grey); b) Distribution of
the width of genomic range of the ROI; c) Boxplot showing the enrichments at promoters, genebodies

or intergenic regions; d) Average read profile at promoters, genebodies, intergenic regions.

Pairwise comparison of ROIs

Chrokit can compare two different ROIs to evaluate their overlap and the enrichment
of chromatin features in the common sites or in sites present exclusively in one of the
two ROIs. For example, this function can be used to evaluate the consistency of
replicates in a ChIP-Seq experiments, the co-localization of two different transcription
factors or the co-occurrence of a transcription factor with open chromatin sites

detected by a DNase-Seq experiment.
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A Venn diagram is used to show such kind of overlaps (Figure 83a). Then, a boxplot or
a scatterplot show the enrichment of a genomic feature inside regions in common or
specific for each ROIs (Figure 83b).

The user can select different parameters in a dedicated panel, including the log2
transformation of read enrichments, the choice between total read coverage (rpm) or

read density (rpm/bp) or the minimum number of base pair to consider for the

overlaps.
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Figure 83: Chrokit evaluates overlaps between ROIs. a) Venn diagram showing the overlap
between two ROIs (A and B); b) scatterplot showing the read enrichments in genomic regions common
for both ROIs (black) or present in only one of the two ROIs (grey or red). This example shows the

overlap of peaks of a ChIP-Seq experiment.

Multiple ROIs analyses

When multiple (>2) ROIs are compared together, the program provides a heatmap
representation of the overlaps of chosen ROIs (Figure 84a) compared to a defined ROI
or multiple ROIs of reference (the “master” ROI). For example, a user can investigate
if a transcription factor whose binding was detected by ChIP-Seq co-localize with
other transcription factors, histone modifications or regions of open chromatin found
by DNase-Seq. The output is a heatmap in which overlapping regions are represented

by a color, while regions not overlapping are shown in white (Figure 84a).
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Then, the program outputs a matrix with the Jaccard index of all the pairwise
comparisons of the selected ROIs. Jaccard index is a measure of the amount of the
overlap between two genomic ranges, and is defined as the fraction between the
intersection and the union of the two genomic ranges.

Figures can be downloaded as *.pdf files and variables, such as the colors, the number
of bins in which the heatmap is divided and the clustering parameters of the heatmap

can be set by the user in a dedicated panel.
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Figure 84: Multiple ROI overlap is represented by a heatmap. a) Heatmap representing multiple
overlaps inside a reference ROI (the “Master” ROI) of other selected ROIs (A,B,C and D). Overlapping
ranges are depicted in red; b) heatmap showing the Jaccard index for each pair of selected ROIs inside

the master ROI.

Enrichments of features inside ROIs (1)

If signal intensities of specific chromatin features need to be evaluated, BAM files
must be associated to ROIs. Chrokit provides a heatmap representation of these
enrichments (i.e. a “quantitative” heatmap). When a ROI or multiple ROlIs are selected,

Chrokit returns a heatmap representing the enrichments of the BAM files associated
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(Figure 85a) using a color scale to display signal intensity. For example, if a user
needs to determine histone modifications, binding intensities of transcription factors
or accessible chromatin regions inside promoters, he can associate BAM files of those
chromatin features to the ROI corresponding to promoters and then obtain the
heatmap shown in Figure 85.

The heatmap is interactive: when variables are modified, such as the color saturation,
the number of bins or the clustering method, the heatmap is modified with the new
parameters. If a portion of the heatmap is selected by dragging the mouse cursor
(Figure 85a, blue area), different visualizations of enrichments are shown instantly in
a different panel, including profiles (Figure 85b, up) and boxplots (Figure 85b, down).

When the selected area is changed, all these plots are updated interactively.
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Figure 85: Quantitative heatmap shows read enrichments on specific region of interest. a)
Quantitative heatmap: given a reference ROI, the enrichments of associated BAM files (A-I) are shown
in red scale. When part of the heatmap is selected (blue area), the corresponding enrichments are

plotted as profiles (b, up), boxplots (b, down) or with other graphical representations.
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By default, only 2000 random genomic ranges out of the total are considered for the
heatmap representation to avoid memory overloads; this number is sufficient to
correctly represent the entire ROI; however, a user can change this parameter to

show all the genomic ranges available inside the ROI.

Enrichments of features inside ROIs (1)

The program has a dedicated section to carry out more accurate analyses on the
enrichments in ROIs. In this section, profiles and boxplot representation of the
enrichments are available (Figure 86a, b) as before (Figure 85b). Moreover, a
heatmap representing the pairwise correlations or partial correlations between
enrichments is produced in a lower panel (Figure 86¢); when a user clicks a square in
the correlation matrix corresponding to a combination of two enrichments, the
scatterplot of the pairwise correlation of these enrichments is drawn at the same time
(Figure 86d).

The user can set different parameters, including the log2 transformation of the
enrichments, the correlation method (“Pearson” or “Spearman”) and the number of
bins. Moreover, data table originating the boxplots can be downloaded for

downstream analyses.
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Figure 86: Chrokit provides multiple representations of enrichments inside ROIs. a) Profile of
the read enrichments of BAM files (A,B,C,D and E) associated to a specific ROI; b) boxplot of the
enrichments of BAM files associated to the ROI; c¢) matrix of the pairwise correlations of the
enrichments inside the ROI; d) Scatterplot of the pairwise correlations of two enrichments selected in
c). When a user clicks on one element of the correlation/partial correlation matrix, the corresponding

scatterplot of the pairwise correlation is drawn at the same time.

Analyses of enrichments within genes

Chrokit can compute the enrichment of chromatin features inside a specific subset of
genes; this can be useful for example when a user has to profile the Pol2 distribution
along up or downregulated genes determined by previous RNA-Seq experiments. In
this case, the user imports the gene lists as mentioned before (see paragraph 3.2,
page 135), and retrieves the promoters, transcripts and transcription end sites (TES)
related to each gene as ROIs. Then, he associates the BAM files of interest to the

subsets of promoters, transcripts and TES created before (for example, the BAM files
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of Pol2 ChIP-Seq in two or more different conditions). Then, Chrokit outputs three
different results. In the first, a meta-gene representation of the average profile of read
enrichment (Pol2 as example) is shown (Figure 87a); then, boxplots representing the
read density of the on promoters, along genebodies and on TES are shown in a lower
panel (Figure 87b). Finally, the cumulative reads on TSS, genebodies and the stalling
index are represented (Figure 87c). The stalling index is defined as the ratio between
the number of reads inside promoters and the number of reads in the genebodies.
This function can be also used to represent other features along genes, such as
chromatin accessibility found by DNase-Seq or specific histone modifications.
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Figure 87: Chrokit provides a “meta-gene” visualization of the enrichment of aligned reads. a)
average profile of read enrichments of A,B,C and D along genebodies (in this example, RNA Pol2) of
two ROIs (ROI1 and ROI2); b) Boxplots representing the enrichments calculated with the same BAM
file(s) on TSS, genebodies and TES of ROI1 and ROI2; c¢) cumulative reads on TSS, genebodies and
stalling index of A,B,C and D enrichments on ROI1 and ROI2.
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3.5  Efficiency and flexibility

Once Chrokit associates a BAM file to a RO, it can calculate the enrichments in a
variable number of bins inside selected genomic regions very fast (see materials and
methods, paragraph 2.2, page 132), thus making it an efficient program: only few
seconds are needed for most of the operations. The only two critical points are
session saving/loading and the association of BAM files to ROIs.

Usually, saving/loading a session requires 3/4 minutes with 10/20 ROIs each with
20000 ranges and 2/3 BAM files associated. The speed also depends on the storage in
which session files were saved: network storages are slower compared to local hard
drives, which, in turn, are slower compared to solid state drives (SSD).

The time needed for BAM association depends on the size of the ROI (both width and
number of genomic ranges), the size of the BAM file and the storage in which BAM
files were saved, but generally is less than 1 minute. If sufficient RAM is available
(about 4 Gb RAM/core) and multiple CPUs are present, multiple BAM files can be
associated in parallel to improve the speed.

The possibility to run the Chrokit web application on a remote machine, on any
operating system and to be accessed by different users simultaneously gives it an
extreme flexibility. The use of clusters in computational biology is now widespread
through research centers (Ocana and de Oliveira, 2015); they can concentrate the
most computationally-intensive tasks in dedicated, powerful machines. This program
can be run as a server inside a cluster and can be accessed and used through a web
browser by multiple users. Running this application in a cluster allows the session
files produced by the application to be shared between researchers, improving the
reproducibility and speed of the analyses. Given its web interface, when running on a
remote machine, the application can be accessed using different devices, such as

laptops, smartphones or tablets, thus providing high accessibility.

148



3.6 The graphical user interface

When the Chrokit application is executed, the server opens a socket on the machine
on a specific [P:PORT combination, that could be reached by any web browser. The
interface provides different tabs, according to the kind of analysis a user needs to
carry out.

The web page shows three main sections on the left. The first, “Input files” (Figure
88a), is dedicated to the import of input files: BED files, BAM files, databases and gene
lists. The second section (“Work with data”, Figure 88b) is dedicated to the analyses;
in particular, a user can create or modify ROIs or plot the results. Finally, the working

sessions can be saved or loaded using the last section (Figure 88c).
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Figure 88: Sections of Chrokit graphical user interface. a) Section to import files in BED and BAM
format, databases and list of genes; b) Section to create, modify ROIs and perform genomic analyses; c)

Section to save/load working sessions.

Two subsections are available inside “Work with data” section: “ROI management”

and “Genomics” (Figure 88b). In “ROI management” it is possible to create, delete, or
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rename and reorder ROIs (Figure 89a, b and c, respectively), annotate ROIs using
different criteria (Figure 89d), modify the genomic range of the ROIs (Figure 89e),
view ROI features (Figure 89f) or download them (Figure 89g) and associate, rename

or reorder BAM files associated to ROIs (Figure 89h, i).
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Figure 89: Tabs in “ROI management” subsection. Chrokit can manage ROIs: a) create new ROIs
(see Figure 80); b) delete existing ROIs; ¢) rename or change the order of the ROIs; d) annotate ROIs to
the corresponding genes; e) modify ROIs (see Figure 81); f) view the number or width of genomic
ranges of a ROI; g) download ROIs as tables; h) associate or remove BAM files; i) rename or reorder

BAM files associated to a ROL.

The output plots can be obtained using the tabs inside “Genomics” subsection (Figure
88b). In particular, single (Figure 90a) or pairwise (Figure 90b) ROI evaluation can be
performed, together with the heatmap representation of multiple overlaps (Figure
90c) and quantitative heatmaps of the enrichments (Figure 90d). Finally, pairwise
matrix correlation of the enrichments and read profiles on genes can be visualized

using the last two tabs (Figure 90e, f)
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Figure 90: The “Genomics” subsection. This screenshot shows the tabs contained in “Genomics”
subsection. a) single ROI evaluation (see Figure 82); b) comparison between two ROIs (see Figure 83;
c) overlaps between multiple ROIs (see Figure 84); d) quantitative heatmaps (see Figure 85); e)
correlation matrix and pairwise correlation between enrichments (see Figure 86); f) met a-gene

profiles inside ROIs (see Figure 87).
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4 Discussion

The analysis of genomic data is a challenging task in bioinformatics field and requires
the development of specific tools to handle next-generation sequencing data. For this
purpose, we developed Chrokit, an open source, multiplatform web application that
allows working with genomic regions and visualizing data in an intuitive and
interactive way with its graphical user interface. Chrokit could be executed on local
machines, given its low hardware requirements. However, when run on powerful
machines, many users can access the application simultaneously with any kind of
device, thus providing high flexibility. Requiring only an R interpreter and few R
libraries make the installation of this program straightforward and multiplatform,
since the interpreter is available for all commonly used operating systems (Windows,
Linux, MacOS).

Novel features have to be implemented to improve Chrokit functionality, such as the

integration with RNA-Seq data and geneset enrichment analyses.
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