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Chapter1

Breast Cancer
Breast cancer is the leading cause of death among women worldwide.! The

highly heterogenous and complex nature of the disease, characterized by di-
verse biological and histological features influence the breast cancer progno-
sis and response to the treatments. To overcome this heterogeneity and tai-
lor the treatment options, breast cancer has been subcategorized into four
groups based on the expression of estrogen receptor (ER), progesterone re-
ceptor (PR) and human epidermal growth factor receptor 2 (HER2); Luminal
A, Luminal B, Human epidermal growth factor receptor 2 enriched (HER2*)
and Triple-negative Basal-like.?

Luminal A tumors accounts for the most prevalent subtype with ER, PR and
low Ki67 expression (a proliferation marker) but not HER2. It shows good
prognosis and hormone therapy response. Compared to Luminal A, Luminal
B has a higher level of Ki67 expression, causing a worse prognosis. It repre-
sents 20% of luminal tumors and expresses ER, PR and Her2. The Her2 en-
riched subtype is characterized by overexpression of Her2 and absence of ER
and PR. HER2+ breast tumors are associated with poor prognosis and require
therapies targeting Her2 such as trastuzumab.>* The last subtype Basal-like
lacks ER, PR and Her2 expression. The high metastatic potential and the ag-
gressiveness of TNBC tumors result in poor prognosis and survival out-
comes.>®

While this categorization based on the molecular markers guides the disease
prognosis and treatment strategies, metastasis remains a major challenge for
achieving therapeutic success. Metastasis accounts for more than 90% of
cancer related deaths. It has been previously reported that the interactions
between the components of tumor microenvironment (TME) (extracellular
matrix, tumor cells, fibroblasts, blood and lymph vessels, immune cells and
cytokines) promotes tumor progression and metastasis.”° Therefore, it is
crucial to identify key molecules and processes modulating the TME to chan-
nel novel targeted therapies to combat metastasis.
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Figure 1: Association of breast cancer molecular subtypes with metastasis.
Organ-specific metastasis of breast cancer is governed by the molecular subtypes
of breast cancer. The most prevalent metastatic site in breast cancer patients is
the bone, followed by the brain as the second most common site, with the liver
and lungs being subsequent sites. (Created by Biorender.com)

Grainyhead-like transcription factors

Transcriptional regulatory networks play pivotal roles in embryogenesis,
wound healing and disease-onset (e.g., cancer) in humans. The Grainyhead-
like (Grhl) family of transcription factors belong to such group of genes. It was
initially identified in Drosophila melanogaster which harbor an embryonic
mutation, resulting in a unique head defect phenotype characterized by
holes in specific large cuticular regions and abnormal cuticular structures.’
Three orthologues of Grhl; GRHL1-3 are expressed in mammals.’>'* GRHL
transcription factors consist of an N-terminal transactivation domain, a DNA
binding domain homologous to tumor suppressor gene p53, a DNA binding
domain, and a C-terminal dimerization domain, enabling GRHL proteins to
form homo and heterodimers.'

11



Chapter1

GRHL family members exert tissue-specific functions during mammalian de-
velopment by being involved in the regulation of neural tube closure,*>¢ for-

17,18 skin barrier function,*>%°

mation of the lungs, and epithelial morphogen-
esis.?! They are also involved in the repair of epidermal barrier after tissue
damage modulated by receptor tyrosine kinases.?? These important roles are
facilitated in part by the negative regulation of epithelial-mesenchymal tran-
sition (EMT); a cellular process where epithelial cells lose apical-basal polarity
and cell-cell adhesion through downregulation of epithelial genes?*? (i.e. E-
cadherin, OVOL2) enabling to gain mesenchymal features such as motility,
invasion and plasticity through upregulation of mesenchymal genes (i.e.;
ZEB1, Vimentin SNAIL1).2> EMT in embryonic development also lead to the
differentiation of germ layers (ectoderm, endoderm and mesoderm), giving
rise to the formation of different organs.2® The members of GRHL family act
as master regulators of epithelial characteristics and drive the establishment
and maintenance of tissue integrity and epithelial differentiation in the em-

bryonic development and tissue homeostasis.

In addition to their roles in the developmental processes, GRHL family tran-
scription factors have been linked to various types of cancer including breast

28,29

cancer,”®?” lung cancer,?®% ovarian cancer,*® colorectal cancer (CRC),3*2 skin

3334 and neuroblastoma.®® This association is characterized by the dis-

cancer,
ruption of the epithelial integrity and the dysregulation of growth and sur-
vival pathways, exhibiting both tumor suppressive and supportive functions,

in part through modulation of EMT.3¢-38

Deregulation of GRHL1 and GRHL3 in cancer

GRHL1 has been associated with squamous cell carcinoma of the skin. Grhl1l
deletion in mice resulted in skin barrier defects, accompanied by more chem-
ically-induced skin tumor formations.3 This implied that GRHL1 functions as
a tumor suppressor gene. Another significant role of GRHL1 as tumor sup-
pressor has been reported in neuroblastoma. GRHL1 was identified as an
early response gene to the treatment with histone deacetylase inhibitors. Its
overexpression in neuroblastoma cell lines inhibited proliferation and ham-
pered anchorage independent growth. Neuroblastoma patients with high

12
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GRHL1 expression had favorable prognosis.® In contrast, a tumor promoter
function of GRHL1 in cell-cycle regulation via EGFR-ERK axis has been shown
in lung cancer.?®

Similar to GRHL1, GRHL3 also exhibits context-specific activities in multiple
tumors types. GRHL3 was found to be expressed mainly in early stage and
hormone receptor positive breast cancers and decreased GRHL3 expression
was observed during tumor progression. This indicated a possible function of
GRHL3 in suppressing the tumor growth.3® However, an overexpression study
of GRHL3 in skin and breast cancer cell lines showed the direct transcriptional
repression of E-cadherin by GRHL3, resulting in induction of cell migration
and invasion.*® Furthermore, decreased GRHL3 expression levels promoted
EMT and deregulated MAPK/ERK pathway in CRC cells, demonstrating the
tumor promoter role of GRHL3.*! In addition to CRC, reduced levels of GRHL3
in squamous cell carcinoma of the skin also contributed to the tumor pro-
gression and upregulated of the oncomir miR-21, an indicator of malignant
transformation.*?

GRHL2 transcription factor in tumorigenesis

GRHL2 is located on the chromosome 8g22 within human genome, a region
that is commonly amplified in different tumor types.** Dysregulation of
GRHL2 expression has been linked to numerous cellular processes, affecting
the tumor progression and metastasis. In this regard, GRHL2 confers both tu-

mor suppressive***> 4647

and oncogenic roles in cancers.
GRHL2 as a tumor suppressor

It has been demonstrated that the overexpression of GRHL2 expression pre-
vented the invasive and migratory capabilities of gastric cancer cell lines and
transforming growth factor-B (TGFB)-induced EMT in both gastric cancer*®
and oral carcinogenesis.* Downregulation of GRHL2 expression in lung can-
cer cell lines induced partial EMT -a hybrid state where the expression of both
epithelial and mesenchymal genes coexists- by influencing the cell prolifera-
tion and colony formation.?° Moreover, functional studies on GRHL2 expres-
sion revealed that GRHL2 inhibits EMT through its direct interactions with E-

13
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cadherin and ZEB1. Silencing GRHL2 expression in a human mammary epi-
thelial cell line resulted in downregulation of E-cadherin (CDH-1) expression
and EMT. *° ZEB1 was found to interact with the GRHL2 promoter upon acti-
vation of an important EMT-supporting pathway, Transforming growth factor-
B (TGF-B), thereby suppressing GRHL2 in different cancer types including
breast cancer and colorectal cancer.®*! In contrast, it has been shown that
GRHL2 also inhibits ZEB1 expression by upregulating the miR200b/c, a known
EMT suppressor.>? These results suggested a double negative feedback loop
between GRHL2 and ZEB1 in the regulation of EMT and tumor progression. A
direct and indirect regulation of epithelial phenotype via GRHL2 is further
represented in Figure 2.

MMP2/7/9—> Invasion

miR200b/a <— | GRHL2 ~ (ERH) [ SRit2
2 N Toromoter Jexoniten] | [
LBX1 \N\ N rwist CLON4 C2i
Sixl T ZEB1  SNANR2 ERBB

A
ARHGEF19 H3K27me3 ¥
\ H3K4me3 4

pSOO‘
NK klllmg GRHL2 miR-133a
ircTNRC1
v l circ J C18

ICAM-1 E-cadherin § GRHL2
GRHL2 p- B-catenin miR-762

N-cadherin ¢
— / Vimentin 4

@Wf? L EsRed
~GRHL2

’\_/
H3K27me3
H3K27Ac | * ESRP1
@ CpG melhylahon ovoL2
G -ketoglutarate
\ GRHL2

GLUD1

Figure 2: Complex regulatory loops illustrating GRHL2-mediated EMT suppres-
sion.

Here, a double-negative feedback loop between GRHL2 and ZEB1 is indicated
upon GRHL2 suppression by ZEB1. Additionally, miR-200 is a direct target of
GRHL2, thereby allowing the regulation of ZEB1 and EMT by GRHL2. GRHL2 bound
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to the promoters of RAB25, CLDN4, ARHGEF19, and ERBB as well as intron of E-
cadherin/CDH1, resulting in alterations in histone methylation. GRHL2 also inhib-
its SNAI2, TWIST1 and TGF-beta/Wnt-induced EMT. Furthermore, it increases
ICAM-1 expression and the sensitivity of NK killing via KMT2C/D interactions and
inhibition of p300. GRHL2 is downregulated by miR-133a, resulting in decreased
ESRPlexpression and EMT inhibition. MiR-762 reduction by circTNRC18 increases
GRHL2 expression. EMT enhances mitochondrial oxidative phosphorylation ac-
companied by the overall declined level of ROS and increased GLUD1 expression
which is restored by GRHL2. EMT elevates mitochondrial oxidative phosphoryla-
tion, leading to a decrease in ROS levels and an increase in GLUD1 expression. This
effect is reversed by GRHL2. (Adopted from He J. et.al.; 2020)

GRHL2 as an oncoprotein

Several studies have also attributed a tumor supportive role for GRHL2. A
study with colorectal cancer cell lines identified GRHL2 as an oncoprotein due
to its ability for enhancing cell viability and decreasing apoptosis through
PI3K/Akt pathway.?! Increased GRHL2 expression has been associated with
poor prognosis and resistance to cisplatin, regulated by via ERK/MAPK signal-
ing in ovarian cancer.>® GRHL2 also employed oncogenic roles in lung cancer
by stabilizing partial EMT; a hybrid epithelial/mesenchymal phenotype that
holds a higher metastatic potential than the mesenchymal state.?* Lastly, it
has been found that GRHL2 functions as a key player for telomerase activity
by controlling hTERT expression, thereby enhancing the viability of tumor
cells.>

Role of GRHL2 in stemness and epigenetic requlation

A mechanism based mathematical modeling analyzed the tumor initiating
potential (stemness) of GRHL2 in stemness through EMT. GRHL2-centered
positive and negative feedback loops including ZEB1 and SNAIL constituted a
regulatory network between GRHL2 and stemness associated genes such as
Oct4 and LIN28.2% Direct regulation of Oct4 by GRHL2 modulated the stem-
ness and plasticity in oral cancer cells.*” Notably, decreased GRHL2 expres-
sion enabled pancreatic cancer cells to retain their stem-like characteristics,
including self-renewal capacity and resistance to anoikis.*®
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Multiple studies have examined the interaction between GRHL2 and epige-
netic modifiers, particularly Histone deacetylases (HDACs). HDACs are en-
zymes that induce loss of gene expression through chromatin condensation,
impacting cellular processes such as cancer stemness, cell proliferation, and
EMT.>® The induction of GRHL2 suppresses the expression of mesenchymal
proteins like ZEB1 and SNAI2 and augments apoptosis mediated by HDAC in-
hibitors in glioblastoma.®® In a study on Basal-like breast cancer, the mecha-
nisms behind cell survival upon treatment with conventional therapy were
linked to the loss of histone acetylation by H3K27ac, a known transcription
enhancer, at regulatory regions of epithelial master regulators like GRHL2.*’

GRHL2 in breast cancer

GRHL2 exhibits context-specific and subtype-specific functions in breast can-
cer, similar to its behavior in other cancer types. The role of GRHL2 in main-
taining epithelial phenotype of breast cancer cells was highlighted above.
This was further supported by Werner et al., who demonstrated that GRHL2
knockdown led to the downregulation of its target gene Erbb3, resulting in
phenotypic and genotypic changes related to EMT in Basal subtype of breast
cancer cells.”® In contrast, elevated expression of GRHL2 has been associated
with increased metastatic potential and poor relapse-free survival in breast
cancer patients.>®

Downregulated GRHL2 expression was observed in the Basal-B subtype.*® Ac-
cumulating evidence suggested a specific role for GRHL2 in modulating tran-
scriptional activity of ER in hormone receptor positive breast cancer. A virtual
ChlIP-seq based network analysis revealed that GRHL2 restricts estrogen tran-
scriptional activity by downregulating the estrogen responsive enhancer
RNAs.%0 In Tamoxifen-resistant breast tumors, FOXA1, a pioneer factor for ER
transcriptional activity, has been discovered to interact with GRHL2. This in-
teraction further regulated the LYPD3/AGR2 complex, promoting therapy re-
sistance.®® It was further shown that GRHL2 not only controls the ER activity
but also prevents estrogen-induced migration of ER-positive breast cancer
cells.52 Altogether, these studies manifest a multifaceted role for GRHL2 func-
tion across multiple breast cancer subtypes.
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Role of GRHL2 in immune modulation

The immune landscape of the TME is heterogenous and determines tumor
progression. Therefore, it is important to understand the dynamic interplay
between tumor and immune cells.®®* The immune cells exert functional adap-
tations to the local TME and perform dual roles. These can be tumor growth
promoting: Regulatory T cells (Treg), M2-like Tumor-associated Macro-
phages, Mast cells, Innate Lymphoid Cells type 2 and 3 (ILC2/3). Or they can
be tumor growth inhibiting: Natural killer cells (NK) and Tumor infiltrating
CD4+ and CD8+ Lymphocytes (TILs), Dendritic cells (DC).®* During tumor pro-
gression, tumor cells adopt several immune evasive mechanisms to limit in-
filtration of anti-tumor immune cells and impair their cytotoxic or effector
functions.®® An overview of immune evasive mechanisms in breast cancer is
shown in Figure 3.

Besides enabling the tumor cells to gain the cellular plasticity, EMT also con-
fer immune evasion in different cancer types including breast cancer.®® It has
been previously reported that diverse epithelial and mesenchymal pheno-
types modulate the sensitivity to the immune cells, thereby determining the
therapy response in metastatic melanoma patients.®’” A comprehensive study
on immune infiltration in breast cancer patient tumors revealed a correlation
between EMT signature and the immune response by using the expression
of epithelial markers associated with EMT. It has found out that in the triple-
negative tumors and poorly differentiated tumors where E-cadherin and
GRHL2 expression was downregulated, the inflammatory infiltrate was more

t.%8 This was further supported by Song S. et.al, demonstrating the

prominen
inverse correlation between GRHL2 expression and CD8+T cell infiltration in
breast tumors.®® Moreover, type | interferon (IRF1) has been identified as a
direct target of GRHL2 and GRHL2 upregulated the expressions of both IRF1
and IRF3; stimulants of immune responses. Therefore, high GRHL2 protein
expression was found to be associated with suppression of tumor recur-
rence.?’ Regulation of interferon response genes by GRHL2 has been also
demonstrated in another study. Upon GRHL2 overexpression, an interaction
of GRHL2 with two the histone methyltransferase genes was formed and this

further induced mesenchymal-epithelial transition and sensitized the cells
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NK cell mediated killing.”® Lastly, in gastric cancer, GRHL2/ZEB1 axis was
shown to regulate PD-L1 downregulation -a critical factor for T-cell mediated
cell killing- via a direct target of GRHL2, miR-1290, resulting in immune eva-
sion.”!

B- cell

Figure 3: The mechanisms of immunosuppression in breast TME.

The tumor microenvironment (TME) harbors various resident cells, pivotal for tu-
mor progression and metastasis. These cells, along with their secretory elements
and receptors such as cytokines, chemokines, and growth factors, form a complex
network. This diverse network actively promotes an immunosuppressive TME.
(Adopted from Akinsipe T. et.al., Frontiers in Immunology, 2024)

Aim and scope of the thesis

This thesis aimed to decipher GRHL2-mediated signaling networks, cellular
processes and targetable vulnerabilities in multiple breast cancer subtypes to
identify novel therapeutic avenues for breast cancer. We discuss how the in-
terplay between cellular plasticity and mechanical cues in the TME enable
tumor cells to navigate during dissemination, providing an overview of ther-
apeutic opportunities to prevent metastasis in chapter 2. We explore DNA
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binding sites as well as direct and indirect targets of GRHL2 in luminal breast
cancer in chapter 3. ChIP-seq analysis revealed few overlapping binding sites
of GRHL2 with ERa in luminal breast cancer cell lines. We found the direct
and indirect targets of GRHL2 in response to GRHL2 loss in luminal breast
cancer using Bru-seq. An integrative analysis of ChIP-seq and Bru-seq data
identified distinct gene regulatory networks controlled by GRHL2 in luminal
breast cancer, differ from those in other tissues. Chapter 4 demonstrates the
shared and distinct roles for GRHL2 in growth and motility of luminal and
basal breast cancers. A common outcome of GRHL2 deletion was character-
ized by cell cycle arrest. We observed a reduction in epithelial markers par-
ticularly in the luminal line while mesenchymal markers were induced only in
basal cells alongside enhanced migration in response to GRHL2 loss. This is
further confirmed by an in vivo model with silenced GRHL2 which demon-
strated reduced primary tumor growth and fewer lung colonies, indicating
that growth suppression predominated upon GRHL2 deletion. We focus on
delineating GRHL2-mediated drug resistance/sensitivities in the Basal B sub-
type of breast cancer in Chapter 5. GRHL2 overexpression did not result in
any MET-like changes in Basal B cell line in contrast to the literature previ-
ously reported. We also didn’t find an effect of elevated GRHL2 expression
on the cellular proliferation. A kinase inhibitor approach was implemented
on GRHL2 overexpressing Basal B cells that four kinase candidates have been
associated with the presence GRHL2. However, this needs further validations
to confirm GRHL2 mediated responses. Chapter 6 focuses on the impact of
GRHL2 deletion in immune modulation via NTSE/CD73 in luminal breast can-
cer. Loss of GRHL2 increased the expression of NTS5E/CD73, resulting in ele-
vated levels of adenosine production in the TME. This further enhanced the
CD8+ T cell migration. In chapter 7, we provide an overview of the research
presented in this thesis, accompanied by the discussions and future perspec-
tives. Overall, this thesis unveils the novel regulatory roles of GRHL2 across
breast cancer subtypes and highlighting novel GRHL2-mediated pathways for
potential therapeutic interventions in breast cancer.
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Abstract

Despite the fact that different genetic programs drive metastasis of solid tu-
mours, the ultimate outcome is the same: tumour cells are empowered to
pass a series of physical hurdles to escape the primary tumour and dissemi-
nate to other organs. Epithelial-to-mesenchymal transition (EMT) has been
proposed to drive the detachment of individual cells from primary tumour
masses and facilitate the subsequent establishment of metastases in distant
organs. However, this concept has been challenged by observations from
pathologists and from studies in animal models, in which partial and transi-
ent acquisition of mesenchymal traits is seen but tumour cells travel collec-
tively rather than as individuals. In this review, we discuss how crosstalk be-
tween a hybrid E/M state and variations in the mechanical aspects of the tu-
mour microenvironment can provide tumour cells with the plasticity required
for strategies to navigate surrounding tissues en route to dissemination. Tar-
geting such plasticity provides therapeutic opportunities to combat metasta-
sis.

Introduction

Metastasis is the major cause of mortality associated with solid tumours. Tu-
mour cells escape from the primary tumour mass, move through surrounding
tissues, enter the circulation, and colonize distant organs to form secondary
tumours. During this process, tumour cells have to navigate mechanical hur-
dles consisting of various extracellular matrix (ECM) structures and layers of
cells. Cross talk between intrinsic properties of the tumour cells and mechan-
ical aspects of their surroundings drives cellular plasticity that enables tu-
mour cells to make this journey.

The cells of solid tumours are typically surrounded by a dense fibrotic tissue
composed of cellular and acellular elements — the tumour microenviron-
ment (TME) — which plays an active role in the aggressive metastatic behav-
iour of cancer.%? The TME comprises cancer-associated fibroblasts (CAFs),
blood vessels and lymphatic vessels, immune-inflammatory cells, and neuro-
endocrine and adipose cells, all of which are embedded in an ECM, a struc-
tural network that sustains and shapes the three-dimensional architecture of
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tissues and organs. Within the TME, tumour cells are subjected to chemical
(cytokines, growth factors) and physical cues that originate from the cellular
elements as well as from the ECM. Together, these cues impinge on cellular
signalling cascades in tumour cells thereby promoting tumour development
and metastasis.

What triggers a cluster of tumour cells to transit to a motile state, crawl
through surrounding tissues, and start the metastatic process? One concept
is that this involves an epithelial-to-mesenchymal transition (EMT; Fig. 1),
whereby epithelial cells lose their cell-cell contacts and apico—basal polarity,
and acquire features of mesenchymal cells, allowing them to migrate and in-
vade.? This process is orchestrated by signalling molecules such as transform-
ing growth factor (TGF)-B and Wnt, which induce downstream pathways that
regulate a network of transcription factors to control the balance between
key epithelial proteins (including mediators of cell—cell adhesion such as E-
cadherin and claudins) and mesenchymal proteins (such as vimentin).>*® Tran-
scription factors such as TWIST, SNAIL and ZEB induce EMT whereas GRHL2
and OVOL2 suppress EMT.>” EMT is important in embryonic development for
cell migration and regulation of tissue differentiation and homeostasis,®° but
has also been associated with cancer initiation, development, and progres-
sion.”1%1 However, the idea that a full transition from an epithelial to a mes-
enchymal state is required for metastasis has been challenged by observa-
tions from pathologists and studies using genetically-modified mouse mod-
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Figure 1: EMT regulates cell migration strategies. Upper row: During epithelial—
mesenchymal transition (EMT), epithelial cells lose their tight intercellular
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junctions, form a transient hybrid E/M phenotype, and eventually lose their epi-
thelial features while gaining mesenchymal features. This process is driven by a
series of changes in gene transcription programs. Lower row: migration strategies
shift from collective migration, to migration with a high degree of plasticity, to in-
dividual migration as EMT progresses.

An alternate concept explaining how groups of (cancer) cells may initiate
movement is derived from active matter physics. It describes how changes in
mechanical and geometric parameters such as extracellular pressure, cell
density, and cortical tension, can trigger a shift from solid to fluid-like behav-
iour in cell clusters, without the need for transcriptional alterations such as
those underlying EMT®? (Fig. 2). This shift is referred to as “unjamming” and
transient shifts between jammed and unjammed states likely occur as tu-
mour cell clusters navigate mechanical hurdles during the metastatic process.
Notably, tumour cells are known to adopt a state referred to as partial EMT
or a hybrid E/M state where epithelial and mesenchymal markers are com-
bined. Crosstalk between mechanical aspects of the TME and the hybrid E/M
state may drive plasticity and prime tumour cell clusters to unjamming,
thereby allowing tumour cells to adapt to, and navigate physical hurdles and
increase their metastatic potential.

= z@ =
— S1®rers
=g P =
Cell cortical tension
Cell density
External pressure
Jammed Unjammed

Figure 2: Unjamming transitions as an alternative means to trigger migration.
Clusters of cells can switch between solid-like (jammed) and fluid-like (unjammed)
states. In this case, changes in mechanical and geometric parameters in the tissue
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can trigger fluidization (unjamming) in absence of the changes in gene transcrip-
tion required for EMT.

Here, we focus on the early stage of the metastatic cascade where tumour
cells leave the primary tumour, invade surrounding tissues, and enter the cir-
culation. We present an overview of mechanical properties of the TME and
discuss roles for (partial) EMT and unjamming in tumour cell migration strat-
egies. We then explore bidirectional cross talk between the TME and partial
EMT and discuss how this may contribute to plasticity and unjamming. While
a detailed description of underlying molecular pathways is beyond the scope
of this review, we discuss candidate therapeutic opportunities for targeting
the TME and the hybrid E/M state to break crosstalk and plasticity in order to
interfere with metastatic strategies.

Mechanical aspects of the TME

Tumour cells are subjected to multifaceted physical cues within the TME.?
Increased stiffness and pressure, both solid and fluid, are the main macro-
scopic mechanical alterations that can be observed in the tumour bulk.

Mechanical alterations within the TME

The components of the TME are not malignant per se — in fact, they are an
important source of support for tissues in physiological conditions. However,
as cancer progresses, many of these components are exploited by the tu-
mour cells, causing a change in the mechanical properties of the TME. For
example, CAFs can arise from resident fibroblasts and become activated in
response to the release of growth factors such as TGF-B to acquire a tumour-
promoting function.? This process triggers a series of intercellular feedback
loops: tumour cells recruit and activate stromal cells; these stromal cells con-
tribute to the increased production and secretion of ECM, which, in turn,
stimulates tumour progression. Ultimately, these events result in a stiffer
TME, which confers increased resistance to physical deformation. This alter-
ation in tissue tensional homeostasis has been reported to enhance cancer-
ous transformation.’®'” The dysregulation of ECM deposition, named
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desmoplasia, involves not only changes in terms of ECM quantity, but also its
architecture and organisation.® In particular, the main components of ECM
that are dysregulated and associated with cancer progression are fibrillar col-
lagens, fibronectin and hyaluronic acid (HA).? These alterations in ECM con-
tribute to the increased stiffness of the TME, which has been associated with
increased malignancy and invasiveness in pancreatic ductal adenocarcinoma,

breast cancer, colorectal cancer and prostate cancer.2%?*

Besides alterations in stiffness, the mechanical TME is affected by increased
solid and interstitial pressure as the tumour increases in size. ECM compo-
nents such as HA and proteoglycans absorb water, which leads to an increase
in solid pressure due to the resistance conferred by the surrounding tissue.
In addition, proliferation of tumour cells generates solid pressure, as an in-
creased uptake of soluble factors results in enhanced conversion into insolu-
ble biomass.?> Expansion of the tumour bulk compresses tumour-associated
blood and lymphatic vasculature, which, in turn, can affect the vascular in-
tegrity, ultimately leading to leaks and impaired drainage of lymphatic ves-
sels. This impairment of the normal function of vessels leads to an increase
in interstitial fluid pressure, which contributes to therapy resistance by inhib-
iting drug delivery to the tumour.?® In addition, impaired vascular integrity
creates hypoxic regions, which induce activation of the transcription factor
hypoxia-inducible factor (HIF)-1a, leading to tumour invasion and promotion

of angiogenesis.6?’

Active cellular mechanical remodelling of the TME

The physical alterations that occur within the tumour stroma are not just pas-
sive consequences of tumour growth. Tumour cells and CAFs actively change
the mechanical properties of the TME through their interaction with the
ECM. They adhere to ECM components through integrin receptors and use
contractility mediated by the actin cytoskeleton and myosin motors to apply
force onto these adhesions, causing cell-mediated deformation of the ECM
proteins (termed strain stiffening), which contributes to the stiffening of tu-
mour stroma.?® In a positive-feedback loop, the stiffer environment triggers
an increase in actomyosin contractility and force application by tumour cells,
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causing further ECM stiffening.?® The tensile forces on the ECM also lead to
the unmasking of new binding sites for integrins, further promoting cell-ECM
interactions.??° In addition, tumour cells and CAFs remodel the ECM by en-
hancing collagen alignment through a process that requires contractility me-
diated by the GTPase Rho and its downstream effector Rho-associated kinase
(ROCK), which has been associated with tumour invasion and attraction of
vascular endothelial cells.332 Moreover, tumour cells can enhance crosslink-
ing of collagen fibres in the ECM, which further augments stiffness of the tu-
mour stroma. The main enzymes responsible for this crosslinking are tissue
transglutaminase 2 and lysyl oxidases (LOXs), the expression of which is up-
regulated in several solid tumours. LOX enzymes, in particular LOX2, are up-
regulated in response to hypoxia and high levels of TGF-B, both of which are
characteristic of the TME and associated with tumour progression and me-

tastasis.?>3334

The altered mechanical cues in the TME help to create a niche that supports
tumour growth, invasion of surrounding tissues, and therapy evasion. Tu-
mour cells sense the above-mentioned mechanical changes and transduce
the mechanical input into intracellular biochemical signalling.>> A force-trans-
mitting cytoskeleton is essential for cells to sense the mechanical properties
of the environment and several signal transducers have been implicated in
this process, including ion channels, cell matrix adhesion complexes and
membrane-associated phospholipases. Within cell matrix adhesion com-
plexes, mechanoresponsive elements including integrin receptors and asso-
ciated cytoplasmic proteins such as focal adhesion kinase (FAK)3® couple the
ECM to the cytoskeleton across the plasma membrane, providing mechanical
homeostasis between cells and the ECM.*” In conjunction with chemosen-
sory signalling pathways (such as those activated by TGF-B and hypoxia men-
tioned earlier), this bidirectional signalling controls cell shape and migratory

and invasive behaviour, as well as cell survival and proliferation.3%3°

Tumour cell migration: EMT and unjamming
Changes in the TME induce adaptive mechanisms, such as metabolic repro-
gramming in tumour cells, that, in addition to the intrinsic lack of
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homogeneity within tumours, contribute to the generation of tumour cell
populations with diverse gene expression patterns and phenotypic features
within a tumour mass.*®*! This ‘intra-tumour heterogeneity’ provides plastic-
ity and confers a survival advantage on tumour cells to migrate, invade and
reach distant organs.**** The conversion from a localized tumour to a full
blown, disseminated cancer requires that tumour cells activate migration.
EMT and unjamming represent two concepts explaining the acquisition of
migratory capacity in tumours.

EMT

EMT can contribute significantly to tumour heterogeneity and plasticity and
has been proposed to drive the initiation of metastasis.'*** For example,
ErbB2 is a metastasis-promoting oncogene that is frequently overexpressed
in non-invasive ductal carcinoma in situ. However, only a subset of ErbB2-
overexpressing cells progressed to invasive breast cancer in animal models
and patient tumours and in this subpopulation ErbB2 was accompanied by
overexpression of 14-3-3Z, which led to EMT.*® The notion that EMT repre-
sents a critical step for the initiation of metastasis is challenged by the lack of
evidence for EMT in the histopathology of metastatic tumour tissues as well
as in several studies using animal models.1>144748 For example, depletion of
the key EMT-promoting factors SNAIL or TWIST in a mouse model for pancre-
atic cancer or lineage-tracing using Fsp1 as an EMT marker in a mouse model
for breast cancer failed to support a role for EMT in metastasis.'***4” On the
other hand, a study using loss of E-cadherin as an EMT marker in a mouse
model for breast cancer, associated the occurrence of spontaneous EMT in a
small subpopulation of tumour cells with increased migration capacity.*® The
interpretation of studies in favor of- and arguing against a critical role for EMT
remains an ongoing debate.*! Importantly, defining EMT based on the ex-
pression of a single marker underestimates the dynamic nature of EMT as
this process is likely to be a transient event in cancer.>> Moreover, EMT is a
non-linear program that can be defined and controlled by distinct gene net-
works in a cancer-type specific manner.>>** It has been shown that a pro-
metastatic effect of EMT depends not only on the final state but on the mo-
lecular route that leads tumour cells to that state.> The reverse process,
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mesenchymal-to-epithelial transition (MET), occurs as tumour cells arrive at
distant organs, and might be important for the formation of metastatic le-
sions, as disseminated tumour cells locked in a mesenchymal state fail to ef-

fectively colonise these organs.*°68

Notably, EMT also plays a role in other cell types in the TME including the
generation of CAFs. CAFs can originate from normal resident tissue fibro-
blasts>® or mesenchymal stem cells.®® In addition, CAFs can arise from epithe-
lial cells through EMT or from endothelial cells through endothelial-to-mes-
enchymal transition (EndMT) and both conversions are induced by TGF-B.6%62
It is largely unknown how these CAF populations differ in functionality, but
they are all characterized by a myofibroblast phenotype that drives stiffening
of the TME as described above.

Partial EMT or hybrid E/M

Rather than a complete EMT, transient subtle changes in the balance be-
tween pro- and anti-EMT transcription factors that result in a partial EMT or
‘hybrid E/M’ state might be more relevant in the context of cancer (Fig. 1).
Indeed, both epithelial and mesenchymal markers can be co-expressed in a
single tumour cell in hybrid E/M and a range of intermediate states may exist.
6366 One advantage of maintaining an epithelial phenotype, such as expres-
sion of E-cadherin in a hybrid E/M state is an increased survival fitness
through cell-cell contacts in tumour clusters in the circulation.®” Hybrid E/M
is also associated with increased stemness, which, in turn, is linked to ele-
vated plasticity and self-renewal capacities as compared to completely E or
M states in breast cancer.5#%%%° Additionally, a tumour that harbours subpop-
ulations of cells residing at different stages of a fluid, cancer-associated hy-
brid E/M state might have an optimal capacity to cope with variations in the
TME and progress towards metastasis. A hybrid E/M state confers phenotypic
and molecular diversity, which provides cellular plasticity, empowering tu-
mour cells to navigate various physical hurdles during their journey to meta-
static sites while maintaining expression of epithelial markers and intercellu-
lar adhesion.>7:646570-73 |ndeed, in a mouse model for breast cancer, a hybrid
E/M state induced the formation of tumour cell subpopulations with varying
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degrees of invasiveness and metastatic potential.® The existence of hybrid
E/M cell populations and their association with enhanced metastatic features
including migration and intravasation, were corroborated by studies on ovar-
ian and pancreatic cancers.”*”> A biophysical model also showed that hybrid
E/M states give rise to heterogeneous clusters migrating collectively and
leading to the circulating tumour cell clusters as observed in animal models
and patients.”®

Unjamming transitions

The collective movement of cell clusters has also been studied using princi-
ples from active matter to describe transitions between arrested (“jammed”)
and moving states (“unjammed”) in cell aggregates.”’ In this case, changes in
mechanical and geometric parameters in the tissue trigger fluidization in ab-
sence of EMT® (Fig. 2). In epithelial cells grown as a monolayer, introducing
a wound or perturbing endocytosis induces unjamming and creates a transi-
tion from a static to a flowing state.”®®° Likewise, compressive stress mimick-
ing a bronchospasm triggers a transition in a monolayer of airway epithelial
cells from a solid-like jammed phase to a fluid-like unjammed phase.’! A
solid-to-fluid transition is also observed during development in Xenopus
laevis, in which a hybrid E/M is associated with a fluid, but still collective,
state of migrating neural crest cells.®? A study using MCF10-derived tumor-
oids showed that a similar fluidisation process occurs at the edges of densely
packed breast cancer cells.®

If and how the early steps of metastasis follow similar principles, represents
an urgent, unresolved issue. In breast cancer, clusters of invading tumour
cells are more prone than individual cells to survive. These clusters promote
metastasis formation in mouse models and give rise to oligoclonal clusters in
the circulation that are associated with poor prognosis in patients.?*> Like-
wise, circulating tumour cell clusters can arise from collective cell migration
and intravasation in renal cell carcinoma, lung cancer and invasive mela-
noma.®® Whether cluster invasion in complete absence of a partial EMT
fully explains these findings is unresolved. EMT-like changes have been de-
tected in circulating tumor cells.® Yet, clusters of circulating tumour cells are
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largely epithelial and evidence in favor of E/M hybrid clusters is still scarce,
suggesting that unjamming of fully epithelial tumour tissues may occur.

Tumour cells in the centre of a tumour mass are likely to be jammed but in-
creased pressure might drive a switch from a solid to a fluid-like state. Indeed,
multiphoton microscopy in a spontaneous mouse model for intestinal cancer
has shown coordinated migratory patterns in the tumour core that are indic-
ative of a fluid-like behaviour.® Such movement has been suggested to be
critical for cell mixing inside the tumour, which allows the most aggressive
clones to effectively replace all other cells.’? In the outer regions, tumour
cells are prone to mechanical stress due to a high abundance of ECM, which
results in further unjamming.”’

Collectivity in tumour cell migration strategies

Unjamming, as well as a hybrid E/M state, leads to a fluid-like migration of
clusters of tumour cells that maintain cell—cell contacts. It has been reported
that high expression of EMT-promoting transcription factors such as Snail and
Twist leads to the collective migration of tumour cells that exhibit epithelial
and incomplete mesenchymal features.®*% Likewise, unjamming of breast
cancer cells triggered by a cascade of growth factor receptor internalization,
activation of extracellular signal-regulated kinase/mitogen-activated protein
kinase and cytoskeletal remodelling, induces collective migration.! Glioma
cells infiltrate the brain as multicellular networks and breaking cell-cell inter-
actions by downregulating p120-catenin was found to decrease infiltration
capacity, again indicating that the ability to maintain cell-cell contacts is im-
portant.®* It is likely that the interaction between molecular programs in-
duced by hybrid E/M and local, physical cues in the TME creates routes for

subpopulations of tumour cells to unjam and start disseminating.*¢°°

Mixed individual and collective migration modes are observed in tumours of
distinct origin: even mesenchymal tumours such as sarcomas switch from an
individual to a collective migration mode in areas of particularly dense ECM
structures.®® Single cells can move through ECM networks by adopting amoe-
boid or spindle-like mesenchymal shapes:*” amoeboid cells generate few

37



Chapter 2

ECM adhesions and stress fibres whereas mesenchymal migration is associ-
ated with strong ECM interaction and actomyosin contractility.> Collectively
migrating cells adopt different morphologies such as sheets, strands, multi-
cellular tubes and masses with irregular forms (Fig. 3).%8 Inside groups of col-
lectively migrating cells, intercellular junctions can sense and integrate chem-
ical and mechanical cues from the environment. Migrating clusters are usu-
ally organized into two cellular populations: leader and follower cells. The
leader cells are responsible for sensing the microenvironment and generating
traction forces to move the remainder of the group, which they do by prote-
olytically remodelling the matrix in order to create a path through which the
collective group can navigate.” It has been suggested that a collective migra-
tion strategy might be thermodynamically favorable by alternating leader
cells that are exposed to a long-range strain field at the invasive front.2 In
vitro models also showed how switching leader and follower positions, ena-
bles groups of breast cancer cells to invade through areas of high ECM den-

sity.101
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Figure 3: The hybrid E/M state provides plasticity and the local TME dictates col-
lective and individual migration strategies. In a low stiffness environment, hybrid
E/M cells migrate individually through ECM networks in an amoeboid or mesen-
chymal fashion. Amoeboid cells move through existing openings in a soft ECM of
high porosity using few ECM adhesions and stress fibres, independent of protease
activity. Mesenchymal migration in regions of somewhat higher stiffness and
lower porosity is accompanied by increased formation of ECM adhesions, stress
fibres and actomyosin contractility, and requires protease activity (mediated for
instance by matrix metalloproteases (MMPs)) to generate openings through
which to migrate. A further increase in TME stiffness promotes collective migra-
tion of hybrid E/M cells. Collective migration can take the shape of cell clusters or
multicellular strands, and involves contractile and proteolytically active leader
cells creating the path for follower cells. Collectively migrating cells can make use
of pre-existing large-scale mechanical structures in the TME such as channels or
interphases between cell layers. Interconversion between the different migration
strategies is dictated by local variations in the mechanical aspects of the TME, and
the hybrid E/M state provides tumour cells with enhanced plasticity to respond to
such cues.

Crosstalk between partial EMT and TME mechanics

Plasticity of tumour cells allows them to switch between distinct modes of
migration, which provides them with the means to navigate the mechanical
complexity of their environment.'%2 A transition between escaping individual
cells and regrouping collectives can be observed in collective strands of inva-
sive cells.® The hybrid E/M state probably supports such plasticity and the
local physical properties of the TME can determine the level of individualiza-
tion. Indeed, using theoretical, in vitro and in vivo models shows how a weak-
ening of cell—cell adhesion (as occurs in hybrid E/M) cooperates with ECM
confinement to drive unjamming, fluidization and, ultimately, cell individual-
isation.'® Thus, the interaction between molecular features of tumour cells
and local properties of the TME can drive metastasis by mediating intercon-
versions between collective and individual behaviour (Fig. 3).
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TME stiffening promotes EMT

Tumour cells sense and respond to mechanical stimuli from the TME.3>3° In-
tegrins and associated intracellular proteins bidirectionally transmit force be-
tween the ECM and the cytoskeletal network and associated molecular mo-
tors (e.g. myosins), which facilitates ECM remodelling and regulates canoni-
cal signal transduction pathways that control cell fate.’® Mechanical cues
from the TME, such as increased ECM density and stiffness, can stimulate
EMT20106199 3nd act in concert with soluble EMT-stimulating factors, such as
TGF-B.106110.111 |mportant mediators of mechanically-induced EMT are the
transcription factors TWIST1 and YAP/TAZ,11%113 which, upon matrix stiffening
and subsequent intracellular transduction of mechanical signals, are induced
to translocate to the nucleus to influence the expression of several genes that
promote EMT (Fig. 4).106113-115 A positive feedback loop is also generated by
the interaction with HA in the TME. The interaction between CD44 on the cell
surface and HA in the ECM induces the activation of Zeb1, which, in addition
to promoting EMT also inhibits epithelial splicing regulatory protein 1 (ESRP1)
leading to the up-regulation of hyaluronic acid synthase 2 (HAS2) and in-
creased HA production.!'® Thus, the chemical composition and stiffening of
the TME can promote (partial) EMT in tumour cells. Notably, cells appear to
possess a “mechanical memory”. l.e., prolonged exposure to a stiff ECM
causes EMT-like behaviour with nuclear localization of YAP, high actomyosin
contractility, and large cell matrix adhesions and this phenotype is main-
tained when the cells move to a soft environment for as long as the factors

mediating the mechanical memory suppress a transcriptional switch.116118
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Figure 4. Mechanotransduction drives EMT in response to mechanical cues from
the TME. An increased stiffness in the TME is sensed by integrins, which activate
downstream intracellular signalling, ultimately resulting in the nuclear transloca-
tion of EMT-associated transcription factors and transcriptional co-activators, such
as TWIST and YAP/TAZ. In the nucleus, these factors will bind to and regulate the
transcription of target genes such as SNAIL and ZEB, causing a shift between epi-
thelial (E) and mesenchymal (M) features. As tumour cells undergo EMT, cell de-
formability, proteolytic activity and the formation of invadopodia increase, driving
enhanced migratory and invasive capacity.

EMT and tumour cell mechanics

Whereas stiffening of the TME drives EMT and the aggressive behaviour of
tumours,**® tumour cells themselves have been observed to be ‘more de-
formable’ or ‘softer’.??® EMT might play a role in such softening of tumour
cells. Cells undergoing EMT change their morphology, lose adhesive
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properties and undergo actin cytoskeletal rearrangement, which all influence
cell stiffness and tension with neighbouring cells and the ECM.'*! Mesenchy-
mal-like cells tend to reduce their stiffness and become softer in response to
force application, while epithelial cells are more likely to stiffen in response
to the same force application.'?? Accordingly, EMT-promoting transcription
factors such as SNAIL and TWIST1 promote increased cellular deformabil-
ity,123
Actin fibres connect integrin-containing adhesions with the nuclear envelope

which facilitates migration through ECM networks and intravasation.??

through the linker of nucleoskeleton and cytoskeleton (LINC) complex,
thereby creating a physical connection between the ECM and the nucleus.?*
This interaction is important for tuning the mechanical properties of the nu-
cleus during migration in confined spaces. Indeed, nuclear deformability is a
rate-limiting step for cell migration and some level of nuclear rupture has
been observed during the migration of tumour cells in a confined space.!*
127 The nucleoskeletal lamins regulate stiffness of the nuclear envelope and
thereby determine a cell’s migratory capacity in confinement.'?® How (par-
tial) EMT affects nuclear mechanics remains to be elucidated but a hybrid
E/M will increase cellular and, perhaps, nuclear deformability to increase
plasticity, allowing tumour cells to adapt to confinement and enhance migra-
tory potential.

EMT and tumour cell mediated modulation of the TME

As tumour cells undergo EMT, they also increase the production of soluble
proteases or membrane-anchored MMPs, which allows invading tumour
cells or tumour cell clusters to remove barriers or create tracks.??'?%13° The
number of invadopodia — specialised actin-based membrane protrusions in
which localised proteolytic activity degrades ECM — is also increased in tu-
mour cells that are subjected to a stiffer environment or dense fibrillar colla-
gen structures.’3132 Likewise, EMT induced by transcription factors including
TWIST1 and ZEB1, promotes the formation of invadopodia in tumour
cells. 133134 Thus, the interconnection between stiffening of the TME and EMT
discussed above might enhance the ability of tumour cells and tumour-cell
clusters to proteolytically degrade the ECM and break through tissue barriers.

The importance of proteolytic ECM degradation, however, depends on the
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migratory strategy. While enzymatic breakdown of ECM is necessary for col-
lective migration, individually migrating cells can either proteolytically re-
model their surrounding ECM or adapt their shape to the already existing
gaps.” EMT driven by ZEB1 also leads to increased expression of LOXL2,3*
which not only causes enhanced collagen crosslinking and TME stiffening but
has been found to stimulate an EMT-associated transcription network,!3®

providing yet another positive feedback loop between EMT and the TME.

Targeting the TME and hybrid E/M state

Interfering with the metastatic process remains a major challenge. Crosstalk
between tumour cells and the TME is complex and dynamic, and provides
plasticity that allows tumour cells to adapt to different environments and es-
cape therapy. We have discussed the mechanical interplay between the TME
and tumour cells and a role for partial EMT in this process. Several candidate
targets exist, which, when inhibited, might block this mechanical interaction
and prevent tumour cell plasticity, including integrins,**”13 vimentin,*°
Rho/ROCK and actomyosin contractility,'° and FAK.3%137:138141 Notably, how-
ever, interfering with tumour-TME interactions can also have unexpected
and undesirable effects. For example, whereas inhibition of FAK in a mouse
model for pancreatic cancer attenuated the cancer-promoting activity of the
fibrotic stroma, limited tumour progression and enhanced survival,'** deple-
tion of CAFs, which might be expected to have a similar effect, actually led to
more aggressive tumours and reduced survival.}*? One explanation is the het-
erogeneity of CAFs in pancreatic and other cancers that may have diverse
impacts on tumour growth and progression within the TME, including im-

mune-modulation.43144

Strategies that simultaneously target different mechanisms of tumour cell
plasticity, including the hybrid E/M state, might prevent tumour cells from
adapting to changes in the TME.**%%4> A network topology-based modelling
approach has been applied to identify approaches for interfering with feed-
back loops in EMT networks, which may point to new strategies to interfere
with plasticity and, hence with metastasis.!*® Signal transduction cascades
and transcription factors promoting a stable hybrid E/M state might serve as

43



Chapter 2

promising therapeutic targets, including GRHL2, OVOL2, NUMB and
NRF2.76147.148 g ch a strategy has been successfully explored in breast cancer
cells, in which the expression of SNAIL is associated with the hybrid E/M
state. Deletion of SNAIL or either deletion or overexpression of ZEB1 pushed
cells either in a complete E or in an M state, in each case resulting in attenu-
ated capacity to form tumours .1*° Despite these promising results, strategies
that drive hybrid E/M cells into MET pose the risk of driving metastatic out-
growth of already disseminated tumour cells.*®°%>8 On the other hand, strat-
egies that lock cells in the M state might attenuate the outgrowth of primary
and secondary tumours but drive the dissemination of individual tumour
cells.” An alternative promising strategy that exploits the highly plastic hy-
brid E/M state has made use of a combination of peroxisome proliferator-
activated receptor y (PPARy) activation and MEK inhibition to enforce trans-
differentiation of the tumour cells into post-mitotic adipocytes.’® This points
to an exciting possibility that while plasticity allows tumour cells to adapt to
different environments during metastasis it also represents a state that is vul-
nerable to differentiation therapy.

Conclusions

In this review, we have discussed the dynamic interactions of tumour cells
with the TME. In particular, we highlighted the importance of tissue mechan-
ics and the role of (partial) EMT in the early steps of the metastatic cascade.
The TME provides a pathological mechanical environment that tumour cells
sense and respond to. The initiation of the metastatic cascade requires ac-
quisition of a migratory phenotype that is influenced by this environment.
The role of EMT in this process is likely different in different tumour types
and in most cases involves a partial EMT or hybrid E/M state. EMT and un-
jamming provide distinct mechanisms to initiate movement and to what ex-
tent hybrid E/M sets the stage for unjamming of epithelial tumour cell clus-
ters is poorly understood. The hybrid E/M state provides tumour cells with
plasticity affecting stemness, tumour growth, and migration, allowing them
to navigate variations in the mechanical TME as they use collective strategies
to invade local surrounding tissues and enter the circulation. It is the bidirec-
tional cross talk between partial EMT-driving molecular programs in the
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tumour cells and the heterogeneous local mechanical properties of the envi-
ronment that drive the early stages of the metastatic cascade. Further insight
into the dynamic nature of this process at different stages of the metastatic
cascade is required. This will depend on integration of multiscale theoretical
models, in vitro models incorporating tumour heterogeneity and relevant
mechanical variations in the TME, and in vivo models that capture the full
complexity of the metastatic process. Disrupting mechanical tumour—TME in-
teractions and/or tumour plasticity at the level of the hybrid E/M state offers
promising avenues for therapeutic strategies. In this area we have only just
begun to scratch the surface of what might be possible.
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Chapter 3

Abstract

Grainyhead like 2 (GRHL2) is an essential transcription factor for develop-
ment and function of epithelial tissues. It has dual roles in cancer by support-
ing tumor growth while suppressing epithelial to mesenchymal transitions
(EMT). GRHL2 cooperates with androgen (AR) and estrogen receptors (ER) to
regulate gene expression. We explore genome wide GRHL2 binding sites con-
served in three ERa/GRHL2 positive luminal breast cancer cell lines by ChiP-
Seq. Interaction with the ERa/FOXA1/GATA3 complex is observed, however,
only for a minor fraction of conserved GRHL2 peaks. We determine genome
wide transcriptional dynamics in response to loss of GRHL2 by nascent RNA
Bru-seq using an MCF7 conditional knockout model. Integration of ChIP- and
Bru-seq pinpoints candidate direct GRHL2 target genes in luminal breast can-
cer. Multiple connections between GRHL2 and proliferation are uncovered,
including transcriptional activation of ETS and E2F transcription factors.
Among EMT-related genes, direct regulation of CLDN4 is corroborated but
several targets identified in other cells (including CDH1 and ZEB1) are ruled
out by both ChIP- and Bru-seq as being directly controlled by GRHL2 in lu-
minal breast cancer cells. Gene clusters correlating positively (including
known GRHL2 targets such as ErbB3, CLDN4/7) or negatively (including
TGFB1 and TGFBR2) with GRHL2 in the MCF7 knockout model, display similar
correlation with GRHL2 in ER positive as well as ER negative breast cancer
patients. Altogether, this study uncovers gene sets regulated directly or indi-
rectly by GRHL2 in luminal breast cancer, identifies novel GRHL2-regulated
genes, and points to distinct GRHL2 regulation of EMT in luminal breast can-
cer cells.

Keywords
Breast cancer, luminal, GRHL2, CHIP-seq, BRU-seq, transcription, gene regu-
lation

Background

The Grh gene was discovered in Drosophila and its mammalian homologs
have three members (GRHL1, GRHL2 and GRHL3) [1]. Mice lacking GRHL1, 2,
or 3 display neural tube closure defects and a variety of defects in epithelia
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of several organs with disruption of epithelial adhesion complexes as a major
common event [2-7]. GRHLs support expression of genes encoding key epi-
thelial cell-cell junction proteins in desmosomes, adherens junctions, and
tight junctions as well as targets involved in cytoskeletal regulation, mem-
brane trafficking, and guidance cues. Several of these genes have been iden-
tified as direct GRHL transcriptional targets [3, 4, 8-15]. ChIP-seq in placenta,
kidney, and lung epithelial cells has revealed >5000 GRHL2 binding peaks [11,
14, 15]. GRHL2 depletion in these same tissues identified a few hundred to a
thousand genes whose expression was altered. Notably, i) overlap between
these different tissues with respect to GRHL2 binding peaks and candidate
target genes is limited pointing to common and tissue specific functions of
GRHL2 and ii) for many of the GRHL2 target genes regulation appears indi-
rect, which may involve GRHL2-regulated expression of other transcription
factors or epigenetic modifiers [16, 17].

GRHL2 is located on chromosome 8q22 that is frequently amplified in many
cancers, including breast cancer, colorectal cancer and oral squamous cell
carcinoma [18-20]. GRHL2 acts as an activator or suppressor of target gene
transcription by interacting with promotor and enhancer regions in compe-
tition or in cooperation with other transcription factors and epigenetic reg-
ulators [2]. GRHL2 may enhance proliferation, replicative potential, and eva-
sion of cell death through activation of the ErbB3 gene, epigenetically pro-
moting expression of hTERT, and suppressing death receptor expression [9,
18, 19]. Indeed, GRHL2 expression was negatively correlated with metasta-
sis-free survival in breast cancer patients [21, 22]. By contrast, others have
reported that high GRHL2 expression in breast cancer cell lines is associated
with sensitivity to anoikis and chemotherapy and reduced tumor initiation
capacity [23, 24].

Loss of GRHL2 was reported in gastric cancer and GRHL2 was found down-
regulated at the invasive front of breast cancers and loss of GRHL2 expres-
sion in primary breast cancers correlated with lymph node metastasis [9,
25]. A key mechanism by which GRHL2 may suppress aspects of tumor pro-
gression is through inhibition of epithelial-to-mesenchymal transition
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(EMT). GRHL2 acts in a double negative feedback loop with ZEB1 and it acti-
vates the expression of miR-200s that, in turn, are in a double negative
feedback loop with ZEBs, thereby enforcing the epithelial phenotype [9, 17,
23, 24, 26, 27]. The roles of GRHL2 may be tumor type- and stage-specific
through regulating different target genes in different cancers [28].

Breast cancer represents a heterogeneous disease with multiple clinically rel-
evant subtypes appearing to originate from luminal or basal epithelial cells
in the duct [29-31]. The luminal subtype accounts for the majority of breast
cancer cases and can be treated by therapies targeting estrogen receptor al-
pha (ERa) signaling [32]. Recent studies have shown that GRHL2 cooperates
with androgen receptor in prostate cancer [33] and with ERat in breast cancer.
Like FOXA1, GRHL2 may act as a pioneer factor, promoting chromatin acces-
sibility and GRHL2 has been found to co-occupy enhancer elements with
FOXA1, GATA3, and ERa to regulate ERa signaling output in hormone recep-
tor positive breast cancer [34-37].

In this study, we identify genomic binding sites of GRHL2 shared among 3
luminal breast cancer cell lines and find that only a small subset of these
GRHL2 peaks is associated with ER binding sites. We integrate this ChIP-seq
data with Bru-seq analysis of genes showing transcriptional responses at dif-
ferent time points after conditional GRHL2 knockout in MCF7 cells. For genes
showing sustained up- or downregulation in response to GRHL2 deletion, we
explore correlations with GRHL2 expression in breast cancer patients. Our
findings reveal gene sets regulated directly or indirectly by GRHL2 in luminal
breast cancer that partly overlap but also appear markedly distinct from tar-
gets identified in other tissues.

Methods

Cell lines and plasmids

Human breast cancer cell lines representing the luminal subtype (MCF7,
T47D and BT474) were obtained from the American Type Culture Collection.
The Hs578T human basal-B breast cancer cell line served as a GRHL2-nega-
tive control. Cells were cultured in RPMI1640 medium with 10% fetal bovine
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serum, 25 U/mL penicillin and 25 pg/mL streptomycin in the incubator (37°C,
5% CO,). For production of lentiviral particles, VSV, GAG, REV and Cas9 or
single guide (sg) RNA plasmids were transfected into HEK293 cells using Pol-
yethylenimine (PEl). After 2 days, lentiviral particles were harvested and fil-
tered. Conditional Cas9 cells were generated by infecting parental cells with
lentiviral particles expressing the Edit-R Tre3G promotor-driven Cas9 (Dhar-
macon) and selected by blasticidin. Limited dilution was used to generate
Cas9 monoclonal cells. Subsequently, Cas9-monoclonal cells were trans-
duced with U6-gRNA:hPGK-puro-2A-tBFP control non-targeting sgRNAs or
GRHL2-specific sgRNAs (Sigma) and selected by puromycin. The EHF plasmid
was kindly provided by Dr. Giuseppina Carbone, Institute of Oncology Re-
search, Bellinzona, Switzerland and described previously [38, 39]. The EHF
plasmid was transfected into cells using Lipofectamin 2000 according to a
protocol provided by the manufacturer.

Western blot

Cells were lysed by radioimmunoprecipitation (RIPA) buffer (150 mM NacCl,
1% Triton X-100, 0.5% sodium deoxycholate and 0.1% Tris and 1% protease
cocktail inhibitor (Sigma-Aldrich. P8340)). Lysates were sonicated and protein
concentration was determined by bicinchoninic acid (BCA) assay. Cell lysates
were mixed with protein loading buffer, separated by SDS-PAGE, and trans-
ferred to a methanol-activated polyvinylidene difluoride (PVDF) membrane
(Milipore, The Netherlands). The membrane was blocked with 5% bovine se-
rum albumin (BSA; Sigma-Aldrich) for 1 hour at room temperature (RT). Next,
membranes were stained with primary antibody overnight at 4°C and HRP-
conjugated secondary antibodies for half hour at room temperature (RT). Af-
ter staining with Prime ECL Detection Reagent (GE Healthcare Life science),
chemoluminescence was detected with an Amersham Imager 600 (GE
Healthcare Life science, The Netherlands). The following antibodies were
used: GRHL2 (Atlas-Antibodies, hpa004820) Cas9 (Cell Signaling, 14697), and
GAPDH (SantaCruz, sc-32233).
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ChiP-seq

Cells were grown in RPMI-1640 complete, serum-containing medium. Cross-
linking was performed by 1% formaldehyde for 10 minutes at room temper-
ature (RT). Then 1M glycine (141 pl of 1M glycine for 1 ml of medium) was
used to quench for 5 minutes at RT. Cells were washed twice with ice-cold
PBS containing 5 pl/ml phenylmethylsulfonyl fluoride (PMSF). Cells were har-
vested by centrifugation (2095 g for 5 minutes at 4°C) and lysed with NP40
buffer (150 mM NaCl, 50mM Tris-HCIl, 5mM EDTA, 0.5% NP40, 1% Triton X-
100) containing 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitor
cocktail (EDTA-free Protease Inhibitor Cocktail, Sigma). Chromatin was soni-
cated to an average size of 300 bp (Fig. $1). GRHL2-bound chromatin frag-
ments were immunoprecipitated with anti-GRHL2 antibody (Sigma;
HPA004820). Precipitates were washed by NP buffer, low salt (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI (pH 8.1), 150mM NacCl), high salt
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI (pH 8.1), 500mM
NaCl) and LiCl buffer (0.25M LiCl, 1%NP40, 1% deoxycholate, 1mM EDTA,
10mM Tris-HCI (pH 8.1)). Chromatin was de-crosslinked by 1% SDS at 65°C.
DNA was purified by Phenol:Chloroform:lsoamyl Alcohol (PCl) and then di-
luted in TE buffer.

In order to examine the quality of our samples before sequencing, ChIP-qPCR
(quantitative polymerase chain reaction) was performed to validate interac-
tion of GRHL2 with the promoter region of Claudin-4 (CLDN4), a known direct
target gene of GRHL2 [4]. The results confirmed the GRHL2 binding site
around the CLDN4 promoter (Fig. $2). The following primers were used for
ChIP-gPCR: CLDN4 forward: gtgacctcagcatgggctttga, CLDN4 reverse:
ctcctectgaccagtttctctg, Control (an intergenic region upstream of the GAPDH
locus) forward: atgggtgccactggggatct, Control reverse: tgccaaagcctaggg-
gaaga, ZEB1 promoter” forward: cggtccctagcaacaaggtt, ZEB1 promoter” re-
verse: tcgcttgtgtctaaatgeteg. ZEB1* forward: geecgecgagectccaacttt, ZEB1# re-
verse: tgctagggaccgggeggttt, OVOL2 exon forward: ccttaaatcgcgagtgagacec,
OVOL2 exon reverse: gtagcgagcttgttgacacc, CDH1 intron forward: gtatgaacgg-
caagcctctg, CDH1 intron reverse: caagggagccaggaagagaa. ChIP-gPCR data
were collected and analyzed using the 2722t method [40].
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For ChlIP-seq, library preparation and paired-end (151bp) sequencing were
performed by GenomeScan (Leiden, The Netherlands). MCF7, T47D and
BT474 had 87393758, 84633440, and 82080866 pair-end reads, respectively.

ChiIP-seq analysis

Less than 5% of adapter sequences were present, and the mean per base
sequence quality was >30, indicating high quality reads and no requirement
for adapter-trimming (Fig. $3, S4). Paired-end reads were mapped to the hu-
man reference genome (hg38) using BWA-MEM [41] with default parame-
ters. Over 93% of total reads were mapped to the human genome in T47D
and MCF7 and 57.3% in BT474. Phred quality score (Q score) was used to
measure base calling accuracy [42]. Q>30 scores (corresponding to a 0.1%
error rate [43]) were >86% in T47D and MCF7 and 48.6% in BT474. Reads
with low mapping quality (< Q30) were filtered out. MACS version 2.1.0 [44]
was used for peak calling by default settings. The g value was adjusted to 0.1
for BT474 cell line to avoid loss of peaks. The annotatePeaks and MergePeaks
functions from HOMER [45] were used to annotate and overlap peaks, re-
spectively. ChIPseeker was used for the analysis of ChIP-seq peaks coverage
plot and the density profile of GRHL2 binding sites [46]. Motif analysis was
performed using ChIP-seq peaks with high scores by the MEME-ChIP program
with default settings. ChIP-seq data was visualized by the UCSC genome
browser. To analyze coverage of GRHL2 peaks at consensus motifs for GRHL2,
ERa, FOXA1, and GATA3 binding, the JASPAR 2022 database was used to iden-
tify motifs [47]. To analyze colocalization of our GRHL2 binding events with
published ERa peaks in luminal breast cancer cells, ChIP-seq data files from a
study mapping ERa binding sites in MCF7, BT474, and T47D [48] were inter-
sected using bedtools (v2.3.0) [PMID: 20110278] and ChIP-seq data files from
two different studies mapping ER-alpha binding sites in MCF7 were inter-
sected [49, 50].

Bru-seq

MCF7 cells expressing inducible Cas9 and control non-targeting sgRNAs or
GRHL2-specific sgRNAs were exposed to 1 ug/ml doxycycline. At different
timepoints after doxycycline-induced deletion of GRHL2, cells were
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incubated with a final concentration of 2 mM Bru at 37°C for 30 minutes.
Cells were lysed in TRIzol reagent (Sigma) and Bru-labelled nascent RNA was
isolated using an anti-BrdU antibody conjugated to magnetic beads [51]. Sub-
sequently, cDNA libraries were generated using the I[llumina TruSeq library kit
and sequenced using the Illumina NovaSeq 6000 Sequencing System. Se-
guence reads were strand-specific, paired-ended with read lengths of ~150
nucleotides. Reads were pre-mapped to the ribosomal RNA (rRNA) repeating
unit (GenBank U13369.1) and the mitochondrial and EBV genomes (from the
hg38 analysis set) using Bowtie2 (2.3.3). Unaligned reads were subsequently
mapped to human genome build hg38/GRCh38 using STAR (v 2.5.3a) and a
STAR index created from GENCODE annotation version 27 [51, 52].

Bru-seq analysis

To identify GRHL2-regulated genes, an inter-sample comparison analysis was
performed comparing RPKM (reads per kilobase per million mapped reads)
for each gene in the doxycycline-treated samples compared to the untreated
sample, to obtain fold-change (FC) and p values. Genes with p<0.05 and FC>2
or FC<0.5in any of the doxycycline-treated samples relative to untreated cells
were filtered. Subsequently, genes responding to Cas9 induction in the con-
text of both GRHL2 sgRNAs were selected and genes responding also in the
context of control sgRNA were eliminated from this list. A heatmap was gen-
erated by R. The function “fviz_nbclust()”

from the R package “factorextra” was used to determine and visualize the
optimal numbers of clusters using the method “within cluster sums of
square”. The graph is attached. The STRING database (version 11.5) was used
to assign protein interaction networks to Bru-seq data [53].

Breast cancer patient mRNA expression data analysis

A compendium microarray dataset, all Affymetrix U133a, was used, contain-
ing RNA expression data of primary tumors of 867 untreated, lymph node
negative patients (MA-867 dataset [59]; publicly available at GSE2034,
GSE5327, GSE2990, GSE7390 and GSE11121). Raw .cel files were down-
loaded, processed with fRMA and batch effects were corrected using Com-
Bat.
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GRHL2-controlled gene expression networks

RNAseq data retrieved from the Molecular Taxonomy of Breast Cancer Inter-
national Consortium (METABRIC) data set [54, 55] was used consisting of tar-
geted sequencing data of 1904 primary breast tumors with matched normal
tissues. Data visualization and calculation of co-expression z-scores were per-
formed using cBioPortal (https://www.cbioportal.org/).

SRB assay

For Sulforhodamine B (SRB) assays, cells were seeded into 96-well plates. At
indicated time points, cells were fixed with 50% Trichloroacetic acid (TCA,
Sigma-Aldrich) for 1 hour at 4 °C and then plates were washed with demin-
eralized water four times and air-dried at RT. Subsequently, 0.4% SRB (60
ul/well) was added and kept for at least 2 hours at RT. The plates were
washed five times with 1% acetic acid and air-dried. 10 mM (150 pl/well) Tris
was added and kept for half hour at RT with gentle shaking. The absorbance
value was measured by a plate-reader Fluostar OPTIMA.

Results

Genome-wide identification of GRHL2 binding sites in luminal breast cancer
cells

To identify GRHL2 binding sites, ChIP-seq was performed in the human lu-
minal breast cancer cell lines, MCF7, T47D and BT474. As a quality control of
the ChIP samples, ChIP-qPCR confirmed the interaction of GRHL2 with the
promoter region of CLDN4, a known direct target gene of GRHL2 [4] in all
three luminal, GRHL2-positive cell lines but not in the GRHL2-negative
Hs578T human basal-B breast cancer cell line (Fig. S2). Subsequently, ChlP-
seq was performed and the coverage of peak regions across chromosomes
was analyzed [46]. In each sample, GRHL2 was associated with all chromo-
somes (Fig. S5).

GRHL2 binding sites were mainly located in intergenic regions and introns,
with ~3-5% of the peaks located in -1000 bp to +100 bp promoter regions
(Fig. 1a). Analysis of read count frequency and density profiling of GRHL2
binding sites within -6000 bp to +6000 bp of the transcription start site (TSS)
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showed no enrichment around the TSS (Fig. 1b). Intersection of the data in
the 3 cell lines identified 6527 conserved GRHL2 binding sites in luminal
breast cancer cells. Of these, 238 binding sites located in the -1000 bp to
+100 bp regions, representing candidate interactions for direct GRHL2-medi-
ated regulation of gene promoter activity (Fig. 1c; Table S1).
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Fig. 1. GRHL2 ChiIP-seq in luminal breast cancer cells. (a) Percentage of GRHL2
binding sites found at promoter regions, 5' untranslated regions (UTRs), 3' UTRs,
exons, introns, intergenic regions, transcription termination sites (TTSs) and
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unknown regions in the indicated luminal breast cancer cell lines. Promoter re-
gions are defined as -1000 bp to +100 bp from the transcription start sites (TSS).
(b) Read count frequency and density profile of GRHL2 binding sites within -6000
bp to +6000 bp of the TSS. Left panels show GRHL2 ChiIP-seq read count frequen-
cies in indicated cell lines (Y axis, read count frequency; X axis, genomic region).
Right panels show density of ChIP-seq reads for GRHL2 binding sites in the indi-
cated cell lines. (c) Venn diagrams showing overlap of GRHL2 binding sites among
the three indicated cell lines. Top panel shows overlap for all peaks. Bottom panel
shows overlap for peaks within the -1000 to +100 promoter region.

A small proportion of GRHL2 peaks is associated with ERa binding
MEME-ChIP identified 3 GRHL2 binding motifs low E values in each cell line
(Fig. 2a), whose core binding site matched previously published motifs [14,
15, 17, 56]. Based on the published interaction of GRHL2 with ERa, FOXA1,
and GATA3 at enhancer elements of target genes [34-36, 57], we addressed
to what extent the identified conserved GRHL2 binding sites in luminal breast
cancer cells were flanked by putative binding sites for the ERa-mediated tran-
scriptional complex. Heatmap visualization showed concentration of the
GRHL2 peaks at the consensus GRHL2 motif [AACCGGTT] as expected (Fig.
2b). GRHL2 peaks showed only a weak trace for ERa [AGGTCANNNTGACCT]
and a barely detectable trace for the FOXA1 motif [TGTTT(A/G)C], and no
concentration of the GATA3-binding motif [A/T)GATA(A/G] was observed. In-
deed, among the shared GRHL2 peaks in luminal breast cancer cells ~5% was
flanked by an ERa binding motif within +/- 1000bp (Fig. 2c).
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Fig. 2. Association of GRHL2 motif with ER transcriptional complex in luminal
breast cancer cells. (a) DNA-binding motif of GRHL2 in luminal breast cancer. From
left to right, the first panel shows the identified motifs in the indicated cell lines.
The second panel shows distribution of the best matches to the motif in the se-
guences. The third panel shows the E-value, representing the significance of the
motif according to the motif discovery. The last panel shows the number of re-
gions that match the corresponding motif. (b) Heatmaps showing the coverage of
identified GRHL2 peaks shared between MCF7, BT474 and T47D at GRHL2 motifs
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(red) (n=20766), ERa motifs (blue) (n=76564), FOXA1 motifs (Green) (n=88923)
and GATA3 motifs (Orange) (n=93403). Note that the read coverage scale differs
for the different heatmaps. (c) Table indicating the occurrence of ERa consensus
motif in a region spanning 1000bp up- and downstream of all GRHL2 peaks either
identified in the indicated cell lines (left 3 columns) or shared between the indi-
cated cell lines (right column). (d) Table indicating the occurrence of published
ERa binding events in a region spanning 1000bp up- and downstream of all GRHL2
peaks shared between MCF7, BT474 and T47D (upper row) or shared between 2
MCF7 datasets (bottom row).

To further address colocalization of GRHL2 and ERa binding in luminal breast
cancer, regions flanking +/- 1000bp of the conserved GRHL2 peaks in MCF7,
BT474, and T47D were interrogated for the presence of previously reported
ERa binding events. For this purpose, ChIP-seq data files from a study map-
ping ERa binding sites in MCF7, BT474, and T47D [48] and ChIP-seq data files
from two studies mapping ERa binding sites in MCF7 were intersected [49,
50]. These studies had used similar culture conditions as ours, using phenol
red medium and serum containing estrogen. Only a minor fraction of ~1.5%
of conserved GRHL2 peaks identified in our study was flanked by established
ERa binding sites in luminal breast cancer cells identified in those studies (Fig.
2d). Altogether, this data indicated that the majority of GRHL2 binding sites
in luminal breast cancer cells were not associated with the ERa-mediated
transcriptional complex.

Changes in gene transcription in response to GRHL2 loss

Next, we employed nascent RNA Bru-seq to investigate genome-wide dy-
namic changes in DNA transcription triggered by GRHL2 loss. For this pur-
pose, we made use of a conditional Cas9 MCF7 knockout model expressing a
control or 2 different GRHL2 sgRNAs (sgCTR, sgGRHL2(1) and sgGRHL2(2), re-
spectively). At 0, 2, 4, 8, or 16 days after GRHL2 knockout, cells were incu-
bated with bromouridine (BrU) for 30 minutes to label nascent RNA (Fig. 3a)
and analyzed in parallel by Western blot for the induction of Cas9 and dele-
tion of GRHL2 (Fig. 3b). To identify GRHL2-regulated genes, for each time
point, the average fold change (AFC) of transcription induced by doxycycline
treatment in the two sgGRHL2 and sgCTR samples was determined. 262
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genes were found to be upregulated and 226 genes were downregulated in
at least one time point after GRHL2 loss in both sgGRHL2 samples (FC>2 or
FC<0.5; p<0.05) but not in the sgCTR samples (Fig. 3c; Table S2).
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Fig. 3. Bru-seq analysis of transcriptional changes in response to GRHL2 loss in
luminal breast cancer MCF7 cells. (a) Bru-seq sample preparation. Bromouridine
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(Bru) labeling of nascent RNA was carried out for 30 minutes at the indicated time
points after doxycycline (dox)-induced GRHL2 deletion. (b) Western blot analysis
of GRHL2 expression levels at the indicated time points in sgCTR and sgGRHL2
transduced MCF7 cells. Cas9 induction is monitored and GAPDH serves as loading
control. (c) Bru-seq data analysis approach. Each circle represents a gene set with
differential transcription relative to the condition where no doxycycline was
added. (d) Heatmap for genes whose transcription was altered in response to
GRHL2 depletion. (e) Graphs depicting clusters of genes with distinct patterns of
transcriptional changes in response to GRHL2 depletion. Graphs represent logs
AFC of transcription in sgGRHL2(1) and sgGRHL2(2) cells. “Dynamic”: genes with
AFC>2; p<0.05 at some and AFC<0.5; p<0.05 at other time points. “Sustained in-
duction”: genes with AFC>2; p<0.05 at all time points. “Sustained repression”:
genes with AFC<0.5; p<0.05 at all time points. “Induction reset”: genes with
AFC>2; p<0.05 at early time points followed by a return to 1<AFC<2 at day 16.
“Repression reset”: genes with AFC<0.5; p<0.05 at early time points followed by a
return to 0.5<AFC<1 at day 16.

GRHL2-regulated genes were clustered in a heatmap using the AFC at each
time point (Fig. 3d). Five clusters were identified based on transcriptional dy-
namics (Fig. 3e; Table S2). There was no preference for the subset of genes
containing GRHL2 binding sites flanked by ERa binding in either of the clus-
ters. Clusters displaying sustained upregulation of RNA synthesis or a transi-
ent induction that subsequently returned to baseline included TGFB1, TGFB2,
and TGFBR2 pointing to enhanced TGFR signaling. Other clusters showed sus-
tained downregulation of RNA synthesis following GRHL2 deletion or a tran-
sient repression that subsequently returned to baseline. These included
genes encoding the epithelial specific ETS transcription factor EHF, the E2F1
and E2F2 genes encoding E2F transcription factors involved in cell cycle pro-
gression, and the CLDN4 gene encoding an epithelial tight junction protein.
Another cluster showed responses that could be categorized as highly dy-
namic with alternating increased and decreased transcription.

Identification of candidate genes regulated by GRHL2 promoter binding
GRHL2 can regulate gene transcription through interaction with gene pro-
moter or enhancer elements [2]. We intersected the list of genes whose ex-
pression levels were significantly altered after GRHL2 loss in MCF7 at one or
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more time points as identified by Bru-seq, with genes harboring GRHL2 bind-
ing sites in the -1000 bp to +100 bp promoter regions in MCF7 identified by
ChlIP-seq. 53 genes were identified where transcriptional regulation could be
explained by direct GRHL2 interactions at the promotor region (Table S2;
genes indicated in bold). Restricting this list to genes harboring GRHL2 bind-
ing sites in the promoter regions that were shared in all three luminal breast
cancer cell lines, reduced this number to 9 (Table S1; genes indicated in bold).
The presence or absence of GRHL2 binding sites in the promoter region did
not correspond to the dynamic pattern of the transcriptional response of the
gene (Table S2). Together, this indicated that the majority of the genes show-
ing a transcriptional response to GRHL2 depletion was regulated either by
direct interactions at enhancer elements or indirectly, e.g., through GRHL2
regulation of a transcription factor targeting the gene of interest.

EHF is a direct GRHL2-target inversely correlated with GRHL2 in breast can-
cer subtypes

EHF was identified as a GRHL2 target harboring a GRHL2 binding site in its
promoter region that was conserved in all three luminal breast cancer cell
lines (Fig. 3e; Table $1,2). EHF had not been previously reported as a GRHL2
target gene while our Bru-seq tracks showed that EHF transcription was rap-
idly and continuously attenuated following GRHL2 loss (Fig. 4a,b). ChIP-qPCR
confirmed the interaction between GRHL2 and the promoter region of the
EHF gene (Fig. 4c). EHF is a member of the ETS transcription factor subfamily
characterized by epithelial-specific expression [58]. Epithelial markers (e.g.,
GRHL2, CLDN4 and E-cadherin) are lost in basal B breast cancer cells as com-
pared to the luminal and basal A subtype and we examined whether EHF ex-
pression followed this pattern. Indeed, RNA-seq data from a panel of 52 hu-
man breast cancer cell lines [59] showed a decrease of EHF RNA levels in the
basal B subtype (Fig. 4d).
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Fig. 4. EHF represents a direct GRHL2 regulated gene. (a) Bru-seq reads for EHF
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RNA synthesis from left to right and the negative y-axis represents the minus-
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AFC of EHF transcription in sgGRHL2(1) and sgGRHL2(2) cells. (c) ChIP-qPCR show-
ing enrichment of GRHL2 binding sites in EHF promoter region but not in the con-
trol GAPDH gene. Graph represents the efficiency of indicated genomic DNA co-
precipitation with anti-GRHL2 Ab (black bars) or IgG control Ab (grey bars). Signals
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DNA and are presented as % input with SEM from 3 technical replicates. Data are
statistically analyzed by t-test and * indicates p < 0.05. (d) EHF mRNA expression
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in a panel of 52 human breast cancer cell lines covering luminal-, basal A-, and
basal B subtypes extracted from RNA-seq data. Data is statistically analyzed by t-
test and * indicates p < 0.05. (e) gRT-PCR analysis of expression level of EHF mRNA
after 4 days of doxycycline treatment of MCF7 cells transduced with dox-inducible
Cas9 and sgCTR or sgGRHL2 constructs, in combination with ectopic expression of
EHF or empty vector (EV) plasmids. Data are presented as mean + SEM from three
technical replicates. Data are statistically analyzed by t-test. * Indicates p < 0.05.
(f) Graph showing results from SRB assay after 4 days doxycycline-treatment as in
(e) and subsequent culture for the indicated time periods.

Studies in various cancer types have attributed tumor promoting as well as
tumor suppressive roles to EHF but its role in breast cancer is largely un-
known [60]. GRHL2 loss led to a rapid reduction in MCF7 cell growth and we
tested whether ectopically overexpressed EHF could enhance proliferation in
absence of GRHL2. However, overexpression of EHF did not rescue cell pro-
liferation of GRHL2 KO MCF7 cells (Fig. 4e,f). The RNA synthesis rates of sev-
eral other genes supporting cell cycle progression were rapidly suppressed in
response to GRHL2 loss, including E2F transcription factors E2F1 and E2F2
and other genes such as CDCA7L and MCM?2 [61-63] (Fig. 5a-d; Fig. 7a). Our
ChIP-seq data revealed GRHL2 binding sites in the promoter regions of E2F2
and CDCA7L in MCF7 (Table S2) and this finding was corroborated by ChIP-
gPCR analysis (Fig. 5e). Altogether, these results showed that several genes
involved in cell cycle progression are rapidly downregulated following GRHL2
depletion with EHF, E2F2, and CDCA7L representing candidate targets for di-
rect transcriptional regulation by GRHL2 at the gene promoter.
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progression after GRHL2 loss. (a-d) Top: Bru-seq reads for indicated genes
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at indicated time point after to GRHL2 deletion. Track colors: green, sgCTR;
red, sgGRHL2(1); blue, sgGRHL2(2). Bottom: Line graphs depicting the log;
AFC of transcription in sgGRHL2(1) and sgGRHL2(2) cells for the indicated
genes. The positive y-axis indicates the plus-strand signal of RNA synthesis
from left to right and the negative y-axis represents the minus-strand sig-
nal of RNA synthesis from right to left. (e) Validation of interaction of
GRHL2 binding sites with the promoter regions of indicated genes by ChlIP-
gPCR. Signals for IgG control and GRHL2 antibody pulldown samples are
normalized to input DNA and are presented as % input with SEM from 3
technical replicates. Data are statistically analyzed by t-test and * indicates
p <0.05.

Regulation of EMT-related genes: CLDN4 but not CDH1, ZEB1, and ZEB2 rep-
resent direct GRHL2 targets in luminal breast cancer

GRHL2 and OVOL2 support an epithelial phenotype and counteract EMT tran-
scription factors such as ZEB1, ZEB2, and SNAIL. Genes encoding epithelial
adhesion components such as CLDN4 in tight junctions or E-cadherin (CDH1)
in adherens junctions are regulated by this balance [64]. It has been reported
that GRHL2 binding sites are present in the intronic region of CDH1 and in the
promoter regions of CLDN4 and OVOL2 for activation of transcription, and
GRHL2 was reported to bind the ZEB1 gene as a negative regulator [4, 12, 15,
23, 24, 65].

In our ChlIP-seq data, a conserved intronic GRHL2 binding site was observed
in CDH1 that was validated by ChIP-qPCR (Fig. 6a,b). However, while GRHL2
was found to transcriptionally activate CDH1 in earlier reports [4, 21, 33] we
did not observe downregulation of CDH1 nascent RNA synthesis in the first
16 days after GRHL2 loss (Fig. 6c,d). No GRHL2 peaks were associated with
CDH2 (encoding N-cadherin, a mesenchymal marker) while GRHL2 binding
was conserved in the promoter regions of CLDN4 and OVOL2 (Fig. 6a,b; Fig
S2). CLDN4 also showed multiple GRHL2 binding sites across the coding and
non-coding regions. CLDN4 transcription was suppressed at 2, 4, and 8 days
after GRHL2 depletion but recovered at 16 days (Table S2; Fig. 6¢,d) whereas
OVOL2 was not affected (data not shown).
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GRHL2 binding sites identified by ChIP-seq. Graphs represent the efficiency
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of indicated genomic DNA co-precipitation with anti-GRHL2 Ab (grey bars)
or 1gG control Ab (black bars). Note enrichment of GRHL2 binding at OVOL2
exon and CDH1 intron, but not at ZEB1 promoter regions. For ZEB1 detec-
tion, ChIP-qPCR was performed using primers that have been previously
reported to amplify ZEB1 promoter DNA sequences bound by GRHL2 in
human mammary epithelial cells and in PEO1 but not OVCA429 human
ovarian cancer cells (indicated by ##) [17, 23] and another primer set that
did not confirm GRHL2 promoter interaction in ovarian cancer cells (indi-
cated by #) [17]. Signals for IgG control and GRHL2 antibody pulldown sam-
ples were normalized to input DNA and presented as % input with SEM
from 3 technical replicates. Data were statistically analyzed by t-test and *
indicates p < 0.05. (c,e) Bru-seq reads for indicated genes at indicated time
point after to GRHL2 deletion. Track colors: green, sgCTR; red, sgGRHL2(1);
blue, sgGRHL2(2). (d,f) Line graphs depicting the log, AFC of transcription
in sgGRHL2(1) and sgGRHL2(2) cells for the indicated genes. The positive
y-axis indicates the plus-strand signal of RNA synthesis from left to right
and the negative y-axis represents the minus-strand signal of RNA synthe-
sis from right to left.

No GRHL2 binding was observed at the promoter or other regions of ZEB1 or
ZEB?2 as opposed to findings in mammary epithelial cells [24] (Fig. 6a). ChIP-
gPCR was performed using primers that have been previously reported to
amplify ZEB1 promoter DNA sequences bound by GRHL2 in human mammary
epithelial cells and in PEO1 but not OVCA429 human ovarian cancer cells [17,
23] and another primer set that did not detect GRHL2 promoter interaction
in ovarian cancer cells [17] (Fig. 6b). This confirmed the absence of GRHL2
binding in the promoter of ZEB1 in luminal breast cancer cells. In agreement,
no significant changes in transcription of ZEB1 and ZEB2 genes were ob-
served after GRHL2 loss in MCF7(data not shown). Together, these results in-
dicated that CLDN4 is a direct GRHL2 target while CDH1, ZEB1, or ZEB2 are
unlikely to represent direct GRHL2 target genes in luminal breast cancer cells.
The latter may be regulated at later timepoints indirectly through other tran-
scriptional regulators [66] or by GRHL2-mediated post-transcriptional modi-
fication [17, 23, 67].
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Validation of GRHL2 associations in breast cancer patients

All genes identified by Bru-seq in the MCF7 conditional GRHL2 KO model fall-
ing in the categories “sustained induction/repression” or “induction/repres-
sion reset”, were imported in the STRING database to visualize clusters rep-
resenting enriched functionalities regulated by GRHL2. Three clusters of pro-
teins associated with i) epigenetic regulation of gene expression (including
proteins also connected to GO:0098532, histone H3-K27 trimethylation; not
shown), ii) translation initiation, and iii) mitosis were clearly visible (Fig. 7a).
This was in agreement with the growth suppression observed in response to
GRHL2 depletion (Fig. 4) and earlier reports involving GRHL2 in histone meth-
ylation [17]. E2F1 and E2F2 were connected to the mitosis cluster but EHF
showed no connections. No connections of these clusters with GRHL2 were
visible but the interaction of GRHL2 with CLDN4 was shown as well as co-
expression of GRHL2 with TACSTD2, a transmembrane receptor regulating
cell proliferation and migration in development and cancer [68]. The TGFB1,
TGFB2, and TGFBR2 axis was not closely connected to GRHL2 but both were
surrounded by genes encoding extracellular matrix (ECM) components (e.g.,
laminin subunits and collagen chains), the ITGB6 integrin subunit, and LOXL2
encoding an ECM crosslinking enzyme [69] pointing to modification of ECM
production and adhesion.

a
cell junction organization;
G0:0040029 regulation of gene expression, epigenetic; 22/202; 19/493; strength 0.4; FDR 0.0217
strength 0.85;FDR 3.07e-09 G0:0050839 cell adhesion molecule
G0:0006413 translational initiation; 14/141; strength 0.85; FDR binding; 21/538; strength 0.4; FDR 0.031
2.62e-05 ’ ’ o ’

G0:0000278 mitotic cell cycle; 30/695; strength 0.45; FDR 0.00013
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Fig. 7. Gene clusters responding to GRHL2 depletion and their correlation
with GRHL2 in breast cancer tissues. (a) STRING derived protein interac-
tion analysis of genes displaying sustained up- or down regulation in re-
sponse to GRHL2 depletion in MCF7. GO terms are color marked as indi-
cated. i, entire network with boxes showing zoom-in on indicated regions;
ii, zoom in on indicated region showing different GO terms. # Indicates
GRHL2 targets identified by promoter binding. * Indicates TGFR signaling
axis. (b) Average expression (log2 scale) in the MA-867 patient dataset of
the cluster of genes negatively (left panel) or positively associated with
GRHL2 (right panel) in MCF7 KO model. Patients were divided in 4 quartiles
according to the level of GRHL2 expression. Q1, lowest GRHL2 expression;
Q4, GRHL2 highest expression; All, all patients grouped together; ER+, ER

80



GRHL2-controlled gene expression networks

positive patients grouped; ER-, ER negative patients grouped. Boxplots dis-
play the median with 25th—75th percentile and dots represent lower 5%
and upper 95% samples. P values determined by t test (two-sided). (c) Cor-
relation with GRHL2 in MA-867 and METABRIC datasets for indicated genes
negatively or positively correlated with GRHL2 in MCF KO model analyzed
by Bru-seq. For MA-867 dataset, R-values for all patients grouped together,
ER positive patients, or ER negative patients are shown. For METABRIC da-
taset, correlation, p-value, and g-values are shown as determined in
BioPortal.

We addressed to what extent GRHL2 regulated gene clusters identified in our
conditional MCF7 KO model predicted associations with GRHL2 gene expres-
sion in breast cancer patients. We focused on all genes where the control
sgRNA gave 0.75<FC<1.5 at each time point after GRHL2 KO while both
GRHL2 sgRNAs triggered either FC<0.75 in at least 3 time points (positive cor-
relation with GRHL2) or FC>1.5 in at least 3 time points (negative correlation
with GRHL2). We made use of a cohort of 867 untreated breast cancer pa-
tients (MA-867 dataset [59]) and ranked patients in 4 quartiles according to
the level of GRHL2 expression. The average expression of predicted nega-
tively correlated and positively correlated gene clusters based on the MCF7
conditional KO model, displayed a significant correlation with GRHL2 expres-
sion in the same direction when all patients were treated as one group (Fig.
7b). Moreover, behavior in the MCF7 conditional KO model correctly pre-
dicted the correlation of gene clusters with GRHL2 expression when ER posi-
tive and ER negative patients were separately tested.

At the individual gene level, Pearson correlation coefficients for association
with GRHL2 when all patients of the MA-867 dataset were treated as one
group, were in the range -0.31<R<0.29 indicating that associations while in
the same orientation were weak. This included EHF and CLDN4 that were
subject to promoter binding by GRHL2 and belonged to the positively corre-
lated gene cluster (Fig. 4c, 6a, 7c; Table S2). We also analyzed the METABRIC
data set consisting of RNAseq data of 1904 primary breast tumors. Here, co-
expression analysis using cBioPortal showed a significant correlation in the
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same direction as predicted by the MCF7 conditional KO model for CLDN4
but not EHF (Fig. 7c). For the negatively correlated gene cluster, TGFBR2 as
well as TGFB1 showed a significant correlation in the same direction in the
METABRIC data set, further establishing suppression of TGFR signaling by
GRHL2 in breast cancer cells. Notably, the large majority of genes in both
clusters did not harbor promoter binding sites, further indicating that regu-
lation at enhancer sites or indirect mechanisms prevailed.

Discussion

We report genome-wide binding sites of the transcription factor GRHL2 that
are conserved across 3 human luminal breast cancer cell lines. The match
with previously published binding motifs in other cell types shows conserva-
tion of GRHL2-DNA interaction but we find that the spectrum of GRHL2 tar-
gets differs considerably from those identified in other cells. A limited num-
ber of binding sites were located at gene promoter regions. Similar to previ-
ous reports [14, 17], most binding sites were located in introns and intergenic
regions. Such regions may contain enhancers interacting with GRHL2 and
GRHL2 has been reported to regulate histone modifications such as
H3K4me3 and H3K4me1l [17, 70]. Notably, GRHL2 can regulate ERa signaling
output in hormone receptor positive breast cancer by co-occupying enhancer
elements with FOXA1, GATA3, and ERa [34-36]. Co-occupation of enhancers
by ERa and GRHL2 has been shown to be regulated by ERa phosphorylation
at Ser118 [57]. Indeed, we detect an ERa binding motif in the vicinity of
GRHL2 peaks, but this represents only a minor fraction of the identified
GRHL2 binding sites. Moreover, intersection of our identified GRHL2 peaks
with published ERa binding events in the same series of luminal breast can-
cer cells cultured under the same conditions further indicates that GRHL2
binds most of the targets found by us in absence of ERa, FOXA1, and GATA3.
A study intersecting binding sites for GRHL2, FOXA1, and ERa in MCF7 cells
also found that most GRHL2 binding sites did not overlap with FOXA1 or ERa
binding but ~30% did show overlap [71]. Our exclusive focus on GRHL2 bind-
ing sites that are conserved across three luminal breast cancer cell lines may
have selected for those sites binding only GRHL2. Together, these studies in-
dicate that enhancers occupied by ERa, FOXA1, and GATA3 frequently also
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bind GRHL2, but a majority of conserved GRHL2 binding sites in luminal
breast cancer cells do not overlap with binding of the ERa signaling complex.

Using a conditional KO model, we identify genes whose transcription is regu-
lated by GRHL2 in luminal breast cancer cells. Notably, the gene clusters
showing up- or downregulation in response to GRHL2 loss show a significant,
albeit low level of correlation with GRHL2 expression in breast cancer pa-
tients. By using Bru-seq we focus on changes in the rate of nascent RNA syn-
thesis caused by GRHL2 depletion [72]. Differences with studies using steady
state RNA-seq may be due to post transcriptional mechanisms of regulation
not addressed in our analysis, including RNA stability. We observed diverse
responses to GRHL2 depletion, including enhanced or repressed transcrip-
tion that can be sustained, transient or dynamic type of response. The fact
that patterns of transcription induction are similar to the patterns of tran-
scription repression is in line with the fact that GRHL2 has been reported to
act as a positive as well as a negative regulator of gene transcription. How-
ever, indirect mechanisms involving other transcriptional activators or re-
pressors may also be triggered by GRHL2 depletion.

GRHL2 expression appears to support cancer growth and even disease pro-
gression in most tumor types investigated [18-22, 37]. Indeed, GRHL2 drives
expression of several genes promoting cell survival and proliferation [9, 18,
19]. Our study agrees with this as GRHL2 loss rapidly affects a cluster of genes
involved in cell cycle progression and causes a gradual decrease in prolifera-
tion in MCF7 cells. A group of genes whose transcription is reduced following
loss of GRHL2 is involved in cell cycle progression and DNA replication includ-
ing the epithelial specific ETS family transcription factor EHF, E2F transcrip-
tion factors E2F1 and E2F2 and other genes such as CDCA7L and MCM2 [60-
63]. We show that EHF, E2F2 and CDCA7L represent previously unidentified
GRHL2 target genes that can be subject to direct regulation at promotor re-
gions. EHF has been previously implicated in ovarian, gastric and prostate
cancer [73-75] but our findings point to cooperative roles of GRHL2 target
genes including EHF and E2Fs in sustaining proliferation.
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Several studies have shown that GRHL2 suppresses EMT [9, 17, 23, 24, 26,
27]. This may explain its reported role as a suppressor of local tissue invasion
and metastasis [9, 25]. In fact, a similar function may also be involved in the
many examples where GRHL2 is positively associated with tumor progression
and metastasis. GRHL2 may prevent a complete EMT and maintain cancer
cells in a hybrid EMT state that is believed to be crucial for cancer cell plas-
ticity, which supports invasion and metastasis [76, 77]. Our results concern-
ing GRHL2 interactions with known EMT-related genes are partly in disagree-
ment with previously published findings. First, we demonstrate that CDH1
RNA synthesis is not altered following GRHL2 loss, despite an intronic binding
site that is conserved in the three luminal cell lines. No binding site is ob-
served in the -1000/+100 promotor region but we detect GRHL2 binding in
the region from -6000 bp to -1000 bp relative to the TSS of the CDH1 gene,
consistent with an earlier study reporting a contact of GRHL2 upstream of
the CDH1 promoter [4]. Although this may facilitate long-distance interac-
tions with the promoter region through chromatin looping [4], loss of this
interaction, nor that at the intronic GRHL2 binding site, causes a reduction in
CDH1 transcription in the first 16 days after GRHL2 deletion in our study. Our
findings do not rule out CDH1 regulation through indirect, post transcrip-
tional mechanisms including RNA stability that are not measured in Bru-seq
and may underlie findings in studies using RNA-seq or PCR analyses, or at the
level of translation. Second, it has been reported that ZEB1 is regulated by
GRHL2 directly and, vice versa, that ZEB1 regulates GRHL2 in a balance be-
tween EMT and MET [9, 20, 23, 24]. We do not detect GRHL2 binding sites in
the promoter, or other regions of the ZEB1 or ZEB2 genes. This potential dis-
crepancy cannot be explained by technical differences as we have confirmed
the lack of GRHL2 binding in the ChlIP-seq analysis by ChIP-gqPCR using primers
that amplified ZEB1 and ZEB2 regions bound by GRHL2 in human mammary
epithelial cells and human ovarian cancer cells in other studies [17, 23]. Ra-
ther, this may point to differences in GRHL2 interactions in different cell
types. Nevertheless, the fact that we do not detect GHRL2-binding sites in
ZEB1 or ZEB2 is in line with our Bru-seq analysis indicating that transcription
of the ZEB1 and ZEB2 genes is not affected by GRHL2 depletion in the first 16
days. Together, this data indicates that CDH1, ZEB1, and ZEB2 genes do not
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represent direct transcriptional targets of GRHL2 in luminal breast cancer and
their regulation may occur through post-transcriptional regulation in this cel-
lular context. Our data do confirm CLDN4 as a direct target gene with GRHL2-
binding in the promoter region and transcriptional suppression in response
to GRHL2 depletion in luminal breast cancer cells.

The fact that in our study GRHL2 supports gene networks involved in cell pro-
liferation and that a tumor/metastasis suppressing function related to its
suppression of EMT is less evident, agrees with earlier studies and with the
location of GRHL2 on chromosome 822, a region that is amplified in various
cancers, including breast cancer. One explanation for the discrepancy be-
tween different studies including our own is the possibility that GRHL2 inter-
acts with- and regulates genes in a context-dependent manner. A meta-anal-
ysis combining all RNA-seq, micro-array, and ChIP-seq experiments, identified
common candidate genes for regulation by GRH or GRHL1-3. The authors no-
ticed a striking lack of correlation between findings in normal epithelia as
compared to cancerous cells with CDH1 being identified as a target in normal
epithelia but not cancer [78]. Likewise, the findings reported in our study
represent candidate GRHL2-regulated genes and pathways in luminal breast
cancer that partly overlap but are also distinct from GRHL2 regulation in nor-
mal epithelia and other cancer types.

Conclusions

Taken together, this study provides a comprehensive genome-wide resource
of GRHL2 binding sites conserved across luminal breast cancer cells. In a con-
ditional KO model, we identify groups of genes whose transcription is posi-
tively or negatively controlled by GRHL2 and find 5 main patterns of dynamic
regulation. The association with GRHL2 of gene clusters in the KO model pre-
dicts the correlation with GRHL2 expression in breast cancer patients. The
dominant response to GRHL2 depletion in luminal breast cancer cells is sup-
pression of proliferation and we identify clusters of genes reflecting this re-
sponse including direct regulation of ETS and E2F transcription factors by
GRHL2. An EMT response to GRHL2 loss is limited and our findings indicate
that regulation of epithelial genes can be strikingly different in normal and
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cancer cells involving direct GRHL2-mediated transcriptional control or indi-
rect mechanisms.
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Supplementary Figures and Tables
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Fig. S1. DNA fragmentation analysis by agarose gel electrophoresis. After soni-
cation, indicated samples were purified and loaded on 2% agarose gel.
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Fig. S2. ChIP-qPCR validation of the isolated genomic DNA fragments. Graphs
represent the efficiency of CLDN4 genomic DNA co-precipitation with anti-GRHL2
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Ab (black bars) or IgG control Ab (grey bars). Detection was performed by qPCR

using primers targeting the promoter region of CLDN4 or targeting the intergenic

region upstream of the GAPDH locus (Control). Results are shown for 3 GRHL2-
positive luminal cell lines (MCF7, BT474 and T47D) and 1 GRHL2-negative basal-B

cell line (Hs578T).
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Fig. S3. Cumulative presence of adapter sequences. Results show that cumulative

presence of adapter sequences is less than 5% in each cell sample, indicating that

the data sets could be further analyzed without adapter-trimming.
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Fig. S4. Per base sequence quality for all sequencing data sets. Y axis is divided
into high quality calls (green), reasonable quality calls (orange) and poor-quality
calls (red). Analysis shows that the mean quality of base calls, indicated by the
blue line, consistently remained in the green area, indicating that sequencing data
sets were of high quality.
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Fig. S5. Coverage of peak regions across chromosomes. Graphs represent the cov-
erage of GRHL2 binding sites across all chromosomes in the indicated cell lines.
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CLCN3
CLDN4
CLDN8
CMTR2
CNP
COMT
CREB3L4
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DAZAP1
DLG4
DLX5
DNAAF5
DNAJC5B
DSCAM-AS1
EDEM2
EEAl
EEF1E1
EHF
EIF2B5
ELF5
EPB41L1
EPHA1
EPN3

Table. S1. Candidate GRHL2 target genes in luminal breast cancer cells displaying
promoter interaction. GRHL2 promotor interactions identified by ChlIP-seq in 3
luminal breast cancer cell lines are listed. Genes also identified by Bru-seqin MCF7
conditional KO model showing up- or downregulation at one or more timepoints

LIMA1
LINCO0346
LINCO0359
LINCO0437
LINCO0456
LINC00885
LINCO0938
LINCO1213
LINCO1405
LOC100129917
LOC100132781
LOC100506207
LOC100506804
LOC100507175
LOC101927272
LOC101927296
LOC101927318
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PKP2
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PPEF1
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PRIM2
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RAB25
RAP2B
RASAL2
RBBP8NL
RBL2
RBM47
RIMS1
RNF32
RNU5B-1
RNVU1-14
ROCK1P1
RPL32P3
RPL41

in response to GRHL2 loss are indicated in bold.
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Fold change

D2 D4 D8 D16
Gene AFC AFC AFC AFC Cluster
ABCA4 0,93 2,23 5,48 3,87
AC005821.1 2,79 6,46 12,24 6,54 Sustained induction
AC005972.4 3,53 4,29 6,38 2,59 Sustained induction
AC007952.4 0,17 0,19 0,32 0,61 Repression reset
AC008703.1 5,56 6,60 7,51 3,23 Sustained induction
AC009262.1 3,58 4,70 5,98 3,37 Sustained induction
AC010653.3 0,21 0,48 0,55 0,67
AC013652.1 2,43 3,59 4,10 1,57 Induction reset
AC019209.3 1,43 3,61 4,91 4,29
AC022166.1 0,00 0,00 0,00 35,23
AC027277.2 0,26 0,23 0,38 0,68 Repression reset
AC027288.3 2,30 3,95 3,23 0,94 Induction reset
AC051619.5 5,12 4,51 3,69 2,64 Sustained induction
AC055854.1 0,50 0,32 0,27 0,45 Sustained repression
AC068633.1 7,14 0,00 0,00 12,59 Dynamic
AC083967.1 0,52 0,32 0,37 0,40
AC084880.1 0,30 0,25 0,46 0,62 Repression reset
AC087762.1 4,99 13,04 | 20,78 6,49 Sustained induction
AC092167.1 8,40 7,04 5,45 2,93 Sustained induction
AC092422.1 85,82 0,02 0,04 63,37 Dynamic
AC098934.1 0,22 0,17 0,25 0,59 Repression reset
AC099520.1 2,93 4,54 5,11 2,30 Sustained induction
AC099753.1 91,52 0,00 0,00 | 211,15 Dynamic
AC103770.1 2,34 3,65 3,32 3,27 Sustained induction
AC109326.1 0,29 0,27 0,37 0,70 Repression reset
AC245014.3 0,26 0,23 0,32 0,56 Repression reset
ACKR3 0,70 0,61 1,36 2,68
ACOXL 4,98 9,44 26,98 10,20 Sustained induction
ACTB 0,34 0,44 0,42 0,51 Repression reset
ACTG1 0,34 0,55 0,62 0,67
ADCY5 1,23 2,33 4,74 6,93
ADGRE3 3,38 0,05 0,08 11,85 Dynamic
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Fold change

D2 D4 D8 D16
Gene AFC AFC AFC AFC Cluster
AFF3 1,89 3,18 3,47 2,41
AGPAT4 4,16 8,04 15,78 7,77 Sustained induction
AL049839.2 2,22 4,43 9,16 6,73 Sustained induction
AL132708.1 2,08 1,97 3,83 2,12
AL137003.2 3,61 5,82 6,54 2,45 Sustained induction
AL137145.2 3,01 3,87 5,79 3,08 Sustained induction
AL139383.1 2,80 3,34 2,39 1,15 Induction reset
AL158066.1 0,53 0,14 0,15 0,29
AL158847.1 1,50 2,01 3,17 3,33
AL354740.1 2,61 4,43 4,57 2,31 Sustained induction
AL359976.1 12,40 13,35 | 31,68 3,11 Sustained induction
AL390726.6 8,20 8,75 9,71 4,52 Sustained induction
AL590004.4 3,58 6,52 15,14 6,33 Sustained induction
ALDH1A3 1,89 6,70 | 12,97 5,21
ALDOA 0,33 0,33 0,48 0,71 Repression reset
ALOX5 3,48 5,47 10,74 8,74 Sustained induction
AMPH 1,75 2,73 6,38 4,16
ANKRD1 1,39 4,68 5,06 1,90
ANKRD29 3,32 6,49 8,05 6,63 Sustained induction
ANOS1 1,93 3,05 3,15 2,13
ANXA3 5,19 8,86 6,80 2,41 Sustained induction
AP000880.1 0,16 0,12 0,12 0,41 Sustained repression
AP000924.1 1,55 4,57 | 11,84 8,49
AP002761.4 0,23 0,26 0,40 1,11
APRT 0,26 0,38 0,41 0,84 Repression reset
ARHGAP18 2,78 4,04 3,91 1,80 Induction reset
ARHGAP22 1,88 4,43 7,13 3,45
ARHGAP42 2,55 4,45 4,23 1,84 Induction reset
ARHGEF28 0,68 0,57 0,44 0,42
ARHGEF39 0,36 0,30 0,29 0,64 Repression reset
ARPC1A 0,17 0,25 0,29 0,21 Sustained repression
ARSJ 4,10 11,15 | 10,85 2,69 Sustained induction
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ATP10D 3,42 10,07 | 11,67 5,55 Sustained induction
ATP50 0,26 0,37 0,33 0,29 Sustained repression
ATP8A2 0,23 0,24 0,61 0,64
ATXN1 2,17 3,38 3,79 2,18 Sustained induction
AURKB 0,32 0,20 0,26 0,50 Repression reset
BBC3 1,47 1,98 2,07 3,27
BIRC5 0,38 0,25 0,25 0,49 Sustained repression
BMP1 1,99 3,51 5,20 3,49
BOC 1,73 2,50 3,81 1,98
C140rf80 0,28 0,34 0,36 1,28
Clorf105 2,83 3,30 7,20 2,74 Sustained induction
C21orf58 0,42 0,27 0,32 0,73 Repression reset
C220rf34 19,17 0,00 0,04 33,04 Dynamic
CADM1 1,89 2,93 3,51 1,49
CADPS 53,78 0,06 0,03 51,71 Dynamic
CAMK1D 1,92 3,14 3,93 1,98
CAPNS8 4,32 5,39 11,47 5,66 Sustained induction
CBX2 0,30 0,33 0,47 0,89 Repression reset
CCNF 0,38 0,28 0,31 0,72 Repression reset
CD109 2,27 2,56 4,55 2,54 Sustained induction
CDC20 0,27 0,30 0,30 0,67 Repression reset
CDCA3 0,33 0,26 0,27 0,51 Repression reset
CDCA5 0,36 0,25 0,29 0,64 Repression reset
CDCA7L 0,58 0,43 0,36 0,39
CDH18 3,27 6,40 7,10 5,15 Sustained induction
CDKN2B 2,93 9,08 13,19 6,17 Sustained induction
CELF3 0,27 0,14 0,37 1,14
CEMIP 2,07 1,74 4,07 3,24
CENPF 0,50 0,29 0,28 0,40 Sustained repression
CFL1 0,32 0,42 0,45 0,63 Repression reset
CHTF18 0,33 0,34 0,43 1,12
CLDN4 0,40 0,29 0,52 1,06
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CNTN4 22,17 0,05 5,10 26,44 Dynamic
COL4AS 3,79 7,76 10,60 5,61 Sustained induction
COL9A2 0,26 0,12 0,25 0,61 Repression reset
coLQ 2,50 2,83 3,71 1,81 Induction reset
CORO2A 1,50 2,23 2,49 2,76
CPNE4 3,77 3,01 6,43 8,86 Sustained induction
CcPQ 2,74 4,86 4,35 2,33 Sustained induction
CPXM2 0,40 0,27 0,29 0,62 Repression reset
CREB5 2,58 8,80 12,08 5,22 Sustained induction
CTNNA3 9,27 16,04 | 14,13 4,17 Sustained induction
CTNND2 2,53 3,46 3,60 1,57 Induction reset
CYB561 0,35 0,46 0,56 0,92
CYC1 0,27 0,34 0,43 0,95 Repression reset
DAPP1 4,40 9,94 23,48 11,76 Sustained induction
DDX11 0,37 0,37 0,41 0,67 Repression reset
DDX12P 0,33 0,27 0,30 0,58 Repression reset
DDX41 0,33 0,48 0,52 0,77
DDX58 2,25 2,17 3,26 4,00 Sustained induction
DDX60L 2,17 3,23 3,85 3,82 Sustained induction
DISC1 2,25 3,20 3,52 1,43 Induction reset
DLGAP2 20,26 0,01 0,02 24,32 Dynamic
DNAH5 3,07 4,84 6,54 3,08 Sustained induction
DNAH7 3,11 3,96 4,70 1,87 Induction reset
DNM3 1,78 2,03 3,69 1,55
DOCK4 2,36 3,98 5,25 1,92 Induction reset
DOCK8 2,24 3,15 3,16 2,68 Sustained induction
DOK5 24,10 0,01 0,03 18,16 Dynamic
DUSP10 2,30 2,61 4,07 2,72 Sustained induction
E2F1 0,35 0,33 0,38 0,80 Repression reset
E2F2 0,31 0,28 0,33 0,77 Repression reset
EDA2R 3,81 3,40 2,15 1,75 Induction reset
EEF1A1 0,36 0,45 0,50 0,56 Repression reset
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EEF2 0,31 0,47 0,51 0,75
EFNB2 1,18 1,44 2,17 3,08
EHF 0,21 0,14 0,15 0,30 Sustained repression
ELL2 2,04 2,30 3,50 1,47 Induction reset
EPAS1 2,35 3,41 6,43 3,06 Sustained induction
EPB41L4A 2,23 3,14 3,26 2,28 Sustained induction
EPN3 0,22 0,30 0,46 1,10
ERC2 2,15 4,80 8,43 8,33 Sustained induction
ESPL1 0,36 0,30 0,31 0,70 Repression reset
F2R 2,29 6,41 8,42 5,27 Sustained induction
FAM13A 2,62 2,74 5,96 3,59 Sustained induction
FAM83D 0,40 0,30 0,29 0,55 Repression reset
FANCG 0,29 0,30 0,37 0,72 Repression reset
FAU 0,26 0,29 0,33 0,38 Sustained repression
FBN2 1,94 2,24 5,55 2,60
FBXL2 2,16 3,08 3,13 1,79 Induction reset
FEN1 0,30 0,26 0,30 0,50 Repression reset
FGF12 2,39 4,68 3,75 1,65 Induction reset
FHL2 2,47 3,00 4,81 3,10 Sustained induction
FLT1 5,25 7,58 9,04 3,34 Sustained induction
FLT3 3,73 5,93 5,81 3,09 Sustained induction
FOXP2 3,99 4,09 3,12 1,65 Induction reset
FRY 4,41 7,10 10,36 4,92 Sustained induction
FSTL4 2,31 4,03 7,89 4,83 Sustained induction
FTL 0,20 0,27 0,35 0,42 Sustained repression
FYN 1,58 3,13 4,03 2,52
GALNT17 7,35 0,03 0,03 6,59 Dynamic
GAPDH 0,19 0,30 0,38 0,53 Repression reset
GBP2 9,04 5,34 5,68 3,34 Sustained induction
GLDN 2,12 2,36 3,32 1,39 Induction reset
GPR155 2,74 4,26 3,92 2,03 Sustained induction
GPR87 3,32 3,32 6,20 3,14 Sustained induction
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GRK5 2,15 3,92 3,74 2,42 Sustained induction
GULP1 2,50 4,50 6,29 3,19 Sustained induction
H2AFZ 0,17 0,20 0,24 0,36 Sustained repression
HAX1 0,28 0,38 0,44 0,61 Repression reset
HDX 3,74 6,57 15,96 7,88 Sustained induction
HERC3 1,59 2,96 4,04 1,55
HIST1H1C 0,15 0,10 0,14 0,44 Sustained repression
HIST1H1D 0,14 0,09 0,14 0,50 Sustained repression
HIST1H1E 0,12 0,11 0,14 0,37 Sustained repression
HIST1H2AB 0,16 0,08 0,12 0,47 Sustained repression
HIST1H2AE 0,20 0,10 0,15 0,40 Sustained repression
HIST1H2AI 0,12 0,08 0,11 0,38 Sustained repression
HIST1H2AJ 0,09 0,08 0,09 0,33 Sustained repression
HIST1IH2AL 0,25 0,10 0,11 1,18
HISTIH2AM 0,14 0,08 0,11 0,51 Repression reset
HIST1H2APS4 0,40 0,14 0,23 0,54 Repression reset
HIST1H2BF 0,24 0,13 0,19 0,46 Sustained repression
HIST1H2BG 0,27 0,21 0,31 0,72 Repression reset
HIST1H2BH 0,26 0,15 0,21 0,61 Repression reset
HIST1H2BI 0,13 0,10 0,11 0,31 Sustained repression
HIST1H2BK 0,14 0,10 0,13 0,30 Sustained repression
HIST1H2BM 0,16 0,10 0,11 0,29 Sustained repression
HIST1H2BO 0,14 0,09 0,14 0,41 Sustained repression
HIST1H3A 0,14 0,06 0,13 0,57 Repression reset
HIST1H3G 0,17 0,10 0,15 0,55 Repression reset
HIST1H3H 0,24 0,16 0,25 0,66 Repression reset
HIST1H3I 0,35 0,23 0,12 1,52
HIST1H3) 0,16 0,09 0,11 0,60 Repression reset
HIST1H4A 0,12 0,12 0,11 0,49 Sustained repression
HIST1H4B 0,20 0,11 0,17 0,52 Repression reset
HIST1H4D 0,19 0,11 0,17 0,40 Sustained repression
HIST1H4E 0,19 0,17 0,25 0,54 Repression reset
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HIST1H4H 0,36 0,26 0,38 0,58 Repression reset
HIST1H4) 0,21 0,08 0,19 0,53 Repression reset
HIST2H2BE 0,39 0,27 0,34 0,66 Repression reset
HIST2H3D 0,19 0,17 0,16 2,15 Dynamic
HIST4H4 0,28 0,23 0,34 0,77 Repression reset
HJURP 0,36 0,28 0,28 0,53 Repression reset
HLA-DQB1 3,02 3,67 8,50 3,86 Sustained induction
HMGB2 0,25 0,23 0,29 0,46 Sustained repression
HMMR 0,54 0,32 0,25 0,39
HR 0,22 0,25 0,29 0,82 Repression reset
HSD17B11 4,28 5,50 13,27 3,41 Sustained induction
HSP90AA1 0,19 0,41 0,33 0,24 Sustained repression
HSP90AB1 0,33 0,57 0,57 0,59
HSPAS8 0,26 0,35 0,37 0,41 Sustained repression
HSPE1 0,31 0,36 0,28 0,22 Sustained repression
IGSF21 3,81 0,01 0,01 7,50 Dynamic
IL18 1,84 4,63 8,54 3,08
INCENP 0,30 0,25 0,28 0,58 Repression reset
1QCJ-SCHIP1 2,79 3,41 5,34 1,83 Induction reset
ISM1 1,75 3,28 4,45 1,57
ITGB6 3,58 7,80 41,07 26,91 Sustained induction
JAZF1 2,15 5,12 5,89 2,88 Sustained induction
KC6 6,12 8,94 12,80 6,63 Sustained induction
KCNJ3 2,03 3,56 6,40 4,08 Sustained induction
KCNK5 0,32 0,17 0,19 0,63 Repression reset
KCNMA1 1,33 1,96 4,48 4,79
KIAAO513 2,04 3,14 3,92 2,80 Sustained induction
KIAA2012 3,22 9,67 16,82 6,56 Sustained induction
KIF20A 0,26 0,23 0,20 0,37 Sustained repression
KIF2C 0,41 0,25 0,28 0,48 Sustained repression
KIF5C 1,26 2,82 3,91 3,14
KIFC1 0,46 0,29 0,29 0,55 Repression reset
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LAD1 0,32 0,41 0,56 1,13
LAMA3 2,00 3,34 3,66 2,74
LAMB3 2,80 4,79 12,02 8,49 Sustained induction
LAMC2 2,16 5,02 9,71 4,78 Sustained induction
LHFPL2 1,33 2,47 3,55 2,16
LIMCH1 1,86 2,56 4,45 2,02
LINC00473 7,90 6,05 6,28 2,90 Sustained induction
LINC00871 6,51 4,62 1,99 2,96
LINC00885 0,30 0,17 0,19 0,42 Sustained repression
LINCO1191 2,10 5,99 7,73 3,26 Sustained induction
LINCO1214 9,20 17,88 | 43,41 27,34 Sustained induction
LINC01239 4,14 12,86 | 31,60 7,78 Sustained induction
LINC01619 0,83 0,51 0,51 0,42
LIPH 2,58 3,13 3,99 1,76 Induction reset
LOXL2 2,08 4,69 7,79 4,69 Sustained induction
LRP2 3,27 4,71 4,54 2,99 Sustained induction
LUCAT1 2,68 6,05 8,36 3,28 Sustained induction
LYPD1 3,00 5,93 9,53 3,41 Sustained induction
LYPD3 0,17 0,17 0,31 0,73 Repression reset
MAF 0,00 0,00 19,71 31,48
MAP1B 2,55 9,39 16,96 6,44 Sustained induction
MAPK10 2,62 3,10 2,61 1,33 Induction reset
MAPRE2 3,71 8,07 16,19 10,23 Sustained induction
MAPRE3 1,78 2,44 3,22 2,17
MCF2L2 2,37 3,05 3,15 1,64 Induction reset
MCM?2 0,34 0,33 0,33 0,68 Repression reset
MCM7 0,36 0,30 0,37 0,58 Repression reset
MCTP1 2,92 5,77 5,33 4,05 Sustained induction
MDGA2 3,42 6,23 7,58 3,42 Sustained induction
MECOM 3,20 5,13 5,05 2,54 Sustained induction
MIR222HG 1,63 3,09 5,04 3,01
MIR3681HG 4,80 0,07 0,06 6,43 Dynamic
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MIR9-3HG 0,35 0,31 0,43 0,78 Repression reset
MITF 1,61 3,58 5,49 2,22
MKI67 0,42 0,28 0,27 0,38 Sustained repression
MMP16 2,17 2,97 3,27 2,91 Sustained induction
MPPED2 0,75 0,59 0,41 0,35
MRFAP1 0,33 0,47 0,50 0,59
MRPL17 0,33 0,40 0,48 0,74 Repression reset
MRPL51 0,25 0,28 0,28 0,38 Sustained repression
MRPS34 0,25 0,28 0,29 0,65 Repression reset
MSMB 0,21 0,11 0,15 0,33 Sustained repression
MTUS2 2,69 2,31 5,20 2,93 Sustained induction
MYT1L 32,55 0,05 0,00 37,70 Dynamic
NBEA 2,41 3,23 3,26 1,63 Induction reset
NCF2 2,94 6,23 23,18 17,27 Sustained induction
NECTIN4 0,26 0,30 0,48 0,96 Repression reset
NEK10 1,50 2,78 6,78 2,59
NHS 1,47 2,47 3,20 1,40
NHSL2 3,09 4,61 6,21 3,48 Sustained induction
NLGN1 7,50 0,02 0,00 17,12 Dynamic
NME1 0,28 0,38 0,37 0,39 Sustained repression
NPAS3 2,72 4,13 3,49 1,06 Induction reset
NPM1P27 0,27 0,40 0,50 0,33 Sustained repression
NPY1R 0,81 0,33 0,20 0,19
NR2C2AP 0,23 0,24 0,34 0,58 Repression reset
NRG2 3,76 8,84 10,44 3,37 Sustained induction
NRP1 2,18 3,57 3,13 1,58 Induction reset
NRXN3 10,82 0,94 1,45 11,75
NT5DC2 0,28 0,42 0,46 0,85 Repression reset
NTN4 5,48 13,04 | 18,44 9,78 Sustained induction
NUDT1 0,26 0,23 0,28 0,67 Repression reset
OPCML 27,66 0,03 0,04 38,49 Dynamic
OPTN 1,69 3,76 6,50 5,12

109



Chapter 3

Fold change

D2 D4 D8 D16
Gene AFC AFC AFC AFC Cluster
PACSIN3 0,31 0,37 0,36 0,91 Repression reset
PALM?2 2,42 4,65 4,73 1,72 Induction reset
PALM2-
AKAP2 3,43 4,12 5,24 2,77 Sustained induction
PAPSS2 2,57 6,14 7,88 3,34 Sustained induction
PAQRS5 1,21 1,66 1,91 3,05
PCAT29 4,40 5,18 7,17 4,08 Sustained induction
PCSK2 63,00 0,05 0,00 99,27 Dynamic
PGLYRP2 0,18 0,09 0,03 0,27 Sustained repression
PGM2L1 2,30 2,73 4,43 2,62 Sustained induction
PHACTR3 40,57 0,04 0,06 47,82 Dynamic
PHGDH 0,22 0,29 0,31 0,65 Repression reset
PHLDB2 3,97 8,37 11,66 5,28 Sustained induction
PID1 1,84 3,60 | 10,27 7,22
PIF1 0,45 0,28 0,28 0,55 Repression reset
PIK3IP1-AS1 5,12 6,17 7,66 3,53 Sustained induction
PIMREG 0,24 0,24 0,21 0,62 Repression reset
PKP1 0,27 0,18 0,19 0,73 Repression reset
PLCE1 2,78 9,19 9,46 2,97 Sustained induction
PLCXD2 4,35 9,62 12,79 5,07 Sustained induction
PLD1 3,98 7,92 7,69 2,78 Sustained induction
PLEKHH2 3,60 4,43 4,97 2,15 Sustained induction
PLIN4 0,11 0,03 0,09 0,34 Sustained repression
PLIN5S 0,19 0,04 0,12 0,41 Sustained repression
PMP22 3,24 4,41 4,84 3,59 Sustained induction
POP7 0,30 0,30 0,40 0,71 Repression reset
PPARG 2,63 4,37 10,14 3,87 Sustained induction
PPIAP22 0,11 0,18 0,20 0,18 Sustained repression
PPP1CA 0,27 0,32 0,42 0,63 Repression reset
PPP1R14B 0,28 0,38 0,54 0,85
PRELID1 0,33 0,36 0,41 0,60 Repression reset
PRICKLE2-AS1 2,03 3,23 3,48 1,32 Induction reset
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PROS1 2,99 3,62 4,27 1,93 Induction reset
PRSS23 2,39 4,01 5,50 5,31 Sustained induction
PSG5 2,07 7,09 9,24 7,10 Sustained induction
PSMB6 0,31 0,37 0,45 0,47 Sustained repression
PSMC3 0,34 0,45 0,48 0,67 Repression reset
PSMD?2 0,36 0,52 0,61 0,63
PSMG3 0,31 0,33 0,39 0,79 Repression reset
PSRC1 0,30 0,23 0,33 0,63 Repression reset
PTTG1 0,33 0,26 0,23 0,45 Sustained repression
PYCR1 0,24 0,37 0,37 0,90 Repression reset
QARS 0,30 0,44 0,43 0,66 Repression reset
RAB7B 3,72 4,73 14,45 7,71 Sustained induction
RAI2 2,11 3,70 8,48 4,74 Sustained induction
RBFOX1 2,27 0,74 0,52 3,17
RBFOX3 34,53 0,01 0,02 39,26 Dynamic
RCAN2 9,68 1,28 | 20,29 | 16,55
RECQL4 0,28 0,33 0,30 0,89 Repression reset
REEP4 0,24 0,27 0,34 0,99 Repression reset
RETREG1 2,37 3,64 3,37 2,27 Sustained induction
RFTN1 3,06 4,72 6,29 4,49 Sustained induction
RN7SL2 0,22 0,34 0,42 0,71 Repression reset
RN7SL3 0,29 0,45 0,54 0,86
RN7SL4P 0,18 0,29 0,36 0,74 Repression reset
RNASEH2A 0,25 0,23 0,27 0,61 Repression reset
RND3 2,35 3,96 5,16 3,64 Sustained induction
RNF150 3,46 6,36 7,42 2,48 Sustained induction
RNF219-AS1 54,69 0,00 0,00 71,81 Dynamic
RNU1-120P 0,17 0,16 0,27 0,62 Repression reset
RNU1-122P 0,15 0,15 0,27 0,62 Repression reset
RNU2-63P 0,18 0,20 0,34 0,79 Repression reset
RNU4-1 0,17 0,18 0,30 0,91 Repression reset
RNU5D-1 0,14 0,29 0,43 0,53 Repression reset
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RNVU1-6 0,17 0,15 0,21 0,67 Repression reset
RNVU1-7 0,20 0,22 0,24 0,59 Repression reset
RPL13A 0,32 0,41 0,49 0,64 Repression reset
RPL17 0,33 0,40 0,48 0,57 Repression reset
RPL3 0,30 0,48 0,55 0,72
RPL35 0,32 0,38 0,41 0,58 Repression reset
RPL41 0,30 0,38 0,49 0,69 Repression reset
RPL7 0,33 0,47 0,46 0,42 Sustained repression
RPL7A 0,36 0,44 0,47 0,48 Sustained repression
RPL8 0,30 0,37 0,37 0,50 Repression reset
RPL9P9 0,15 0,27 0,18 0,25 Sustained repression
RPS10 0,32 0,37 0,34 0,28 Sustained repression
RPS11 0,35 0,37 0,40 0,46 Sustained repression
RPS2 0,28 0,34 0,35 0,61 Repression reset
RPS21 0,28 0,32 0,36 0,48 Sustained repression
RPS6KA2 2,48 2,79 3,13 2,78 Sustained induction
RPS8 0,33 0,41 0,38 0,47 Sustained repression
RTN1 2,33 5,02 4,89 2,28 Sustained induction
S100A14 0,34 0,52 0,50 0,57
SAMD12 2,42 3,61 4,11 2,57 Sustained induction
SAMD12-AS1 3,99 6,35 7,19 4,12 Sustained induction
SAMD9 0,00 0,00 | 19,92 | 37,58
SAPCD2 0,24 0,27 0,28 0,76 Repression reset
SCARNA12 0,14 0,20 0,26 0,26 Sustained repression
SCARNA13 0,22 0,32 0,48 0,47 Sustained repression
SCARNA21 0,08 0,10 0,10 0,22 Sustained repression
SCARNA7 0,17 0,31 0,55 0,31
SDC1 0,28 0,35 0,48 0,97 Repression reset
SEMAGA 2,34 3,48 4,69 3,74 Sustained induction
SEPT8 0,35 0,66 0,82 1,11
SESN3 6,90 10,94 | 12,91 7,02 Sustained induction
SFN 0,21 0,34 0,34 0,61 Repression reset
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SHC4 2,49 2,64 5,43 2,78 Sustained induction
SHMT2 0,22 0,39 0,42 0,82 Repression reset
SLC12A4 1,98 3,93 4,88 5,01
SLC16A3 0,16 0,17 0,28 0,91 Repression reset
SLC1A1 6,72 11,29 | 17,89 10,80 Sustained induction
SLC22A1 1,68 4,62 6,00 3,78
SLC22A15 2,05 2,94 3,12 1,68 Induction reset
SLC25A5 0,24 0,27 0,33 0,40 Sustained repression
SLC9A3 0,31 0,00 0,00 | 103,49 Dynamic
SLIT3 4,89 0,03 0,63 3,96 Dynamic
SMAGP 0,37 0,26 0,35 0,56 Repression reset
SNORD3A 0,10 0,13 0,19 0,27 Sustained repression
SNORD3B-1 0,19 0,23 0,32 0,67 Repression reset
SNORD3B-2 0,14 0,18 0,26 0,62 Repression reset
SOCS2-AS1 6,58 8,39 9,17 3,76 Sustained induction
SORCS2 1,61 2,38 3,41 2,64
SOX9 3,49 6,38 11,38 12,66 Sustained induction
SOX9-AS1 3,93 3,43 2,82 2,14 Sustained induction
SPAG5 0,34 0,30 0,31 0,45 Sustained repression
SPATA18 4,04 4,13 2,47 1,69 Induction reset
SPEG 1,99 2,92 4,04 4,71
SPOCK1 2,23 3,00 16,72 4,48 Sustained induction
SSNA1 0,22 0,27 0,39 0,74 Repression reset
SSRP1 0,33 0,44 0,45 0,58 Repression reset
ST3GALS 1,49 2,64 4,09 3,44
STAT4 2,50 6,67 5,66 2,00 Sustained induction
STUM 1,75 2,22 10,66 | 13,14
SULF1 0,60 0,31 0,26 0,17
SUN2 0,35 0,33 0,43 0,67 Repression reset
SYNPO 3,53 6,07 6,99 4,11 Sustained induction
SYNPR 8,34 0,01 0,01 10,33 Dynamic
SYT7 0,34 0,30 0,40 0,97 Repression reset
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TANC2 2,06 3,16 3,40 1,56 Induction reset
TENM?2 25,34 0,03 6,08 23,79 Dynamic
TFPI 1,65 2,39 3,30 2,04
TGFB2 2,27 6,07 5,70 1,71 Induction reset
TGFBI 2,92 6,30 9,58 4,64 Sustained induction
TGFBR2 3,05 6,81 8,02 2,99 Sustained induction
THAP11 0,20 0,23 0,29 0,81 Repression reset
THEG 0,23 0,07 0,15 0,19 Sustained repression
TIMP3 2,61 5,50 11,16 10,20 Sustained induction
TK1 0,32 0,26 0,31 0,70 Repression reset
T™C7 2,24 3,32 4,00 2,10 Sustained induction
TMEM107 0,22 0,20 0,31 0,47 Sustained repression
TMEM132C 38,52 0,00 0,00 50,13 Dynamic
TMEM132D 19,00 0,00 0,02 34,41 Dynamic
TMEM140 9,19 13,96 | 32,13 31,21 Sustained induction
TMEM156 4,33 4,22 20,11 4,15 Sustained induction
TMEM54 0,12 0,20 0,29 0,95 Repression reset
TMPRSS13 0,25 0,23 0,39 0,85 Repression reset
TMPRSS4 0,33 0,23 0,45 1,02
TNFAIP8 2,41 2,92 3,91 1,62 Induction reset
TNIK 3,56 8,40 17,63 7,90 Sustained induction
TONSL 0,33 0,36 0,39 1,10
TP53INP1 3,11 3,01 3,30 2,22 Sustained induction
TP63 1,61 4,51 | 34,52 | 16,43
TPI1 0,23 0,34 0,41 0,52 Repression reset
TRAIP 0,38 0,25 0,28 0,67 Repression reset
TROAP 0,36 0,28 0,27 0,56 Repression reset
TSPANS 2,38 3,86 6,41 2,92 Sustained induction
TUBA1B 0,19 0,22 0,25 0,45 Sustained repression
TUBB 0,30 0,33 0,36 0,56 Repression reset
TUBB4B 0,23 0,29 0,36 0,58 Repression reset
TXNIP 0,31 0,22 0,36 0,44 Sustained repression
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Fold change
D2 D4 D8 D16

Gene AFC AFC AFC AFC Cluster
Ul 0,24 0,18 0,33 0,79 Repression reset
U3 1,24 2,17 1,95 1,80
UBB 0,31 0,38 0,49 0,40 Sustained repression
UBE2C 0,28 0,21 0,22 0,58 Repression reset
UBE2QL1 2,07 4,53 5,32 4,16 Sustained induction
UBL4A 0,30 0,22 0,30 0,58 Repression reset
UHRF1 0,33 0,27 0,32 0,68 Repression reset
UNC13C 24,62 0,10 0,06 38,12 Dynamic
UPP1 2,23 5,94 9,75 5,93 Sustained induction
UQCRQ 0,30 0,37 0,42 0,41 Sustained repression
USH2A 13,62 0,02 0,03 16,11 Dynamic
USP35 0,70 1,09 1,54 2,77
VMP1 2,60 2,37 3,02 1,93 Induction reset
VSTM2B 7,96 0,00 0,00 36,91 Dynamic
WIPF1 3,54 5,91 6,80 4,04 Sustained induction
WIPI1 2,38 3,25 4,19 2,56 Sustained induction
WLS 2,59 3,48 3,91 2,16 Sustained induction
XRCC3 0,35 0,40 0,44 0,93 Repression reset
YPEL2 3,21 2,79 4,50 3,36 Sustained induction
Z793241.1 0,24 0,21 0,31 0,63 Repression reset
ZBTB20 3,17 2,79 5,25 2,21 Sustained induction
ZMAT4 1,72 5,72 14,92 5,98
ZNF365 3,77 6,06 11,52 6,65 Sustained induction
ZNF385B 2,87 4,23 3,30 1,93 Induction reset
ZNF462 1,97 3,33 3,52 1,65
ZNF827 2,41 3,25 3,03 1,78 Induction reset

ZWINT 0,29 0,26 0,33 0,64 Repression reset

Table S2. GRHL2-regulated genes identified by Bru-seq in MCF7 conditional KO
model. AFC for indicated genes at the indicated timepoints (days) post induction
of GRHL2 KO identified by Bru-seq in MCF7 conditional KO model and assignment
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to clusters is shown. Genes also displaying promoter interaction identified by ChiP-
seq in MCF7cells are indicated in bold.
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Abstract:

The transcription factor Grainyhead-like 2 (GRHL2) is a critical transcription
factor for epithelial tissues that has been reported to promote cancer growth
in some- and suppress aspects of cancer progression in other studies. We
investigated its role in different breast cancer subtypes. In breast cancer pa-
tients, GRHL2 expression was increased in all subtypes and inversely corre-
lated with recurrence-free and distant metastasis-free survival. In a large cell
line panel, GRHL2 expression was expressed in luminal- and basal A cells but
low or absent in basal B cells. Inter-section of ChIP-Seq analysis in 3 luminal
and 3 basal A cell lines identified conserved GRHL2 binding sites for both
subtypes. Pathway analysis of ChIP-seq data revealed cell-cell junction regu-
lation and epithelial migration as well as epithelial proliferation as candidate
GRHL2-regulated processes and further analysis of hub genes in these path-
ways showed similar regulatory networks in both subtypes. However, GRHL2
deletion in a luminal cell line caused cell cycle arrest while this was less prom-
inent in a basal A cell line. Conversely, GRHL2 loss triggered enhanced migra-
tion in the basal A cells but failed to do so in the luminal cell line. ChIP-Seq
and ChIP-qPCR demonstrated GRHL2 binding to CLDN4 and OVOL2 in both
subtypes but not to other GRHL2 targets controlling cell-cell adhesion that
were previously identified in other cell types, including CDH1 and ZEB1. Nev-
ertheless, E-cadherin protein expression was decreased upon GRHL2 dele-
tion especially in the luminal line and, in agreement with its selectively en-
hanced migration, only the basal A cell line showed concomitant induction
of Vimentin and N-cadherin. To address how the balance between growth
reduction and aspects of EMT upon loss of GRHL2 affected in vivo behavior,
we used a mouse basal A orthotopic transplantation model in which the
GRHL2 gene was silenced. This resulted in reduced primary tumor growth
and a reduction in number and size of lung colonies, indicating that growth
suppression was the predominant consequence of GRHL2 loss. Altogether,
these findings point to largely common but also distinct roles for GRHL2 in
luminal- and basal breast cancers with respect to growth and motility and
indicate that, in agreement with its negative association with patient sur-
vival, growth suppression is the dominant response to GRHL2 loss.
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Keywords: Breast cancer; luminal-like; basal-like; GRHL2.

1. Introduction

Breast cancer is the most prevalent malignancy in females globally. Mortality
of patients with breast cancer has decreased, resulting from early diagnosis
and development of therapies [1-3]. A considerable proportion of knowledge
on breast cancer originates from experiments performed with breast cancer
cells that cover the various subtypes of this heterogeneous disease [4].
Breast cancer is divided into luminal (luminal A and luminal B), epidermal
growth factor receptor 2-enriched (HER2-enriched), basal (basal A and basal
B), claudin-low, and normal-like subtypes based on gene expression profiling
[5]. The most common subtype of breast cancer is luminal that originates
from luminal cells in the duct [6]. It is characterized by enrichment of
genes/proteins associated with the luminal epithelial phenotype (e.g., ESR1,
GATA3 and FOXA1) [4,7]. Basal breast cancer is characterized by significant
enrichment of basal epithelial cytokeratins, hormone receptor negativity and
a high tumor grade and poor prognosis [8]. Basal breast cancer can be further
divided into basal A and basal B subtypes [9]. The basal A subtype is enriched
with basal markers such as cytokeratins (e.g., Cytokeratin 4), while basal-B
exhibits a mesenchymal or a normal-like phenotype with overexpression of
several genes related to tumor invasion and tumor stemness [4].

The Grainyhead (GRH) gene was originally discovered through a mutation
that causes slack and fragile cuticles in Drosophila [10]. Loss of function of
the GRH results in failure of neural tube closure during embryogenesis [11].
In mammals, members of the highly conserved Grainyhead like (GRHL) family
directly or indirectly regulate transcription of the genes encoding epithelial
cell-cell junction proteins in adherens junctions and tight junctions [12-14].
In humans, GRHL1, GRHL2 and GRHL3 are identified as GRH homologs that
contain an N-terminal transcriptional activation domain, a central CP2 DNA-
binding domain and a C-terminal dimerization domain [15,16]. GRHL2 has
been found to serve as a pioneer factor, cooperating with FOXA1 and ERa to
regulate gene expression [15,17,18]. >5000 GRHL2 binding sites have been
reported in epithelial cells but there is limited overlap between different
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tissues and regulation of several GRHL2 responsive genes has been found to
be indirect [13,14,19-21].

GRHL2 has been implicated in cancer development and progression. GRHL2
has been shown to act as a tumor metastasis suppressor, by opposing epi-
thelial-mesenchymal transition (EMT) through upregulation of epithelial
markers or downregulation of mesenchymal markers [20,22,23]. In contrast,
GRHL2 is located on chromosome 8q22 that is frequently amplified or over-
expressed in many cancers and hence may rather have an oncogenic func-
tion [24-27]. Indeed, in prostate cancer [28], breast cancer [23], lung cancer
[29] and ovarian cancer [30] downregulation of GRHL2 has been associated
with inhibition of cell proliferation. Together, this suggests that GRHL2 func-
tion may vary depending on the cancer cell context.

In this study, we investigated the role of GRHL2 in different breast cancer
subtypes. Our findings show that GRHL2 is absent in basal B breast cancer
cells, it is expressed in luminal breast cancer cells where its depletion causes
an arrested proliferation, and it is expressed in basal A where its depletion
triggers a slow growth/high motility phenotype and in vivo, growth arrest is
the dominant response to GRHL2 depletion, in line with its overexpression in
breast cancer patients.

2. Results

2.1. GRHL2 is associated with poor prognosis but is downregulated in basal B
subtype breast cancer

In order to evaluate the clinical relevance of GRHL2 in breast cancer, GRHL2
alternations were examined in a series of published cohorts. GRHL2 is lo-
cated on chromosome 8g22.3, a genomic region that is frequently amplified
or overexpressed in many cancers [25,28]. The expression of GRHL2 mRNA
and protein was significantly higher in tumor versus normal tissue for all
breast cancer subtypes analyzed (Fig. 1A, B). No statistically significant asso-
ciation of GRHL2 mRNA expression with overall survival was detected in lu-
minal-like breast cancer (Fig. 2C). However, GRHL2 mRNA expression was
negatively associated with overall survival in basal-like breast cancer patients
(Fig. 2D). In agreement with an earlier report exploring a different panel of
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cell lines [22], using RNA-seq data of 52 human breast cancer cell lines [35]
we found that GRHL2 mRNA was low or absent in most breast cancer cell
lines representing the basal B subtype and ex-pressed in all luminal and basal
A cell lines (Fig. 2A, B). Notably, this analysis suggested that HCC1500 and
SUM149PT may have been misclassified. Indeed, SUM149PT has been previ-
ously classified as basal A or basal B subtype [9,42] and reported to contain
different subpopulations, according to expression level of EpCAM and CD49f
surface markers [43]. Likewise, HCC1500 cells have been classified as lu-
minal, due to a predominant population of cells that are positive for EpCAM
and CD24 [3] or as basal B, owing to an enrichment for gene clusters associ-
ated with cancer stem cell- and invasive phenotypes [9]. In agreement with
the RNA-seq analysis, GRHL2 protein and mRNA were not detectable in
Hs578T basal B cells, whereas luminal (MCF7, T47D and BT474) and basal A
cell lines (HCC1806, MDA-MB-468 and BT20) all expressed GRHL2, albeit at
different levels (Fig. 2C, D). This was correlated with expression of E-cad-
herin, a cell adhesion receptor previously identified as a target of GRHL2 that
is downregulated in cells undergoing EMT [23,44].
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Fig. 1. GRHL2 expression in breast cancer. (A, B) The expression of GRHL2 mRNA
(A) and protein (B) in different subtypes of breast cancer based on analyzing data
from TCGA, GTEx and CPATC databases. TPM, transcripts per million. * Indicates
p<0.01. Red and gray blocks in (A) represent tumor and normal samples, respec-
tively. Dots show full distribution of all samples in the given group. (C, D) Associ-
ation of GRHL2 expression with overall survival based on analyzing data from KM
plotter database.
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Fig. 2. GRHL2 expression in a panel of human breast cancer cell lines represent-
ing different subtypes. (A and B) GRHL2 expression in a panel of >50 human
breast cancer cell lines covering luminal-, basal A-, and basal B subtypes extracted
from RNA-seq data. * indicates p < 0.05; NS, not significant. (C, D) Western blot
analysis (C) and gRT-PCR (D) showing loss of GRHL2 and its target gene CDH1 in
basal B subtype breast cancer. Color codes refer to B.
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2.2. Analysis of GRHL2-occupied genes in luminal and basal A breast cancer
cells points to overlapping regulation of epithelial proliferation, cell-cell junc-
tions, and cell migration

We performed ChIP-seq in three human luminal breast cancer cell lines and
three human basal A breast cancer cell lines and identified 6527 shared
GRHL2 binding sites in all luminal and 13351 shared GRHL2 binding sites in
all basal A cell lines (Fig 3A). Of these, 4711 GRHL2 binding sites were shared
between luminal and basal A cells. MEME-ChIP identified a core GRHL2 bind-
ing motif matching previously published motifs [14, 15, 17, 56] in each cell
line (Fig. 3B). Annotation of ChIP-seq data in luminal and basal A cells re-
vealed 3155 and 5353 Ensembl annotations for GRHL2 occupied genes, re-
spectively. These genes were interrogated using the clusterProfiler package
in R for GO term enrichment. Several GO terms associated with epithelial
proliferation, cell-cell junctions, and cell migration were identified (Fig 3C).
We combined GO terms associated with cell-cell junction/ adhesion or GO
terms associated with epithelial cell migration from Fig. 3C and used Cyto-
scape (cytoHubba) to identify and select hub genes. The resulting hub gene
networks were not identical but did show overlap between luminal and basal
A cell (Fig. 3D). l.e., CDC42 and beta-catenin (CTNNB1) were shared between
luminal and basal A in the cell-cell junction/ adhesion GO terms. CDC42,
PTEN, EGF, and the VEGF receptor KDR (note that the ligand VEGFA was only
found in basal A) were shared between luminal and basal A in the epithelial
cell migration GO terms. Together, these analyses indicated that gene net-
works regulated by GRHL2 in luminal and basal A cells show large overlap
and may regulate, amongst others, proliferation and cell migration of both
subtypes.
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Fig 3. ChIP-seq analysis of GRHL2 target genes in luminal and basal A cells. (A)
Venn diagrams showing overlap of GRHL2 binding sites among the indicated lu-
minal and basal A cell lines (top panels) and overlap between shared GRHL2 bind-
ing sites in luminal and basal A cell lines (bottom panel). (B) GRHL2 DNA-binding
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motifs identified in the indicated cell lines. (C) Enriched GO terms associated with
the indicated functions for GRHL2-occupied genes shared between all luminal
(left panel) or all basal A cell lines (right panel). Color coding according to padj
values in the legend. X-axis shows the number of genes involved. (D) Hub genes
calculated by Degree algorithm using Cytoscape (cytoHubba) software from the
indicated GO terms for luminal and basal A cells. Color coding from red to yellow
indicates the rank of the genes from top to low as assigned by cytoHubba.

2.3. Modulation of proliferation and migration in response to GRHL2 loss in
luminal versus basal A breast cancer cells

GRHL2 has been shown to promote cell survival and proliferation and to sup-
press EMT in epithelial cells [2,22]. Our ChIP-seq analysis suggested that both
aspects could be regulated in luminal as well as basal A breast cancer cells.
We studied the response to GRHL2 loss in MCF7 luminal and HCC1806 basal
A cells (Fig 4A). Cell cycle analysis showed that a higher percentage of MCF7
cells were in GO/1 compared to HCC1806 cells and loss of GRHL2 resulted in
a GO/1 arrest in MCF7 and a less-pronounced shift to GO/1 in HCC1806 cells
(Fig. 4B). In agreement with the more robust arrest in cell cycle progression
observed in MCF7, loss of GRHL2 attenuated cell proliferation of MCF7 cells
at 2- and 3-days post seeding whereas a smaller, albeit significant decrease
in proliferation was observed at 3 days in HCC1806 (Fig. 4C). Conversely,
when random migration was analyzed, migration speed of HCC1806 cells was
enhanced upon GRHL2 depletion whereas migration of MCF7 was not signif-
icantly affected (Fig. 4D). Together, these results suggested that GRHL2 loss
caused suppression of growth in both subtypes, especially in the luminal
cells, that was accompanied by enhanced migration predominantly in the ba-
sal A subtype.
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Fig. 4. Response to GRHL2 knockout in luminal- and basal A cells. (A) Western
blot analysis showing loss of GRHL2 in KO cells. WT, wild type cells; CTR, sgCTR
transduced cells; KO, sgGRHL2 transduced cells. (B) FACS profiles with associated
quantification of cell cycle phase distribution in sgCTR (CTR) and sgGRHL2 trans-
duced (KO) MCF7 and HCC1806 cells. Representative experiment from 2 and 3
biological replicates is shown for MCF7 and HCC1806, respectively. (C) Graphs
showing results from SRB assay for wild type (WT) and sgCTR and sgGRHL2
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transduced MCF7 and HCC1806 cells for the indicated time periods after 4 days
doxycycline. Data are presented as mean = SEM from 3 biological replicates. Data
are statistically analyzed by t-test comparing CTR and KO to WT. * indicates p <
0.05. (D) Analysis of random migration assay showing the average path speed (y-
axis) captured at the indicated timepoints during the assay (x-axis) for wild type
(WT) and sgCTR and sgGRHL2 transduced MCF7 and HCC1806 cells 10-days post
doxycycline. Data are presented as mean + SEM from 3 biological replicates rela-
tive to WT. Data are statistically analyzed by two-way ANOVA. * indicates p < 0.05.

2.4. Signs of EMT in response to GRHL2 loss in luminal versus basal A breast
cancer cells

We next asked whether the selective increase in migration speed triggered
by GRHL2 loss in basal A but not luminal cells may be related to differential
regulation of EMT. Analysis of ChIP tracks in luminal and basal A cell lines for
previously reported GRHL2 target genes revealed high similarity amongst all
six cell lines (Fig. 5A). No interactions of GRHL2 with ZEB1 or ZEB2 were de-
tected in contrast to previous findings in mammary epithelial cells [45]. This
was confirmed by ChIP-qPCR using a primer set reported to amplify ZEB1
promoter DNA sequences bound by GRHL2 in human mammary epi-thelial
cells [22] (Fig. 5B). We also did not detect GRHL2 peaks associated with CDH2
(encoding N-cadherin, a mesenchymal marker). No promoter binding but
multiple in-tronic GRHL2 peaks were detected in the CDH1 gene that were
conserved in all cell lines and ChIP-gPCR confirmed one of these conserved
intronic GRHL2 binding sites. Lastly, GRHL2 binding at the promoter regions
of CLDN4 and OVOL2 was conserved in all cell lines and validated by ChIP-
gPCR.
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Fig. 5. Occupation of EMT related genes by GRHL2. (A) ChIP tracks for the indi-
cated genes in luminal and basal A breast cancer cell lines. The track height is
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presented in red. (B) ChIP-gPCR validation of presence and absence of GRHL2
binding sites identified by ChIP-seq. Location of the gqPCR primer set in the locus
is indicated by * in (A). Graphs represent the efficiency of indicated genomic DNA
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GRHL2 antibody pulldown samples were normalized to input DNA and are pre-
sented as % input with SEM from 3 technical replicates with the exception of
CLDN4 due to depletion of input material. Data were statistically analyzed by t-
test and * indicates p < 0.05.
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In addition to direct binding of regulators of EMT, GRHL2 may regulate EMT
indirectly. In luminal (MCF7) and basal A cells (HCC1806) GRHL2 knockout,
but not control sgRNA triggered a reduction in E-cadherin protein expression
(Fig. 6A). However, the induction of mesenchymal markers, Vimentin and N-
cadherin was only observed in HCC1806 cells. These Western blot results
were confirmed using confocal immunofluorescence micros-copy. E-cad-
herin was expressed at cell—cell junctions and in the cytoplasm in HCC1806
and MCF7 cells and GRHL2 knockout led to reduced expression (Fig. 6B, C). A
concomitant gain of Vimentin expression was only observed in HCC1806
cells. These results showed that direct binding of GRHL2 to EMT related
genes is shared between luminal and basal A cells but GRHL2 depletion trig-
gers several aspects associated with an EMT in HCC1806 whereas only reduc-
tion of E-cadherin is observed in MCF7, which may be in agreement with the
enhanced migration observed in GRHL2-depleted HCC1806 but not MCF7
cells.
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Fig. 6. Regulation of EMT related genes by GRHL2. (A) Western blot analysis of
the indicated proteins in wild type (WT) and sgCTR (CTR) and sgGRHL2 transduced
(KO) MCF7 and HCC1806 cells after 10 days doxycycline-induction. (B) Immuno-
fluorescence analysis of HOECHST (nuclei, blue) and GRHL2 in MCF7 and HCC1806
cells expressing control sgRNA or GRHL2 sgRNA. (C) Immunofluorescence analysis
of HOECHST (nuclei, blue), E-cadherin and Vimentin (Alexa-488, green), and F-ac-
tin (Rhodamine-Phalloidin, red) in WT, CTR, and KO MCF7 and HCC1806 cells after
10 days doxycycline-induction. Scale bar, 100um.

2.5. GRHL2 depletion leads to reduced tumor growth and lung metastasis of
4T1 basal A cells

A shift from an epithelial towards a mesenchymal phenotype contributes to
metastasis [46]. We asked whether GRHL2 depletion in basal A cells would
attenuate metastasis due to reduced growth potential or promote metasta-
sis due to the EMT shift. For this purpose, we made use of the 4T1 mouse
basal A orthotopic transplantation model. Expression of shRNAs targeting
GRHL2 led to ~80% reduction in GRHL2 mRNA and caused a decrease in E
cadherin expression (Fig. 7A, B). Orthotopic tumor growth of shGRHL2 cells
was attenuated as compared to growth of shCTR tumors (Fig. 7C). Depletion
of GRHL2 also reduced lung metastasis with fewer and very small lung colo-
nies (Fig. 7D). These results indicated that the dominant outcome of GRHL2
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loss in basal A breast cancer cells in the context of tumor growth and metas-
tasis is growth suppression.
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Fig. 7. Effect of GRHL2 depletion in 4T1 basal A orthotopic transplantation
model. (A) RT gqPCR analysis of efficiency of GRHL2 depletion in 4T1 cells trans-
duced with a control or 2 GRHL2 shRNA constructs. Mean and SEM of 3 biological
replicates is shown. * p<0.05. (B) FACS analysis of E cadherin surface expression
in 4T1 variants described in A. Mean and SD of 3 experiments is determined and
relative MFU (mean fluorescence units) compared to WT is shown. * p<0.05. (C)
Graph showing mean and SD for analysis of primary tumor growth after ortho-
topic transplantation of control and GRHL2 shRNA transduced 4T1 cells. At least
12 mice per condition in two experiments were analyzed. (D) Graph showing
mean and SD for number of detected lung colonies for the experiment as in (C).
NS, not significant; * p<0.05. Right panel shows representative images of total
lungs (top) and hematoxylin/eosin-stained lung sections derived from tumors of
4T1 cells transduced with a control or a GRHL2 shRNA construct.

3. Discussion
The results of this study indicate that the role of GRHL2 in luminal versus
basal breast cancer cells is similar but not identical. Shared as well as distinct
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gene sets are occupied by GRHL2 in these subtypes and the outcome of a
reduction in GRHL2 ex-pression may be distinct with luminal cells experienc-
ing a robust growth arrest and basal A cells maintaining a reduced growth
potential that is accompanied by enhanced migration. Nevertheless, in
agreement with its overexpression and negative correlation with survival in
human basal-like breast cancer patients, loss of GRHL2 in basal A cells leads
to reduced growth of orthotopic tumors and lung colonies, indicating that
growth sup-pression is the dominant response to GRHL2 loss.

GRHL2 is located on chromosome 8g22 and amplified or overexpressed in
several cancer types, including breast cancer [15,47]. In vivo and clinical stud-
ies support an oncogenic role of GRHL2 [15,27-30,48,49]. Our findings cor-
roborate such a role for GRHL2 and demonstrate an association of GRHL2
expression with poor prognosis in breast cancer. Our study using a panel of
>50 human breast cancer cell lines, confirms and extends an earlier report
showing that GRHL2 is downregulated in basal B breast cancer [22]. This is
remarkable given its apparent relation to poor prognosis, since triple nega-
tive/basal tumors are often aggressive and have a poorer prognosis com-
pared to the ER-positive luminal subtypes [4]. Moreover, basal B cells are
enriched in EMT markers that are also associated with aggressiveness [4].

GRHL2 may play a dual role in breast cancer [15,16,23] and a tumor- or me-
tastasis-suppressive function has been related to its ability to suppress EMT,
stemness, and invasion in cell line models and clinical samples [22,23,45].
The function of GRHL2 likely is context-dependent and the consequence of
GRHL2 loss depends on the cancer type and the stage of cancer progression.
Here, we have explored whether luminal- and basal A breast cancer cells that
are GRHL2 positive and have an epithelial phenotype with E-cadherin-medi-
ated cell-cell contacts, respond similarly to a loss of GRHL2. We find that
GRHL2 downregulation negatively impacts growth and positively impacts as-
pects of EMT/migration in a luminal as well as a basal A cell line, but not to
the same extent. Growth inhibition upon loss of GRHL2 is robust in MCF7 but
less pronounced in HCC1806 cells. Notably, expression of PCNA and TERT,
which has been reported to be epigenetically controlled by GRHL2 [26,50]
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was attenuated in MCF7 but not HCC1806 cells following GRHL2 depletion,
indicating that replicative potential is differentially affected (data not
shown).

As expected, based on earlier reports in other cell types [21,51-53], E-cad-
herin is downregulated in response to GRHL2 knockout in luminal as well as
basal A breast cancer cells. Our findings indicate that this response may be
indirect. ChlP-seq and ChlIP-gPCR detect intronic GRHL2-binding sites in the
CDH1 gene but no promoter binding. By contrast, we find that genes encod-
ing the epithelial tight junction protein, CLDN4 and the epithelial zinc finger
protein, OVOL2 are subject to GRHL2 promoter binding. We do not detect
GRHL2 binding sites in ZEB1 or ZEB2, across all the luminal and basal A breast
cancer cell lines we have analyzed, which contrasts with previous findings in
other cell types [45]. Hence, regulation of E-cadherin could involve OVOL2
but not ZEBs, in breast cancer cells. Notably, GRHL2 binding to noncoding
gene regions, such as the intronic binding sites in CDH1, may participate in
long-distance chromatin interactions [21]. Moreover, intronic regions harbor
enhancer elements and GRHL2, in some cases together with the ER-alpha
transcriptional complex, can act as a pioneer factor [15-18]. As the absence
or presence of promoter or intronic binding sites is shared across the luminal
and basal A cells, these interactions do not explain the different response to
GRHL2 loss in both subtypes. On the other hand, we observe an induction of
mesenchymal markers and enhanced cell migration only in GRHL2-depleted
basal A HCC1806 cells and not in GRHL2-depleted MCF7 luminal cells. It has
been previously shown that loss of E-cadherin is not sufficient for enhanced
cell migration, invasion, and metastasis of breast cancer cells [54-56]. The
induction of mesenchymal markers, such as N-cadherin and Vimentin that
we find to occur only in the HCC1806 cells may contribute to cell migration.
N-cadherin junctions on the cell surface may act as migration tracks [57] and
N-cadherin supports the organization of an F-actin network that drives cell
migration [58]. Again, the upregulation of N-cadherin in HCC1806 cells ap-
pears to be indirect as no GRHL2 bindings sites are detected in the CDH2
gene. Vimentin, a type lll intermediate filament protein, is involved in cell
adhesion, migration and signal transduction and emerges in pathologies pro-
cesses involving epithelial cell migration [59] but overexpression of Vimentin
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by itself does not enhance cell migration in MCF7 cells [60]. Altogether, our
findings and other reports indicate that in order for GRHL2 loss to trigger a
shift to a more motile behavior, loss of E-cadherin is not sufficient, but a
more elaborate transition is required, including loss of epithelial markers and
gain of mesenchymal markers.

Despite the induction of EMT and enhanced migratory capacity in basal A
breast cancer cells the ultimate outcome of GRHL2 depletion in the ortho-
topic tumor growth and metastasis experiment reported here, supports an
oncogenic role of GRHL2. This is in agreement with earlier studies [28,30,61]
and with the fact that GRHL2 is located on chromosome 8g22 that is ampli-
fied or overexpressed in several cancer types, including breast cancer
[15,47]. Our findings show that GRHL2 represents a candidate therapeutic
target for luminal breast cancer. Even though growth of primary tumor and
metastatic colonies derived from basal breast cancer cells is suppressed in
response to GRHL2 depletion, the combination of reduced growth with as-
pects of EMT and enhanced motility does warrant caution with strategies
aimed at decreasing expression of GRHL2 in basal breast cancer.

4. Materials and Methods

4.1. Expression analysis in breast cancer cohorts and cell line panel

GRHL2 mRNA and protein expression in different subtypes were analyzed
using GEPIA2 [31] and UALCAN [32,33], respectively. The KM plotter data-
base was analyzed to evaluate the association of GRHL2 expression with sur-
vival of patients with different subclasses of breast cancer [34]. RNA-seq data
for a panel of 52 breast cancer lines [35] was used to analyze GRHL2 expres-
sion across subtypes (basal A, basal B and luminal).

4.2. Cell lines

Human breast cancer cell lines (MCF7, T47D, BT474, HCC1806, BT20, MDA-
MB-468, Hs578T) were obtained from the American Type Culture Collection.
Cells were cultured in RPMI1640 medium with 10% fetal bovine serum, 25
U/mL penicillin and 25 pg/mL streptomycin in the incubator (37°C, 5% CO2).
For production of lentiviral particles, VSV, GAG, REV and Cas9 or sgRNA or
shRNA plasmids were transfected into HEK293 cells using Polyethylenimine
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(PEIl). After 2 days, lentiviral particles were harvested and filtered. Condi-
tional Cas9 cells were generated by infecting parental cells with lentiviral par-
ticles expressing Edit-R Tre3G promotor-driven Cas9 (Dharmacon) and se-
lected by blasticidin. Limited dilution was used to generate Cas9 monoclonal
cells. Subsequently, Cas9-monoclonal MCF7 or HCC1806 cells were trans-
duced with U6-gRNA:hPGK-puro-2A-tBFP control non-targeting or GRHL2-
specific single guide (sg)RNAs (Sigma), selected by puromycin, and gene de-
letion was triggered by exposure to doxycycline. Control sgRNA vector was
non-targeting. Human GRHL2 sgRNA was CCTCGAGACAAGAGGCTGCTGTC.
For shRNA transduction of 4T1 cells, cells were transduced using lentiviral
shRNA vectors (LentiExpress; Sigma-Aldrich) according to the manufacturer’s
procedures and selected in medium containing puromycin (2 mg/ml). Con-
trol shRNA vector targeted enhanced green fluorescent protein. Mouse
GRHL2 shRNAs were CGGAGAAATTTCGGAGTACTTCTC and CGTCCTT-GTTAA-
GCGGATGTTCTC.

4.3. Western blot

Cells were lysed by radioimmunoprecipitation (RIPA) buffer (150 mM NacCl,
1% Triton X-100, 0.5% sodium deoxycholate and 0.1% Tris and 1% protease
cocktail inhibitor (Sigma-Aldrich. P8340)). Then, cell lysates were sonicated
and protein concentration was determined by bicinchoninic acid assay (BCA)
assay. Cell lysates were mixed with protein loading buffer. Subsequently,
proteins were separated by SDS-PAGE gel and transferred to methanol-acti-
vated polyvinylidene difluoride (PVDF) (Milipore, The Netherlands) mem-
brane. Membranes were blocked with 5% bovine serum albumin (BSA, Sig-
ma-Aldrich) for 1 hour at room temperature (RT). Membranes were stained
with primary antibody overnight at 4°C and HRP-conjugated secondary anti-
bodies for half hour at room temperature (RT). After staining with Prime ECL
Detection Reagent (GE Healthcare Life science), chemoluminescence was de-
tected by Amersham Imager 600 (GE Healthcare Life science, The Nether-
lands). The following antibodies were used: GRHL2 (At-las-Antibodies,
hpa004820), GAPDH (SantaCruz, sc-32233), Vimentin (Abcam, ab8069), N-
cadherin (BD, 610920), E-cadherin (Abcam, ab76055), Peroxidase AffiniPure
Goat Anti-Rabbit 1gG (Jackson ImmunoResearch, 111-035-003), Peroxidase
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AffiniPure Goat Anti-Mouse IgG (Jackson ImmunoResearch, 115-035-003).
Original blots are shown as supplemental data.

4.4. Realtime quantitative PCR (RT-qPCR)

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen). 500 ng RNA was
reverse transcribed into cDNA using the RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). The cDNA was mixed with SYBR
green master mix (Fisher Scientific) for gPCR. RT-gPCR data were collected
and analyzed using 2-AACt method. RT-gPCR primers included GRHL2 for-
ward ggcagtgtccttgttaaacgg / reverse atcgtcag-tctecttectcacg; CDH1 forward:
agagcttgtcattgagectgg / reverse: ccacggatcttgtgtcagaaac; GAPDH forward:
ccatggggaaggtgaaggtc/ reverse agttaaaagcagccctggtga.

4.5. ChIP-seq and ChlP-qPCR

Cells were grown in RPMI-1640 complete, serum-containing medium. Cross-
linking was performed by 1% formaldehyde for 10 minutes at room temper-
ature (RT). Then 1M glycine (141 pl of 1M glycine for 1 ml of medium) was
used to quench for 5 minutes at RT. Cells were washed twice with ice-cold
PBS containing 5 pl/ml phenylmethylsulfonyl fluoride (PMSF). Cells were har-
vested by centrifugation (2095 g for 5 minutes at 4°C) and lysed with NP40
buffer (150 mM NaCl, 50mM Tris-HCI, 5mM EDTA, 0.5% NP40, 1% Triton X-
100) containing 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitor
cocktail (EDTA-free Protease Inhibitor Cocktail, Sigma). Chromatin was soni-
cated to an average size of 300 bp and GRHL2-bound chromatin fragments
were immunoprecipitated with anti-GRHL2 antibody (Sigma; HPA004820).
Precipitates were washed by NP buffer, low salt (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris-HCI (pH 8.1), 150mM Nacl), high salt (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI (pH 8.1), 500mM NaCl) and LiCl
buffer (0.25M LiCl, 1%NP40, 1% deoxycholate, 1mM EDTA, 10mM Tris-HCI
(pH 8.1)). Chromatin was de-crosslinked by 1% SDS at 65°C and DNA was pu-
rified by Phenol:Chloroform:lsoamyl Alcohol (PCl) and then diluted in TE
buffer. Library preparation and paired-end (151bp) sequencing were per-
formed by GenomeScan (Leiden, The Netherlands). MCF7, T47D, BT474,
HCC1806, MDA-MB-468, and BT20 had 87393758, 84633440, 82080866,
89366122, 114657768, 62258090 paired-end reads, respectively. ChlP-seq
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data are available at the UCSC Genome Browser [https://ge-
nome.ucsc.edu/s/hwuRadboudumc/ZWang].

For ChIP-gPCR, the following primers were used: Control (an intergenic re-
gion upstream of the GAPDH locus): forward atgggtgccactggggatct / reverse
tgccaaa-gectaggggaaga; CLDN4: forward gtgacctcagcatgggctttga / reverse
ctcctcctgaccagtttctetg; ZEB1 promoter: forward gccgecgagcectccaacttt / re-
verse tgctagggaccgggcggttt; OVOL2 exon: forward ccttaaatcgcgagtgagacc /
reverse gtagcgagcttgttgacacc; CDH1 intron: for-ward gtatgaacggcaagcctctg /
reverse caagggagccaggaagagaa. ChIP-qPCR data were an-alyzed using the
2-AACt method.

4.6. ChiP-seq analysis

Less than 5% of adapter sequences were present, and the mean per base
sequence quality was >30, indicating high quality reads and no requirement
for adapter-trimming. Paired-end reads were mapped to the human refer-
ence genome (hg38) using BWA-MEM [36] with default parameters. Map-
ping of total reads to the human genome for MCF7, T47D, BT474, HCC1806,
MDA-MB-468, and BT20 was 42915, 36183, 10054,42554, 56906, 23486 re-
spectively. Phred quality score (Q score) was used to measure base calling
accuracy [37] and reads with low mapping quality (< Q30) were filtered out.
MACS version 2.1.0 [38] was used for peak calling by default settings. The q
value was adjusted to 0.1 for BT474 cell line to avoid loss of peaks. The an-
notatePeaks and MergePeaks functions from HOMER [39] were used to an-
notate and overlap peaks, respectively. ChIPseeker was used for the analysis
of ChlIP-seq peaks coverage plot and the density profile of GRHL2 binding
sites [40]. Motif analysis was performed using ChIP-seq peaks with high
scores by the MEME-ChIP program with default settings. ChIP-seq data was
visualized by the UCSC genome browser.

The clusterProfiler package in R was used for GO enrichment analysis using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [41]. For
this purpose, gene symbols of annotated ChIP-seq data were converted to
Ensembl gene annotations. For the luminal and basal A subtypes 3155 and
5353 Ensembl annotations were analyzed, respectively. Protein-protein
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interaction (PPI) networks were analyzed using STRING database
(https://string-db.org/). The cytoHubba plugin in Cytoscape software (ver-
sion 3.7.2) was used to identify hub genes and their networks. The “Degree”
algorithm was used to select the top genes in Cytoscape.

4.7. Flow cytometry

Cell cycle analysis was performed with a Click-iT EdU Flow Cytometry Kit
(Invitrogen). Cells were cultured with 50 um 5-ethynyl-2-deoxyuridine (EdU)
for 4 h and fixed and stained according to the manufacturers protocol for
analysis on a BD FACS Canto Il.

4.8. Sulforhodamine B (SRB) assay

Cell proliferation rate was measured by SRB assay. Cells were seeded into
96-well plates. At indicated time points, cells were fixed with 50% Trichloro-
acetic acid (TCA, Sigma-Aldrich) for 1 hour at 4 °C and then plates were
washed with demineralized water four times and air-dried at RT. Subse-
quently, 0.4% SRB (60 ul/well) was added and kept for at least 2 hours at RT.
The plates were washed five times with 1% acetic acid and air-dried. 10 mM
(150 pl/well) Tris was added and kept for half hour at RT with gentle shaking.
The absorbance value was measured by a plate-reader Fluostar OPTIMA.

4.9. Migration assay

96 well-plates were coated with collagen (50 ul/well, 20 pg/ml) 1 hour 37°C
and washed with PBS. Cells were seeded into the coated 96-well plates at
the density of 8000 cells/well overnight and stained with Hoechst (Thermo
Fisher 33242) diluted 1:7500 for 45 minutes. Images were taken every 5
minutes on a Nikon TE confocal microscope for 12 hours, at two positions
per well. Tracks were analyzed using NIS Elements software and migration
speed was calculated for 30 cells in each condition, tracked at 25 different
timepoints.

4.10. Immunofluorescence

Cells were fixed with 2% formaldehyde for 15 minutes under slow rotation,
permeabilized with 1% Triton in Phosphate buffered saline (PBS) for 10
minutes, and then stained with primary antibodies and secondary
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antibodies. The following antibodies and stains were used: Vimentin (Abcam,
ab8069); E-cadherin (Abcam, ab76055); GRHL2 (Atlas-Antibodies,
hpa004820); Hoechst (33258, Abcam); Goat anti-Mouse 1gG (H+L) Cross-Ad-
sorbed Secondary Antibody-Alexa Fluor 488 (Thermo Fisher, A-11001); Rho-
damine-Phalloidin (Thermo Fisher, R415).

4.11. Animal studies

Rag2-/-;gc—/- mice were housed in individually ventilated cages under ster-
ile conditions. Housing and experiments were performed according to the
Dutch guidelines for the care and use of laboratory animals. Sterilized food
and water were provided ad libitum. Tumor cells (1 x 105) in 0.1 ml of phos-
phate-buffered saline were injected into the fat pad of 8- to 12-week-old fe-
male mice. Size of the primary tumors was measured using calipers. After 3
to 4 weeks, animals were anesthetized with pentobarbital. Lungs were ex-
cised and left lungs were fixed in 4% paraformaldehyde for hematoxylin and
eosin staining. To quantify lung metastases, right lungs were injected with
ink solution, destained in water, and fixed in Feketes [4.3% (v/v) acetic acid,
0.35% (v/v) formaldehyde in 70% ethanol].

4.12. Statistical analyses
Statistical analyses were performed by GraphPad Prism 8. Details are further
de-scribed in the figure legends.
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Chapter 5

Summary

Cellular plasticity is a critical factor in the development of resistance to anti-
cancer drugs. Epithelial-mesenchymal transition (EMT) is one of the key pro-
cesses contributing to this plasticity. In this study, we aimed to investigate the
relationship between plasticity and drug resistance mediated by the epithe-
lial transcription factor GRHL2 in Luminal and Basal B subtypes of breast can-
cer. We employed a GRHL2 knockout system in the Luminal subtype using
MCF-7 cells and examined the changes in signaling pathways triggered by
GRHL2 loss. Our findings revealed that GRHL2 deletion primarily affected the
TGFpB pathway but did not provoke a complete EMT. Subsequently, we inves-
tigated whether stable or inducible overexpression of GRHL2 in Basal B sub-
type MDA-MB-231 cells resulted in the inverse process, mesenchymal-to-ep-
ithelial transition (MET). However, GRHL2 expression in these cells did not
result in significant changes in the EMT/MET balance. Taking advantage of
the possibility to explore GRHL2-regulated drug vulnerabilities without being
affected by changes in the EMT/MET state, we screened a series of kinase
inhibitors in MDA-MB-231 cells lacking or expressing GRHL2. Overall few dif-
ferential sensitivities to these compounds were detected but four kinase in-
hibitors were identified that selectively inhibited proliferation of GRHL2-ex-
pressing cells in the screen. However, subsequent dose-response experi-
ments showed that these kinases did not represent actionable GRHL2-regu-
lated targets in MDA-MB-231 cells. These findings argue against a major
change in EMT/MET balance in response to altered expression of GRHL2 and
do not point to GRHL2-regulated drug vulnerabilities in breast cancer.

Introduction

Breast cancer cells rewire signaling pathways that enhance cellular plasticity,
enabling resistance to anti-cancer drugs. Unraveling the mechanisms mod-
ulating the plasticity and drug responses is crucial to overcome drug re-
sistance. This adaptive behavior of the cancer cells is often accompanied by
plasticity with respect to the balance between epithelial and mesenchymal
characteristics through epithelial-to-mesenchymal transitions (EMT) and

mesenchymal-to-epithelial transitions (MET).*™®
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EMT supports drug resistance, it enables cancer cells to become more motile,
and these two responses may be interconnected.”® Cancer cells undergoing
EMT often show increased drug efflux due to the upregulation of ATP-binding
cassette (ABC) transporters. These transporters pump chemotherapeutic
agents out of the cells, thereby reducing their efficacy.®** Moreover, EMT can
result in changes in cell cycle regulation, rendering cancer cells less respon-
sive to treatments that target rapidly dividing cells.?**3> The mesenchymal
phenotype also enhances the efficiency of DNA damage repair mechanisms,

further contributing to resistance against DNA damage inducing therapies.”**

The connection of EMT not only with cancer cell migration but also with drug
resistance highlights the importance of understanding the underlying path-
ways to develop more effective therapeutic strategies.'>'® The Grainyhead-
like-2 (GRHL2) transcription factor has been shown to act as a critical epithe-
lial suppressor of EMT.2"2° During EMT, loss of GRHL2 results in a more mes-
enchymal phenotype with enhanced invasive properties.??? In addition, it
was shown that silencing GRHL2 expression increases the sensitivity of ovar-
ian cancer cells to cisplatin.2® GRHL2 is also implicated in the regulation of
various signaling pathways associated with drug resistance, including the
PI3K/AKT/mTOR pathway, the MAPK/ERK pathway, and the NF-kB path-

Way.24'25

Elucidating molecular mechanisms behind GRHL2-mediated drug responses
and the signaling pathways regulated by GRHL2 could lead to the develop-
ment of new targeted therapeutic strategies for breast cancer. To study this,
we took two approaches: GRHL2 was deleted in Luminal breast cancer cells,
or it was overexpressed in Basal B breast cancer cells. The effect on signaling
pathways, EMT/MET balance, and drug sensitivity was explored.

Materials and Methods

Cell culture

Human breast cancer cell lines MDA-MB-231 (Basal-b subtype; triple nega-
tive breast cancer (TNBC)), MCF-7 (Luminal subtype), and the human embry-
onic kidney cell line HEK293T were obtained from ATCC. MCF-7 and MDA-
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MB-231 were cultured in RPMI 1640 while HEK293T cells were cultured in in
DMEM (Dulbecco’s Modified Eagle Medium, both supplemented with 10%
fetal bovine serum (FBS), 25 U/mL penicillin, and 25 pg/mL streptomycin
(Fisher Scientific) and maintained in a humidified incubator with 5% CO2 at
37°C.

Bru-seq analysis of EMT-associated genes

CRISPR/Cas9-mediated conditional knockout (KO) of GRHL2 in MCF-7 cells
expressing one of two different GRHL2 sgRNAs or a control sgRNA in combi-
nation with an inducible Cas9 construct was induced using 1ug/ml doxycy-
cline (dox) for 8 days as explained previously.?>?® By employing the KO sys-
tem, Bru-seq analysis enabled identification of GRHL2-regulated genes and
pathways.?”” Based on their relationship with GRHL2, six EMT-associated
genes (Occludin, Zonula Occludens-1/Z0-1, E-cadherin, Claudin-4/CLDN4, Vi-
mentin, and Zinc finger E-box-binding homeobox 1/ZEB1) were chosen to ex-
plore signs of EMT following GRHL2 deletion. Changes in gene expression
were calculated by comparing dox-treated KO-1 and KO-2 cells to the same
cells without dox induction. The Bru-seq data is accessible in the Gene Ex-
pression Omnibus 477 (GEO) database, www.ncbi.nlm.nih.gov/geo (Acces-
sion No. GSE222353).

Measuring Pathway activity

The effect of GRHL2 loss on the functional activity of signaling pathways was
assessed using the Philips Pathway Activity Profiling OncoSignal platform
(https://images.philips.com/is/content/PhilipsConsumer/Cam-
paigns/HC20140401_DG/Documents/HC06172020-2020-05_mpdx_fly-
erpdf.pdf). GRHL2 deletion was induced with 8ug/ml dox in MCF-7 cells and
RNA isolation was performed using Trizol method. Purified RNA samples
were used for the pathway analysis using the Oncosignal qPCR kit (Philips
Molecular Pathway Diagnostics, Eindhoven, The Netherlands). The kit was
designed to measure the activities of pathways driven by hormone receptors
Androgen receptor (AR) and Estrogen receptor (ER), stem-cell related path-
ways (TGFB and Hedgehog (HH), and growth factor pathways (PI3K) using
several direct target genes within that pathway. PI3K pathway activity is
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based on the inverse activity of the measured FOXO transcription factor ac-
tivity score. The pathway activities are scored on 0-100 scale using a Bayesian
computational model to determine whether the pathway is activated or not
(0 score corresponds to the lowest and 100 corresponds to the highest prob-
ability of an active pathway).?®

Establishment of GRHL2 overexpressing cells

For the stable expression of GRHL2 in MDA-MB-231 cells a pLenti-GlII-CMV-
GFP-2A-Puro construct (Applied Biological Materials) containing a GRHL2 in-
sert, and an empty control construct were kindly provided by Dr. Ruby Yun-
Ju Huang (National University of Singapore). Lentiviral particles were gener-
ated using HEK293T cells as previously described?® and used for transduction
of MDA-MB-231 cells. Transduced cells were selected using 5ug/ml Puromy-
cin and GFP-sorted. For inducible GRHL2 expression, the Lenti-XTM Tet-On
3G System (TakaraBio, 631187) was used. For this, lentiviral particles were
generated as described and MDA-MB-231 cells were transduced with a pLVX-
EF1a-Tet3G construct expressing a Tet-ON 3G transactivator protein, either
alone (CTR) or combined with pLVX-TRE3G-Luc expressing luciferase (Luc*)
or pLVX-TRE3G-GRHL2 expressing GRHL2 (GRHL2*). Transduced cells were
selected with Puromycin. The asterisk indicates inducible expression. For in-
duction, MDA-MB-231 cells were treated with 125 ng/ml dox for different
time periods.

Western Blot

Cells were lysed using RIPA buffer. SDS-PAGE was run using 20ug lysates and
transferred to PVDF membranes. The membranes were incubated overnight
with the following antibodies; GRHL2 (1:1000, Atlas antibodies, hpa004820),
E-cadherin (1:1000, Abcam, ab76055), CLDN4 (1:1000, Thermo Fisher,
329400), GAPDH (1:2000, Santa Cruz, sc-32233). HRP-linked anti-mouse and
anti-rabbit secondary antibodies were used on the next day to detect protein
expression with Prime ECL Detection Reagent. Membranes were detected
with Amersham Imager 600 (GE Healthcare Life Sciences, the Netherlands).
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Immunofluorescence

Cells were seeded in 96well plates and fixed/permeabilized with 4% formal-
dehyde and 0.1% Triton X100 in Phosphate-buffered saline (PBS) for 15 mins.
The cells were incubated with primary antibodies recognizing GRHL2 (1:500,
Atlas-Antibodies, hpa004820), ZO-1 (1:100, Cell Signaling, 13663S), Occludin
(1:300, Cell Signaling, 91131S), Claudin 4 (1:100, Thermo Fisher, 329400), E-
cadherin (1:1000, Abcam, ab76055), Vimentin (1:100, Abcam, ab8069), or
ZEB1 (Santa Cruz, sc-515797) overnight at 4°C. After washing, AlexaFluor-488
conjugated anti-rabbit and anti-mouse secondary antibodies were incubated
with Hoechst 33258 (1:10,000, Sigma Aldrich, 861405) and Rhodamin Phal-
loidin (1:1000, R415, Thermo Fisher) for 1 h at room temperature. Images
were taken with a Nikon ECLIPSE Ti2 confocal microscope, 20x objective. The
imaging data were organized using OMERO Database.

Sulforhodamine B (SRB) Assay

To examine the effect of GRHL2 overexpression in cell proliferation, MDA-
MB-231 cells were seeded at a density of 3000cells/well in 96 well plates af-
ter 3 and 10 days of dox treatment. Four days later (day 7 and day 14 of
GRHL2 induction), plates were fixed using 50% Trichloroacetic acid (TCA). The
next day, 0.4% SRB was used to stain cells and the unbound SRB was washed
away using 1% acetic acid. 10mM Tris was added to the plates and absorb-
ance measurements were performed at 540nm using a BioTek Synergy HT
plate reader (SN 269140, BioTek Instruments Inc.). The data were analyzed in
Graphpad Prism, version 9.0.

Kinase inhibitor (KI) screening and validation

MDA-MB-231-Luc* and MDA-MB-231-GRHL2* cells were treated with dox
for 10 days, seeded at a density of 3000cells/well in 96 well plates and ex-
posed for 4 days to 760 Kls from the L1200 library (Sellcheckchem, Munich,
Germany). Kls were dissolved in 0.1% DMSO or water to a final concentration
of 1uM. Cisplatin (1uM) served as a positive control. After 4 days, the cells
were fixed and analyzed with SRB assay as described. & proliferation was ob-
tained by normalizing the data to DMSO or water treated cells for each treat-
ment plate. The screen was performed in single technical replicates and two
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independent biological replicates were performed. Kls of interests (Torkinib,
Mirin, A-674563 and LDC-4297) chosen based on the two biological repli-
cates were tested together with some known DNA damaging agents (Cispla-
tin, Gemcitabine and Docetaxel) in a dose response curve. MDA-MB-231 cells
were seeded as explained above and treated with increasing doses (0.1, 0.3,
1, 3, 10uM) of these six drugs for 4 days and processed for SRB.

Statistical analysis
GraphPad Prism 9 was used to perform one-way ANOVA with Tukey’s multi-
ple comparison test for statistical analysis.

Results

GRHL2-controlled signaling pathway activities in Luminal-like breast cancer
cells

We have previously identified GRHL2-controlled gene networks in MCF-7
cells.?” To investigate the effect of GRHL2 deletion on EMT progression, we
employed Bru-seq data of MCF-7 cells in which GRHL2 KO was induced. We
chose a timepoint of 8 days treatment with dox be in line with a subsequent
experiment where changes in signaling were explored in the same system. A
panel of EMT-associated genes was analyzed: epithelial markers Occludin,
Z0-1, E-cadherin, CLDN4 and mesenchymal cell markers Vimentin and Zeb1l.
Overall, mRNA expression levels were similar for both KOs although CLDN4
was downregulated in GRHL2 KO cells (Fig. 1A). The change in CLDN4 did not
reach statistical significance as compared to CTR cells at this time-point but
it was significantly downregulated at other timepoints (see chapter 3). This
suggested that deletion of GRHL2 alone is insufficient to trigger an EMT in
Luminal-like breast cancer cells, in contrast to the EMT-related changes de-

scribed previously. 230
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C.
OncoSignal qPCR kit
N iR,
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| s
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\V
Purified RNA
Pathway Activity Score
Sample ID AR ER HH TGFB PI3K
MCEF-7 CTR 21 56 15 19 50
MCF-7 CTR + dox 15 53 15 22 52
MCF-7 KO-1 12 56 17 20 49
MCF-7 KO-1 + dox 13 60 12 35 67
MCF-7 KO-2 12 54 15 16 52
MCF-7 KO-2 + dox 15 62 15 35 66

Figure 1: Signaling pathways affected by GRHL2 deletion in luminal cells. (A) Bru-
seq analysis of EMT-associated genes in MCF-7 cells with GRHL2 KO-1 and KO-2 ;
induced by 1ug/ml dox for 8 days. Graph representing fold change of transcription
in response to GRHL2 deletion. (B) Immunofluorescence images showing GRHL2
expression after 1ug/ml dox exposure for 8 days for MCF-7 CTR, KO-1 and KO-2
cells ; Hoechst (blue), and GRHL2 Ab (green). (C) Cartoon explaining the Oncosig-
nal qPCR platform to measure signaing pathway activities. Pathway activities were
evaluated in RNA isolated from MCF-7 cells with or without dox induction (1ug/ml,
8 days). Scores range from 0-100 after normalization to house-keeping genes.

Following this, we sought to elucidate changes occurring in signaling path-
ways in response to GRHL2 deletion. For this, we made use of the qPCR-based
Philips Oncosignal platform. A complete loss of GRHL2 was achieved in KO-1
and KO-2 cells using 8 days of dox (Fig. 1B). The activities of five different
pathways that play an important role in (breast) cancer growth and progres-
sion were evaluated. No differences were observed in the activities of the ER,
AR, or HH signaling pathways (Fig. 1C). Activities of the PI3K and TGFp path-
ways were elevated in both KOs as compared to CTR cells. Together, these
data indicate that despite upregulation of TGFp signaling (which is a major
EMT inducing pathway**32 in response to GRHL2 deletion, this is not suffi-
cient to trigger an EMT in Luminal-like breast cancer cells.

155



Chapter 5

Stable overexpression of GRHL2 in MDA-MB-231 cells does not trigger an
MET

We next performed an inverse experiment where GRHL2 was stably overex-
pressed in Basal-B cells. These cells express little or no GRHL2 as compared
to Luminal-like breast cancer cells and have a mesenchymal phenotype.
Western blot analysis confirmed that GRHL2 cDNA expressing MDA-MB-231
cells had higher GRHL2 protein expression as compared to CTR cells express-
ing an empty vector (Fig. 2A). This result was confirmed by immunostaining
and showed that GRHL2 cDNA expression levels were comparable to the en-
dogenous expression in MCF-7 cells, but not all MDA-MB-231-GRHL2 cells
expressed the cDNA (Fig. 2B). We analyzed changes in protein expression of
selected EMT/MET-associated genes induced by GRHL2 overexpression using
immunostaining. Based on the expression of GRHL2 in a subset of cells, a
change in the expression pattern may be expected in a subset of the cells for
these markers. However, no obvious downregulation of the mesenchymal
markers Vimentin and ZEB1 was observed (Fig. 2C). Moreover, no enhanced
expression of the epithelial genes E-cadherin, Occludin, or ZO-1 was ob-
served and expression of CLDN4, encoded by the established direct GRHL2
target gene CLDN4, was not affected (Fig. 2C). These results demonstrate that
stable expression of GRHL2 in this TNBC cell line is insufficient to induce MET-
associated changes in gene expression.
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Figure 2: Effect of stable GRHL2 overexpression in Basal-b cells on EMT-associ-
ated genes. (A, B) GRHL2 protein expression detected by western blotting (A) and
Immunoflorescence (B) in CTR and GRHL2-overexpressing MDA-MB-231 cells. Im-

munofluorescence analysis of GRHL2 protein expression in MCF-7 cells serves as

control for endogenous expression level of GRHL2 protein. Blue, Hoechst; Red-Cy5

GRHL2 Ab. (C, D) Immunostaining of mesenchymal markers Vimentin and ZEB1 (C)
and epithelial markers Occludin, ZO-1, E-cadherin and CLDN4 (D) in MCF-7, MDA-
MB-231 CTR, and MDA-MB-231-GRHL2 cells. Blue, Hoechst; Cy5, Abs recognizing
EMT /MET-associated genes; Cy3, Phallodin.
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No MET-associated changes are observed upon inducible GRHL2 overex-
pression in MDA-MB-231 cells

We next sought to investigate the effect of induced, strong expression of
GRHL2 in MDA-MB-231 cells. Therefore, we utilized a dox-inducible GRHL2
overexpression system to investigate possible early, but transient signs of
MET triggered by GRHL2. MDA-MB-231 cells were analyzed by Western Blot
after 7 and 14 days of dox treatment (Fig. 3A). A clear induction of GRHL2
was observed at both time points in GRHL2* overexpressing cells but not in
CTR or Luc* expressing cells. We further validated this system by im-
munostaining of GRHL2, localized in the nucleus, upon 7 and 14 days of dox
induction (Fig. 3B). Then, we examined the changes in the expression of
EMT/MET associated genes after GRHL2 overexpression but, again, no induc-
tion was observed for E-cadherin or CLDN4 upon expression of GRHL2 (Fig.
3C). Altogether, these findings show that overexpression of GRHL2 by itself
does not trigger MET in MDA-MB-231 cells, contradicting previously reported
findings, which demonstrated GRHL2-mediated phenotypic and genetic

changes in these cells.333*
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Figure 3: Inducible GRHL2 overexpression does not confer MET-associ-
ated changes in Basal-b cells. (A, B) Western blot (A) and immunofluores-
cence (B) analysis showing GRHL2 protein expression after 7 and 14 days
dox induction (125ng/ml) in CTR, Luc*, and GRHL2* expressing MDA-MB-
231 cells. Blue, Hoechst; Green, GRHL2 Ab. (C) Western blot showing alter-
ations in protein expression of GRHL2 and epithelial markers CLDN4 and E-
cadherin in CTR, Luc*, and GRHL2* expressing MDA-MB-231 cells with or
without 7 and 14 days of dox (125ng/ml) exposure. MCF-7 was used to
show endogenous levels of GRHL2 protein in Luminal cells.
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GRHL2 overexpression does not affect MDA-MB-231 cell growth

Given the impact of GRHL2 deletion on cell survival and proliferation in lu-
minal breast cancer cells,??” we assessed the impact of GRHL2 overexpres-
sion on growth of MDA-MB-231 cells. In MDA-MB-231-GRHL2* cells treated
for 7 days with dox GRHL2 expression was detected while it was absent in
MDA-MB-231-Luc* cells (Fig. 4A). The cells were seeded after 7 days dox ex-
posure, and cell viability was assessed after an additional 4 days growing in
absence of dox using an SRB assay. This experiment did not show any signifi-
cant difference in growth potential between MDA-MB-231-Luc* or MDA-MB-

231-GRHL2* cells in absence or presence of dox (Fig. 4B).
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Figure 4: Cell growth is not affected by GRHL2 overexpression in MDA-MB-231
cells. (A) Immunostaining showing GRHL2 expression in MDA-MB-231-Luc* and
MDA-MB-231-GRHL2* cells exposed to 125ng/ml dox for 7 days. Blue, Hoechst;
Green, GRHL2 Ab. (B) Cell growth analyzed by SRB assay in MDA-MB-231 cells
without and with 7 days dox induction of GRHL2 overexpression in MDA-MB-231-
Luc* and MDA-MB-231-GRHL2* cells. Data was normalized to day 7. Mean + SD
of three biological replicates is shown. ns, non-significant.

Kinase inhibitor library screening identifies novel GRHL2-mediated vulner-
abilities

The results thus far demonstrated that MDA-MB-231-GRHL2* cells provided
a model in which the impact of GRHL2 overexpression in Basal-b TNBC cells
could be determined on drug vulnerabilities without confounding effects on
baseline growth or EMT/MET balance. Therefore, we adopted a kinase inhib-
itor screening approach. First, we induced GRHL2 overexpression with 9 days
of dox treatment in MDA-MB-231-GRHL2* cells and used identically treated
MDA-MB-231-Luc* cells as control. These cells were exposed to 760 kinase
inhibitors at 1uM final concentrations for four days in two biological repli-
cates and cell viability was determined using an SRB assay (Fig.5A). 1uM Cis-
platin served as a positive control since its effect on MDA-MB-231 cell viabil-
ity has been studied.>>3® Two biological replicates were performed. In both
replicates MDA-MB-231-GRHL2* cells were somewhat more sensitive to Cis-
platin than MDA-MB-231-Luc* cells (Fig. 5B). In addition, four kinases of in-
terest (Torkinib, A-674563, LDC4297, Mirin) were identified that caused a re-
duction to <50% cell growth in MDA-MB-231-GRHL2* cells while growth of
MDA-MB-231-Luc* cells was considerably less affected. Interestingly, the
PI3K/AKT pathway, which was identified as a GRHL2-regulated signaling path-
way (Fig. 1C) was a target of two of these inhibitors.
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Figure 5: Kinase inhibitor library screening in control and GRHL2 overexpressing
Basal-b cells. (A) Schematic representation of the kinase screen approach. Follow-
ing the dox induction (125ng/ml) for 7 days in MDA-MB-231-Luc* and MDA-MB-
231-GRHL2* cells, cells were treated 4 days with 1uM of 760 kinase inhibitors,
Cisplatin, or vehicle (DMSO) followed by SRB assay. (B) Effect of kinase inhibitors
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on growth of dox-induced MDA-MB-231-Luc* and MDA-MB-231-GRHL2* cells.
The percentage growth is relative to DMSO condition. Two biological replicates,
each performed in single technical replicates are plotted against each other. Four
kinases of interest (%growth in GRHL2* < %growth in Luc*) are marked yellow.

Cisplatin is marked red.

We subsequently analyzed the effect of concentration ranges of the 4 se-
lected kinase inhibitors and included two additional DNA damaging chemo-
therapeutics, Docetaxel and Gemcitabine.?”* In this experiment, using the
same strategy for the induction of GRHL2 or Luc, Cisplatin did not affect cell
growth while Docetaxel and Gemcitabine strongly inhibited cell growth of
MDA-MB-231-GRHL2* as well as MDA-MB-231-Luc* cells (Fig. 6). A674553,
LDC4297, Torkinib, and Mirin inhibited cell growth in a concentration-de-
pendent manner that was similar for MDA-MB-231-GRHL2* and MDA-MB-
231-Luc* cells. These data demonstrate that induced expression of GRHL2 in
Basal-b cells, in absence of effects on baseline growth or EMT/MET balance,
does not affect sensitivity for chemotherapy or kinase inhibition.

MDA-MB-231 Luc*(14days, 125ng/ml)
150+

-
=)
g

%Proliferation
(5]
o
1

-o- Docetaxel

o
o4

N
éaﬁ» oa

4 -= Cisplatin

-+ Gemcitabine
-¥- Torkinib

- Mirin

o~ A-674563
8- LDC4297

Log Dose [M]

.
&
2

MDA-MB-231 GRHL2*(14days, 125ng/ml)
1504

-

o

=]
1

%Proliferation
3
o
1

[~

T 1
-7\3\33 -4

50 Log Dose [M]

Figure 6: Effect of selected kinase inhibitors and DNA damaging drugs on growth
of control and GRHL2 overexpressing Basal-b cells. MDA-MB-231-Luc* and MDA-
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MB-231-GRHL2* cells were treated for 7 days using 125ng/ml dox. Induced cells
were exposed to the indicated concentrations of selected kinase inhibitors
Torkinib, Mirin, A-674563, or LDC4297 or DNA damaging drugs Docetaxel, Cispla-
tin, or Gemcitabine for 4 days. The percentage growth was determined with SRB
assay and expressed relative to DMSO. Mean of three technical replicates for one
experiment is shown.

Discussion

Modulating cellular plasticity holds the potential to augment the sensitivity
of cancer cells to therapies and improve patient outcomes. Prior research has
highlighted the influence of EMT transcription factors (TFs) on inducing or
suppressing EMT, thereby controlling anti-cancer drug resistance.®3° GRHL2,
functioning as a master regulator of the epithelial phenotype, serves to in-
hibit more invasive and aggressive phenotypes, thereby fostering sensitivity
to anti-cancer therapies.*>*! Our results show that GRHL2 is not solely suffi-
cient to disrupt the balance in EMT process. The interaction of GRHL2 with
other transcription factors/genes may be required to facilitate EMT/MET. In-
deed, GRHL2 operates within a network controlling gene expression of other
EMT-TFs. A negative feedback loop between GRHL2 and ZEB1 has been pre-
viously reported.?>** Ultimately, EMT suppression mediated by GRHL2 re-

quires downregulation of E-cadherin.?>*3

Similar to an earlier study using MDA-MB-231 cells overexpressing GRHL2,33
our study revealed no discernible impact of GRHL2 on cellular growth of this
model. However, that same study showed that overexpression of GRHL2 trig-
gers MET-like phenotypical and molecular changes (induced expression of E-
cadherin) in MDA-MB-231 cells.?® Our study does not support these findings.
In our experiments MET-like alterations were evaluated using the mesenchy-
mal markers Vimentin and ZEB1, and the epithelial markers Occludin, ZO-1,
E-cadherin, and CLDN4. No significant changes were observed in their expres-
sion levels when GRHL2 was overexpressed. EMT progression by GRHL2
knockdown has been linked to epigenetic remodeling including histone mod-
ifications and DNA methylation in ovarian cancer.** In that study, removal of
epigenetic marks on the histones using 5-azaticidine together with GRHL2
overexpression induced MET in ovarian cancer cells. It is possible that the
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MDA-MB-231 cells used in our study and that of Werner et al*3 vary epige-
netically. It is also possible that the level of GRHL2 overexpression in our ex-
periments was less strong as compared to that achieved in the study by Wer-
ner et al. However, we confirmed that we reached GRHL2 expression levels
that were similar to the endogenous level present in MCF7 Luminal breast
cancer cells. Lastly, the inability of GRHL2 to stimulate MET in MDA-MB-231
cells could be explained by the lack of ER alpha (ERa) signaling in MDA-MB-
231 cells. Although we have demonstrated that GRHL2 rarely acts in a com-
plex with ERa,?” there is evidence that GRHL2 cooperates with the
ERa/FOXA1/GATA3 complex® and the absence of ERa sighaling may prevent
MET induction or effects on proliferation by GRHL2.

GRHL2 regulates multiple signaling pathways (MAPK, TGFB) that determine
the anti-cancer drug response.*®*” Basal-like breast cancer cells that survived
after the therapy have been linked to lack of histone acetylation by H3K27ac,
a well-known transcription enhancer, at regulatory sites of GRHL2.*® To iden-
tify GRHL2-mediated drug vulnerabilities, we exposed CTR and GRHL2 over-
expressing MDA-MB-231 cells to small molecule kinase inhibitors and
chemotherapeutic agents. Interestingly, we find that besides TGFB signaling,
PI3K signaling is increased upon deletion of GRHL2 in luminal breast cancer
cells, and 2/4 small molecule kinase inhibitors that appeared to selectively
affect GRHL2 overexpressing MDA-MB-231 cells target PI3K signaling. Never-
theless, follow up experiments did not indicate significant vulnerabilities that
are controlled by GRHL2. This implies that additional factors or mechanisms
are at play in determining treatment sensitivity. The combined absence of an
induction of MET and enhanced therapy sensitivity in response to GRHL2 in
our study, indicates that the ability of GRHL2 to affect drug responses in
breast cancer cells reported in other models may be strictly linked to its abil-
ity to shift the EMT/MET balance towards MET.

In conclusion, we find that depletion of GRHL2 in Luminal breast cancer cells
or induction of GRHL2 in in Basal b breast cancer cells does not necessarily
lead to a shift in the EMT/MET balance. The impact of changes in GRHL2 ex-
pression must be context dependent, which also leads to apparently distinct
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effects on therapy sensitivity in different models. The engagement of GRHL2
in multifaceted regulatory networks must be distinct in different breast can-
cer cell models thereby making a general prediction of the outcome of GRHL2
manipulation impossible.
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Highlights

e GRHL2 suppresses NT5E/ CD73 expression in breast cancer cells.

e Loss of GRGL2 triggers CD73-mediated adenosine production.

e Increased adenosine production does not inhibit T cell migration.

e (CD73 expression correlates with increased CD8 T cell presence in
breast cancer.
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Summary

Tumor tissues often contain high extracellular adenosine, promoting an im-
munosuppressed environment linked to mesenchymal transition and im-
mune evasion. Here, we show that loss of the epithelial transcription factor,
GRHL2, triggers NT5E/CD73 ecto-enzyme expression, augmenting the con-
version of AMP to adenosine. GRHL2 binds an intronic NT5E sequence and is
negatively correlated with NT5E/CD73 in breast cancer cell lines and patients.
Remarkably, the increased adenosine levels triggered by GRHL2 depletion in
MCF-7 breast cancer cells do not suppress but mildly increase CD8 T cell re-
cruitment, a response mimicked by a stable adenosine analog but prevented
by CD73 inhibition. Indeed, NT5E expression shows a positive rather than
negative association with CD8 T cell infiltration in breast cancer patients.
These findings reveal a GRHL2-regulated immune modulation mechanism in
breast cancers and show that extracellular adenosine, besides its established
role as a suppressor of T cell-mediated cytotoxicity, is associated with en-
hanced T cell recruitment.

Introduction

In solid tumors, the interaction between cancer cells and the surrounding tu-
mor microenvironment (TME) regulates cancer growth and metastasis.}> The
TME is complex and includes altered functionality of extracellular matrix, fi-
broblasts, and vascular cells. In this tumor reactive stroma environment, var-
ious types of immune cells are affected. On the one hand, this involves cross
talk of tumor cells with myeloid cells such as macrophages and neutrophils,
and cancer-associated fibroblasts, creating an inflammatory TME that drives
tumor progression.*® On the other hand, tumors escape recognition and kill-
ing by the immune system by suppressing the activity of T cells and NK cells
through a plethora of mechanisms, including the development of an immu-

nosuppressed TME.*78

One mechanism underlying the emergence of an immunosuppressed niche,
involves the accumulation of adenosine in the TME.® During physiological
healing of wounded or infected tissues adenosine triphosphate (ATP) re-
leased by damaged cells triggers inflammation by binding to excitatory ATP
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receptors activating T cells and other immune cell types. This response is kept
in check by a negative feedback loop, in which ATP and adenosine di-phos-
phate (ADP) are converted to adenosine monophosphate (AMP), which is fur-
ther converted to adenosine, which binds inhibitory G-protein coupled re-
ceptors (GPCRs) on immune cells to dampen the inflammatory response.’® In
tumors, prolonged elevated levels of extracellular adenosine in the TME sup-
press immune cell activation and effector functions, thereby causing immune
escape and therapy resistance.”!! In addition to indirect mechanisms such as
leakage from necrotic cells in hypoxic areas, the accumulation of adenosine
in the TME may be a consequence of genetic changes that alter nucleotide
metabolism in tumor cells.

Nucleotide metabolism leading to the production of extracellular adenosine
involves the conversion of ATP and ADP to AMP by ecto-enzymes, including
ectonucleoside triphosphate diphosphohydrolase-1 (ENTPD1/CD39)*? fol-
lowed by the subsequent conversion of AMP to adenosine, mainly by the
ecto-5"-nucleotidase, NT5E/CD73.}* CD39 is a transmembrane protein
whereas CD73 is linked to glycosylphosphatidyl inositol (GPI) in the plasma
membrane and can be shed from the membrane through proteolytic cleav-
age or GPI hydrolysis.'® Given their key role in the creation of an immunosup-
pressed TME, CD39 and CD73 represent candidate targets for cancer immu-
notherapy, and their potential has been established in preclinical models.'*
22 Increased levels of CD73 expression have been reported in multiple solid
tumor types??’ but it is incompletely understood how tumor cells may mod-
ulate expression of this ectoenzyme. Tumor cells display plasticity and carci-
nomas typically contain populations of tumor cells with different epithelial
versus mesenchymal characteristics.? The transition to a more mesenchymal
state has been associated with immune evasion in breast- and other carcino-
mas.?®?° Recent studies have shown that epithelial-mesenchymal transition
(EMT) can modulate CD73, which may involve activation of TGFb signaling

and the SNAIL transcription factor and contributes to immune suppression.3®
32
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Grainyhead-like 2 (GRHL2) is a critical transcription factor for development
and function of epithelial tissues that competes with mesenchymal transcrip-
tion factors such as ZEB and SNAIL to suppresses EMT.33-3° We have previously
identified GHRL2-regulated genes in breast cancer cells using conditional
knockout (KO) cells, ChIP-seq, and Bru-seq.*®*! Here, we identify the NT5E
gene as a GRHL2 target and reveal how GRHL2 depletion induces NT5E/CD73
expression and, consequently, triggers extracellular adenosine production.
We find that GRHL2 and CD73 expression are inversely correlated in a panel
of human breast cancer cell lines and human breast cancer patients. We
show that, in addition to its previously established role as a suppressor of T
cell-mediated cytotoxicity, CD73-mediated adenosine production in fact
leads to an increase in T cell recruitment and, in agreement, NT5E expression
is positively rather than negatively associated with T cell infiltration in breast
cancer patients.

Results

Loss of GRHL2 upregulates NT5E/CD73 expression in MCF-7 cells

We explored GRHL2-regulated genes identified by nascent RNA Bru-seq in an
MCF-7 conditional GRHL2 KO model. We previously developed this model us-
ing doxycycline induced Cas9 expression to trigger GRHL2 depletion.*! One
of the genes whose transcription was upregulated in response to loss of
GRHL2 was NT5E. Sequence reads of NT5E nascent mRNA were mapped to
the NT5E genomic sequence in Ctrl sgRNA, GRHL2 sgRNA#1 (KO-1), and
GRHL2 sgRNA#2(KO-2) samples (Fig. 1A, B). An increase in the rate of syn-
thesis of NTSE mRNA was observed upon GRHL2 deletion for both Kos and
this rate decreased at the 3’end of the transcript, indicative of nascent mRNA
degradation. Normalized log2-fold changes showed that nascent NTSE mRNA
was induced within the first 48h of doxycycline-induced GRHL2 depletion and
increased transcription was maintained for at least 16 days for one sgRNA
(KO-1) whereas a second sgRNA (KO-2) showed a gradual return to baseline
in this experiment (Fig. 1C).
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Figure 1: Loss of GRHL2 upregulates CD73 expression in MCF-7 cells.

(A) Bru-seq reads of nascent NT5E mRNA in an MCF-7 conditional GRHL2 KO
model. Graphs are shown for a control sgRNA (Ctr) and 2 GRHL2 sgRNA models
(KO1 and 2) and colors represent the indicated timepoints after doxycycline in-
duced GRHL2 deletion. The reference sequence annotation is shown above with
exons in green blocks. (B) Immunofluorescence images of HOECHST (blue), Cas9
Ab (red), or GRHL2 Ab (green) for CTR or GRHL2 KO MCF-7 cells after 48 hours 1
ug/ml doxycycline treatment. (C) Graph showing log2 fold changes of nascent
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NT5E mRNA for the indicated time points after doxycycline exposure in CTR or
GRHL2 KO MCF-7 cells. (D) qRT-PCR analysis showing changes in total NTSE mRNA
expression at the indicated timepoints after doxycycline induced GRHL2 deletion.
Values were normalized to the untreated samples for each time point. Data ana-
lyzed using 2—AACt method. Mean and SD of three biological replicates is shown.
(Two-way ANOVA test; n.s., non-significant; ***p<0.001; ****p<0.0001). (E)
Western blot analysis of Cas9, GRHL2, and CD73 in MCF-7 control sgRNA (Ctr) and
2 GRHL2 sgRNA models (KO1 and KO2) at the indicated timepoints after doxycy-
cline induced GRHL2 deletion. Tubulin serves as a loading control. One out of three
biological replicates shown. MDA-MB-231 basal B cells serve as positive control
for CD73 expression.

We confirmed the Bru-seq data by qRT-PCR on RNA samples extracted from
the GRHL2 KO-induced MCF-7 cells (Fig. 1D). Total NTSE mRNA levels were
increased in response to GRHL2 deletion starting from day 4 and remaining
high at 8 and 16 days after loss of GRHL2. Increased NT5E mRNA levels were
accompanied by an induction of the NT5E/CD73 protein (Fig 1E). CD73 pro-
tein expression emerged in GRHL2-depleted cells at 8 and 16 days after
doxycycline treatment in both GRHL2 KO-1 and KO-2 models but not in the
Ctrl model. A basal B cell line expressing CD73 served as a positive control.
Together, these findings demonstrated that GRHL2 controls expression of the
NT5E gene and, consequently, the CD73 protein.

NT5E/CD73 levels are inversely correlated with GRHL2 in breast cancer cell
lines and breast cancer patient tumor samples

We next addressed whether the inverse correlation between GRHL2 and
NT5E identified in the MCF-7 conditional KO models was observed in a larger
series of breast cancer cell lines. For this purpose, RNA-seq data from 52 hu-
man breast cancer cell lines representing distinct breast cancer subtypes was
explored.*? Indeed, GRHL2 mRNA was highly expressed in Her2 low and
Her2+ luminal and, with more variation in TNBC basal A breast cancer cell
lines while it was not or lowly expressed in TNBC basal B cell lines (p< 0.0001),
NT5E showed an opposite pattern (Fig. 2A). NT5E mRNA expression was
somewhat increased in TNBC basal A cell lines as compared to the luminal
breast cancer cell lines (p<0.05) and showed a sharp further increase in TNBC
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Basal B cell lines (p<0.001). For basal A, NT5E expression showed a wide dis-
tribution, indicating that GRHL2/NT5E double positive lines as well as GRHL2
positive/NT5E negative lines may be present in this subtype. IHC confirmed
the inverse correlation between GRHL2 and CD73 in selected luminal versus
basal B cells (Fig. S1). The inverse correlation between GRHL2 and
NT5E/CD73 expression was further established in a series of breast cancer
cell lines representing Her2- luminal (CAMA-1 and T47D), Her2+ luminal
(MDA-MB-361 and BT474), TNBC basal A (HCC1806 and HCC1143), and TNBC
basal B cell lines (MDA-MB-231 and BT549). GRHL2 mRNA decreased while
NT5E mRNA emerged in the basal B cell lines (Fig. 2B). In agreement, CD73
protein expression in this series was not detected in luminal cell lines, weakly
expressed in basal A cell lines, and was strongly expressed in the GRHL2 neg-
ative basal B cell lines (Fig. 2C). Notably, CD73 cell surface expression as de-
tected by flow cytometry was more heterogeneous with an increase in BT549
but not MDA-MB-231 basal B cells as compared to luminal and basal A cells
(Fig. 2D). This difference between total cellular versus cell surface detected
CD73 protein may be related to differences in CD73 shedding from the mem-
brane.’®
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subtypes and breast cancer patient tumor samples. (A) Violin plots showing gene
expression levels of GRHL2 and NT5E based on RNA-seq data for 52 human breast
cancer cell lines grouped according to the indicated subtypes. p-values calculated
using One-way ANOVA as described in a previous study.*? n.s., non-significant. (B)
gRT-PCR analysis showing CD73 (left panel) and GRHL2 mRNA expression for the
indicated cell lines. Data analyzed using 2—ACt method for the gene of interest
corrected for GAPDH control. Mean and SD of two experiments performed in trip-
licate is shown. (Two-way ANOVA test) (C) Western blot analysis of CD73 and
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GAPDH loading control in the indicated cell lines. One experiment of 2 is shown.
(D) Flow cytometry analysis of CD73 surface expression in the indicated cell lines.
Mean and SD of two experiments performed in duplicate is shown. (E) Correlation
between gene expression levels of NTS5E and GRHL2 in breast cancer tumors using
METABRIC dataset. Correlation scores and p-values shown as determined in cBi-
oPortal. (F) CD73 score derived from IHC, on whole slides of a series of metaplastic
(TNBC) and high and low GRHL2 mRNA tumors, separated for GRHL2 IHC positive
and GRHL2 IHC negative cases. Mean and SEM is shown. p-value calculated using
non-parametric t-test with unequal variance. (G) Representative IHC images for
GRHL2 and CD73 in breast cancer tissues. Tumor 1,2,4 are metaplastic tumors.
Tumor 1 containing *area with non-invasive tumor cells staining positive for
GRHL2 and negative for CD73. **area with stroma containing invasive tumor cells
staining negative for GRHL2 and positive for CD73. Tumor 2 Arrow indicates milk
duct with GRHL2 positive/CD73 negative epithelial cells surrounded by GRHL2
negative/CD73 positive stroma. **area with invasive tumor cells staining positive
for GRHL2 and negative for CD73. Tumor 3 mRNA high tumor containing **area
with stroma containing invasive tumor cells staining positive for GRHL2 and nega-
tive for CD73. Tumor 4 **area containing invasive tumor cells staining negative for
GRHL2 and positive for CD73. Bars, 50um; note that magnification is higher for
tumor 1, 3, and 4 versus tumor 2.

To determine the clinical relevance of this inverse correlation, we used the
publicly available dataset METABRIC, containing targeted sequencing mRNA
data of 1,904 primary breast cancer samples, and performed a co-expression
analysis using cBioPortal. The co-regulation analysis revealed a significant
negative relation between GRHL2 and NT5E mRNAs in breast cancer patient
tumors with a Spearman value of -0.32 (p<0.001) (Fig. 2E). We further inves-
tigated the relation between GRHL2 and CD73 protein expression levels by
immunohistochemistry (IHC) on samples of human breast cancer tissue,
choosing a set of 10 GRHL2 high, 10 GRHL2 low (based on RNAseq) and 10
metaplastic breast adenocarcinoma patient tumors as these were expected
to be heterogeneous. Scoring GRHL2 nuclear staining versus CD73 mem-
brane staining on these TMAs, further confirmed a negative correlation (Fig.
2F,G). Tumors often showed areas with GRHL2 negative and areas with posi-
tive cells. GRHL2 positive tumors or tumor areas were mostly CD73 negative;
GRHL2 negative tumors or tumor areas showed a mixed pattern for CD73.
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The presence of CD73 in vessels, fibroblasts, and inflammatory cells in some
cases prevented accurate assessment of CD73 expression in tumor cells.
Taken together, in agreement with the findings in the MCF-7 conditional KO
model, these findings indicated that NT5E/CD73 is negatively correlated with
GRHL2 in human breast cancer cell lines and breast cancer patients.

GRHL2 binds NT5E gene in multiple luminal and basal-A breast cancer cell
lines

Having established an inverse correlation between GRHL2 and NT5E/CD73
we asked whether the NT5E gene could be subject to direct transcriptional
regulation by GRHL2 in breast cancer. Therefore, we analyzed our recent
ChIP-seq data exploring genome-wide binding sites of GRHL2 in three luminal
human breast cancer cell lines (MCF-7, T47D, and BT474) and three basal A
human breast cancer cell lines (HCC1806, BT20, and MDA-MB-468).4%4! Anal-
ysis of ChIP-seq tracks along the NT5E gene located on chromosome 6, re-
vealed a GRHL2 binding site in intron 6 (intron 7 in a NT5E gene variant that
has a short exon inserted upstream of the GRHL2 peak) that was conserved
among all six cell lines (Fig. 3A). Further analysis of these peaks using MEME
ChlIP identified a core GRHL2 binding motif (AACC[A/C/G]GTT) (Fig. 3B). The
occurrence of the GRHL2 motif in the region occupied by GRHL2 in intron 6
was also confirmed in all six breast cancer cell lines using FIMO* (Fig. 3C).
Lastly, similar to the large majority of GRHL2 binding sites* no AG-
GTCAnnnTGACCT ERa motif was detected in a -1000 to +1000 nucleotide
stretch around the GRHL2 peak. This data demonstrated that GRHL2 interacts
with the NT5E gene and the inverse relation between GRHL2 and NT5E/CD73
in breast cancer may involve GRHL2-mediated negative transcriptional regu-
lation.
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Figure 3: Conserved GRHL2 binding site in the NT5E gene across luminal and ba-
sal-A breast cancer cell lines.

(A) GRHL2 ChIP tracks showing its interactions along the NTS5E DNA in the indi-
cated luminal (labeled red) and basal-A cell lines (labeled green). Note that track
heights use different scales. Annotation of the reference sequence is displayed
below with exons in blue bars. (B) GRHL2 binding motif identified in GRHL2 ChIP-
seq peaks on NT5E DNA using MEME ChIP on data retrieved from the JASPAR da-
tabase. Y axis shows frequency matrix of each base occurrence. (C) Table showing
locations and frequency of the GRHL2 motif in the NT5E gene for the indicated
breast cancer cell lines as determined using FIMO. Motif occurrence measured
with log-odds scores and converted into p values; q values calculated using Benja-
mini and Hochberg method.
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GRHL2 regulates CD73-mediated extracellular adenosine production

CD73 is a cell-surface ecto-nucleotidase that catalyzes the conversion of ex-
tracellular AMP into adenosine.’® As we observed negative regulation of
NT5E/CD73 by GRHL2 we next investigated whether loss of GRHL2 led to an
increase in CD73-mediated adenosine production in MCF-7 cells. After 7 days
of doxycycline exposure, we observed a strong reduction of GRHL2 protein
expression in the GRHL2 KO-1, and GRHL2 KO-2 models whereas no altera-
tions in GRHL2 protein expression were detected in the Ctrl sgRNA model
condition (Fig. 4A). Parallel samples were generated for the analysis of aden-
osine production using Malachite Green, which detects the concentration of
inorganic phosphate in the supernatant that accumulates as a result of the
conversion of AMP into adenosine (Fig. 4B). Since CD73 expression is high in
basal B breast cancer cells (Fig 2A), we included MDA-MB-231 and Hs578T
basal B cells as positive controls. Baseline signals were similar for MCF-7 ctrl,
GRHL2 KO-1 and KO-2, and the two positive controls but the addition of AMP
as a substrate significantly increased adenosine production in the positive
control cells and the GRHL2 depleted MCF-7 cells, while no significant in-
crease was found for the MCF-7 ctrl cells (Fig. 4C). To demonstrate that the
increase was due to the activity of CD73, we made use of an enzymatic inhib-
itor of CD73, a,B-methylene ADP (APCP). Indeed, APCP prevented the con-
version of AMP into adenosine in the positive control cells and the GRHL2
depleted MCF-7 cells. These data showed that, in agreement with the nega-
tive regulation of NT5E/CD73 by GRHL2, loss of GRHL2 triggers increased
CD73-mediated adenosine production.
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Figure 4: GRHL2 regulates CD73-mediated extracellular adenosine production.
(A) Immunofluorescence staining showing GRHL2 loss at 7 days after doxycycline-
mediated Cas9 induction in sgGRHL2 cells (KO-1 and KO-2) but not sgCTR cells for
the experiment shown in C. Green, GRHL2 Ab; Blue, Hoechst. (B) Cartoon display-
ing the enzymatic conversion of AMP into adenosine by CD73 resulting in the pro-
duction inorganic phosphate. Image created using BioRender. (C) Inorganic phos-
phate concentration measured by Malachite Green Assay in culture supernatants
from the MCF-7 conditional KO model taken in parallel to images shown in A and
basal B positive control cell lines MDA-MB-231 and Hs578T. Cells were incubated
in absence or presence of 100uM AMP (substrate) with or without 25uM CD73
inhibitor, APCP for 125 mins. Mean + SD of four biological replicates is shown
(Two-way ANOVA test; n.s., non-significant; *p<0.05; **p<0.01; ***p<0.001;
****¥p<0.0001).
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Enhanced CD8+ T cell recruitment due to CD73 mediated adenosine pro-
duction in response to GRHL2 loss

Adenosine is known to suppress the activation, proliferation and effector dif-
ferentiation of CD8 T cells.’>** Yet, for melanoma and bladder cancer it has
been observed that T cell specific loss of A2AR adenosine receptors leads to
a reduction in tumor associated CD8+ T cells. indicating that adenosine does
not interfere with T cell recruitment in solid tumors.* To address the relation
between CD73 expression and CD8 T cell recruitment in breast cancer, we
examined the association NTS5E mRNA levels and CD8 T cell infiltration using
the TIMER 2.0 patient data set.*® Expression of NTSE mRNA was positively
associated with CD8 T cell infiltration in all breast cancer subtypes tested (Fig.
5A,B). We next evaluated the correlation between GRHL2, CD73, and CD8 by
IHC in a set of 10 GRHL2 high, 10 GRHL2 low (based on RNA-seq), and 10
metaplastic breast adenocarcinoma patient tumors. Again, there was a trend
towards lower CD8 infiltration in CD73 negative tumors although CD8 IHC
was heterogeneous and in this small set of tumors the difference with CD73
positive tumors was not significant (Fig 5C, D; Fig. S2). This raised the possi-
bility that enhanced CD73-mediated adenosine production by tumor cells
may in fact stimulate rather than inhibit T cell recruitment (while locally sup-
pressing T cell function as demonstrated by others). We therefore examined
how GRHL2 deletion, through increased CD73 expression and adenosine pro-
duction affected recruitment of CD8 T cells to the tumor cells using the MCF-
7 conditional KO model.

185



Chapter 6

>
®

All breast cancer samples (BRCA-all; n=1100)

Purity T cell CD8+_TIMER

Rho = 0.337
. P = 9.246-28]

@

Spearman’s p value

Iy

NTSE Expression Level (log2 TPM)

s BRCA-all (n=1100) 0.337
3 BRCA-Basal (n=191) 0.27
: BRCA-Her2 (n=82) 0.349
BRCA-LUmA (n=568) 0.46
BRCA-LumB (n=219) 0.259
0
25 0.50 1.000.0 2 0.4 0.6 08
Purity Infiltration Level
C GRHL2 CD73 CD8
30 ns. %[ A
5 : - 8 3
B : : E [
22 . 2
€ . 2
% ] L r
= . =2 ¢
s N
9 |
o N S
o H £ ) >
S ) NS
CD73 positive CD73 negative [ 3 RES
E (n=7) (n=19) Ly s § < B
MCF-7, 8d (dox, 1ug/ml)
80000 =
Bl - NECA
H +NECA (100uM)
=1 60000
&
)
E
= 40000
3
°
%
] 20000
o
0
Cxclizng/m) 0 5 20 100 5 20 100
Hoechst GRHL2 All channels
G.
8 [—e_uﬁ . Ctrl
. M «o-
o E LTI ko1
25 6
T e
23
E
3
S
52
QB 2
Se
0
CXCL12 (100ng/ml) -+ + - + +
APCP (200uM) - - + - - +

Figure 5: Enhanced CD8+ T cell recruitment in response to GRHL2 loss.

(A) TIMER 2.0 scatter plots showing the correlation of NTSE mRNA expression with
tumor purity (percentage of malignant cells in a tumor tissue; left) and the pre-
dicted presence of CD8+ T cells (right) in all breast cancer (BRCA) lesions tested.
(B) table showing TIMER 2.0 Spearman correlation scores for association between
NT5E mRNA and predicted presence of CD8+ T cells across breast cancer patient
tumors separated for different molecular subtypes. (C) CD8 score (% CD8 positive
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T cells) derived from IHC, on whole slides of a series of metaplastic (TNBC) and
high and low GRHL2 mRNA tumors, separated for IHC determined CD73 mem-
brane staining positive and negative cases. Mean and SEM is shown. p-value cal-
culated using non-parametric t-test with unequal variance. (D) Representative IHC
images for GRHL2, CD73, and CD8 in breast cancer tissues. Arrow indicates area
of infiltrated CD8 T cells in tumor 2 that is enlarged in the lower right corner. Bar,
50um. (E) Quantification of the number of CD8+ T cells recruited towards the
lower compartment of trans-wells at increasing concentrations of CXCL12 in pres-
ence or absence of 100 uM stable adenosine analog, NECA. Average and SEM of
3 biological replicates is shown (Two-way ANOVA test; ***p<0.001. (F) Immuno-
fluorescence staining showing GRHL2 loss at 8 days after doxycycline mediated
Cas9 induction in sgGRHL2 cells but not sgCTR cells for the experiment shown in
G. Green, GRHL2 Ab; Blue, Hoechst. (G) Quantification of CD8+ T cells recruited
towards

We first measured CD8+ T cell migration in the presence of a known chemo-
attractant, CXCL12, in the absence or presence of a stable adenosine analog
(NECA) using a trans-well assay. CXCL12 stimulated CD8+ T cell migration in a
concentration dependent fashion, which was further increased by NECA (Fig.
5E; Fig. S3). At 100ng/ml CXCL12 the presence of NECA significantly increased
CD8+ T cell migration (p<0.0001). Next, a similar setup was used to investi-
gate the impact of seeding MCF-7 cells expressing Ctrl sgRNA or GRHL2
sgRNA cells at the bottom of the trans-well system and inducing GRHL2 de-
pletion by incubating with doxycycline for 8 days (Fig. 5F,G; Fig. S4). No sig-
nificant impact of control or GRHL2 KO cells was observed on CD8+ T cell mi-
gration in the absence of CXCL12. In the presence of CXCL12, the co-culture
with GRHL2 KO cells stimulated CD8+ T cell migration more strongly as com-
pared to the co-culture with control cells. To assess if the increase in CD8+T
cell migration in the presence of GRHL2 KO cells was due to CD73 mediated
adenosine production, we made use of the APCP CD73 inhibitor. Notably,
while APCP did not inhibit the CD8 T cell migration in the presence of control
MCF-7 cells, it attenuated the enhanced migration of CD8+ T cells towards
GRHL2 KO cells (Fig. 5G; Fig. S4).

Altogether, these results indicated that CD73 mediated adenosine produc-
tion is associated with increased CD8+ T cell recruitment in breast tumors.
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Loss of GRHL2, through enhanced CD73 expression, stimulates CD8+ T cell
migration towards breast cancer cells.

Discussion

GRHL2 is located on chromosome 822 that is frequently amplified in carci-
nomas.” Yet, tumors are heterogeneous and our current work and that of
others3® shows that GRHL2 expression is variable in breast cancer tissues. Our
findings indicate that loss of GRHL2 can contribute to enhanced extracellular
adenosine production in the TME, which has been implicated in suppression
of the activation, proliferation and effector differentiation of NK cells and T

cells.>?

In the patient data as well as in the cell line panel the correlation between
GRHL2 and NT5E/CD73 is heterogeneous. We observe a significant inverse
correlation but there are examples where both GRHL2 and NT5E/CD73 are
present, or both are absent. This indicates that other mechanisms regulate
the expression of NT5E/CD73 besides GRHL2. Indeed, several additional
mechanisms impinging on CD73 have been reported. EMT can modulate
CD73, which may involve activation of TGFb signaling and the SNAIL tran-
scription factor and this may contribute to immune suppression.3%32 We have
previously shown that in the MCF-7 conditional KO model used in this study,
deletion of GRHL2 has limited impact on EMT markers,*>* suggesting that
enhanced CD73 expression and adenosine production is not a consequence
of EMT in this case. Increased transcription of NT5E through activation of hy-
poxia-inducible factor-1 (HIF-1) or loss of hormone receptors such as estro-
gen receptor (ER) have also been identified as alternative mechanisms regu-
lating CD73 expression.***? However, we have not observed activation of the
HIF pathway or changes in ERa expression upon loss of GRHL2.** GRHL2 has
been reported to act as a pioneer factor, promoting chromatin accessibility
and GRHL2 has been found to co-occupy enhancer elements with FOXA1,
GATA3, and ERa in hormone receptor positive breast cancers. However, we
have previously found that only a minor proportion of GRHL2 binding sites in
the genome of breast cancer cell lines coincide with ERa binding sites** and
in our current study no ERa motif was identified in the vicinity of the GRHL2
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peak in the NT5E gene. Our findings point to an inhibitory interaction of
GRHL2 with the NT5E gene at a conserved binding site located in an intronic
region. Here, GRHL2 may interact with enhancer elements or regulate his-
tone modifications,*>>? similar to what we and others have observed for the
majority of GRHL2 target genes.**® QOur finding that NT5E/CD73 is in-
versely correlated with GRHL2 in breast cancer cell lines and in patient tu-
mors or tumor areas, suggests the negative regulation of CD73 by GRHL2 in
breast cancer is common. Notably, in the scoring of CD73 in patient tissues
we have focused on membrane associated CD73. The impact of alterations in
CD73 expression may be further determined by the localization of CD73, a
GPI-linked protein that can be membrane bound or shed from the mem-
brane.'®

GRHL2 was previously shown to support NK cell mediated tumor cytotoxicity
through a mechanism involving epigenetic stimulation of ICAM-1 expression,
which supported enhanced NK-target cell synapse formation.>* However,
GRHL2 has not been previously implicated in the interaction of tumor cells
with T cells. The elevated CD73-mediated extracellular adenosine levels trig-
gered by the loss of GRHL2, are expected to suppress T cell activity based on
earlier reports. Adenosine binds to GPCRs on immune cells thereby stimulat-
ing (via A2A and A2B receptors) or suppressing (via A1 and A3 receptors) ad-
enylyl cyclase activity, stimulating intracellular calcium release (via A1 and A3
receptors), and activating ERK and p38 MAPK signaling (via A1, A2A, A2B, A3
receptors).’ Stimulation of A2AR on T cells has been reported to suppress the
activation, proliferation and effector differentiation of CD8 T cells* and A2AR
deletion in mouse models leads to enhanced tumor killing by CDS8 cells.>” In-
deed, CD73 represents an actionable target to reduce extracellular adeno-
sine levels and enhance anti-tumor immunity.'® Our current work, however,
shows that enhanced CD73-mediated extracellular adenosine production
may stimulate rather than inhibit recruitment of CD8 T cells, and we corrob-
orate this effect using a stable adenosine analog. Interestingly, there is prec-
edent for a pro-migratory effect of adenosine in different contexts. Adeno-
sine has been implicated in the migration of dendritic cells towards regula-
tory T cells®® and T-cell-specific deletion or pharmacological inhibition of
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A2AR has been shown to cause increased growth of ectopic tumors in mice
as expected but in fact led to reduced CD8 T-cell accumulation in these tu-
mors.*> Our finding that CD73 expression is not negatively correlated with
CD8 T cell infiltration but rather associates with a slight increase, further es-
tablishes a dual role of extracellular adenosine in T cell migration versus cy-
totoxic activity.

In summary, this work demonstrates that GRHL2, a key epithelial transcrip-
tional regulator, can regulate extracellular adenosine levels produced by
breast cancer cells through suppression of the gene encoding the NT5E/CD73
ecto-enzyme. Moreover, this study shows that adenosine produced by
GRHL2 depleted breast cancer cells (or provided as a stable analog) can aug-
ment the recruitment of CD8 T cells, in addition to its previously established
role as a suppressor of T cell-mediated cytotoxicity.

Limitations of the study

We focused on the impact of GRHL2-NT5E/CD73-adenosine axis on T cell mi-
gration. The suppression of T cell mediated cytotoxicity by adenosine has
been firmly established by others.®11644 The MCF-7 conditional KO model
shows decreased proliferation from 2 days after GRHL2 deletion followed by
a minor decrease in viability after 1 week (in agreement with the established
roles of GRHL2).3>% This precludes use of the model in assessment of T cell
mediated cytotoxicity (e.g., in the context of biAbs).

CD73-mediated production of adenosine can involve tumor cells, stromal
cells, regulatory T cells, and extracellular vesicles derived from these cell
types.>”> Our study demonstrates that GRHL2 levels can contribute to mod-
ulation of adenosine production by tumor cells, but further (in vivo) work is
required to reveal the relative contribution of adenosine produced by GRHL2
negative tumor cells in such a complex environment.
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sources upon request.

Experimental model and study participant details

Human subjects

The Erasmus MC medical ethics committee has declared that retrospective
biomarker research on surgically resected specimen is according to Dutch law
exempt of medical ethical approval (MEC 02-953). Furthermore, the study
has been performed in accordance with the national guidelines of the FeD-
eRa, the Federation of Bio-medical research communities. (https://www.co-

reon.org/wp-content/uploads/2020/04/coreon-codegoedgebruik-versie-

4juli2015.pdf). All surgically resected specimen were obtained from female
breast cancer patients.

Method details

Cell culture

The human breast adenocarcinoma cell lines MCF-7, CAMA-1, T47D, MDA-
MB-361, BT474, HCC1806, HCC1143, MDA-MB-231, BT-549, and Hs578T
were grown in RPMI 1640 (Gibco, Fisher Scientific, Landsmeer, The Nether-
lands) supplemented with 10% fetal bovine serum (FBS), 25 U/mL penicillin,
and 25 pg/mL streptomycin (PAN Biotech) in a humidified incubator with 5%
CO2 at 37 °C.

Conditional KO procedure

Inducible Cas9 expression was generated by lentiviral transduction with Len-
tiviral Edit-R inducible Cas9 plasmid (Dharmacon) in MCF-7 cells. Single-cell
selection was performed using 2 pg/ml blasticidin. Inducible MCF-7-Cas9
cells were then transduced with a non-targeting sgRNA and two sgRNAs tar-
geting GRHL2 to generate inducible GRHL2 knockout cells. (Sanger Arrayed
Whole Genome Lentiviral CRISPR Library (Sigma—Aldrich); sgGRHL2/1 (KO-1):
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CCTCGAGACAAGAGGCTGCTGTC, sgGRHL2/2  (KO-2): AAATTTCGGAG-
TGCTTCAGTTGG). Bulk selection was performed using 8 pg/ml puromycin for
72hrs and induction of GRHL2 KO by doxycycline treatment was verified.

ChiIP-seq, motif analysis, and Bru-seq

The visualization of GRHL2 binding along the NT5E gene was obtained using
the UCSC Genome Browser. ChiP-seq data supporting the results of this arti-
cle is available at the UCSC Genome Browser [https://ge-
nome.ucsc.edu/s/hwuRadboudumc/ZWang]. Two different binding profiles
of GRHL2 were retrieved from the JASPAR database (https://jaspar.gene-
reg.net/). A motif discovery analysis was performed on the NTSE GRHL2 ChlIP-
seq peaks using the MEME-ChIP tool® from the MEME Suite 5.5.3 with de-
fault settings. The FIMO tool*® was used to scan the NT5SE gene for occur-
rences of the AACC[A/C/G]GTT conserved GRHL2 motif.t°

Bru-seq data supporting the results of this article is available at Gene Expres-

sion Omnibus (GEQO) database, www.ncbi.nlm.nih.gov/geo (Accession No.
GSE222353).

RNA analysis in cell lines and clinical samples

GRHL2 and NT5E gene expression was analyzed using RNA sequencing data
from a panel of 52 human breast adenocarcinoma cell lines representing lu-
minal, basal A, and basal B subtypes (https://zenodo.org/rec-
ord/4560297/export/xm#.YVXHC5pBxQA). Log2 normalized gene expression
values were used for further analyzing. Violin plots were made by GraphPad.

Co-expression analysis in clinical samples was performed using cBioPortal
(https://www.cbioportal.org/) database. The mRNA expression data of
breast cancer patients were retrieved from the METABRIC data set,®%? con-
sisting of 1904 targeted sequenced tumor samples and visualized in cBioPor-
tal. Co-expression z-scores (Pearson and Spearman values) were calculated
on the cBioPortal website.

IHC on samples of human breast cancer tissue and cell lines

Formalin-fixed paraffin-embedded (FFPE) primary metaplastic tumors (n=10)
and primary tumors with high (n=10) or low (n=10) GRHL2 RNA levels were

198


https://jaspar.genereg.net/
https://jaspar.genereg.net/
https://zenodo.org/record/4560297/export/xm#.YVXHC5pBxQA
https://zenodo.org/record/4560297/export/xm#.YVXHC5pBxQA

GRHL2 suppression of NTSE/CD73 in breast cancer cells

collected from breast cancer patients who entered the Erasmus University
Medical Center (Rotterdam, The Netherlands) for local treatment of their pri-
mary disease between 1985 and 2005. Sections of 4 um were cut, pasted on
starfrost® adhesive slides, and dried overnight at 37°C. Slides were dewaxed
with Xylene solution and hydrated with decreasing alcohol percentages
(100%, 95%, 75% and 50%). Antigen retrieval was done using Target Retrieval
Solution, Citrate pH6 (Dako Agilent, S236984-2) or Target Retrieval buffer,
pH6 (S1699; for GRHL2) or pH9 (2367; for CD73 and CD8) for 20 min at 95°C
followed by 20 minutes at room temperature. Subsequently, slides were im-
mersed in 3% hydrogen peroxide/PBS for 10 minutes to block endogenous
peroxidase activity. To block non-specific binding sites, a Protein Block, Se-
rum-free solution (Dako Agilent, X090930-02) was used for 30 minutes. Then,
slides were incubated for 1 hour with, 1:1250 mouse-anti-human GRHL2 an-
tibody (Clone CL3760; Cat.nr AMAb91226; Atlas/Sigma), 1:400 mouse-anti-
human 5’-Nucleotidase/ CD73 (Clone 4G6E3; Cat.nr. NBP2-37271, Novusbio),
or 1:200 mouse-anti-human CD8 antibodies (Clone C8/144B; Cat.nr M7103;
Dako Agilent), all diluted with Antibody Diluent (5302283-2, Dako Agilent).
Negative controls were made by replacing the primary antibody with mouse
immunoglobulin at identical dilution. Detection and visualization of the anti-
bodies was done with EnVision+ Single reagent HRP, Mouse (Dako Agilent,
K4001) and Liquid DAB+, 2-component system (Dako Agilent, K346811-2).
Slides were counterstained with hematoxylin and dehydrated through
graded alcohol and xylene and cover slides were mounted with Pertex. Re-
sults of positive control tissues of liver, skin, and intestine were compared
with results in human protein atlas for the antibodies used. Results were
comparable. Images were made using Nikon ECLIPSE E4000. GRHL2 was
scored for absence or presence of nuclear staining in breast tumor cells. CD73
was scored for negative or weak staining (0), weak or partial membrane stain-
ing (0.5), or clear positive membrane staining (1) in breast tumor cells. CD8
was scored for the % of CD8 positive cells in the tumor area.

Immunofluorescence

Cells were fixed and permeabilized by incubation with 4% formaldehyde and
0.1% Triton X100 in Phosphate-buffered saline (PBS) for 15 mins, followed by
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a blocking step with 0.5% w/v bovine serum albumin (BSA, Sigma Aldrich) in
(PBS) for 30 mins. Then, cells were incubated with the GRHL2 primary anti-
body (1:500, Atlas-Antibodies, hpa004820) in 0.5% w/v BSA in PBS overnight
at 4°C. The cells were washed three times in PBS supplemented with 0.5%
BSA (BSA-PBS) and subsequently stained with AlexaFluor-488 conjugated
anti-rabbit secondary antibody (1:1000, Mol Probes, A11008) and Hoechst
33258 (1:10,000, Sigma Aldrich, 861405) for 1 h at room temperature, fol-
lowed by three times washing steps with 0.5% BSA-PBS. Cell preparations
were imaged using a Nikon ECLIPSE Ti2 confocal microscope.

Western blotting and flow cytometry

Cells were lysed for total protein isolation and protein samples (20 pg/lane)
were run on sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). The gels were transferred onto a polyvinylidene difluoride
(PVDF) membrane (Millipore) followed by blocking with 5% BSA in Tris-buff-
ered saline (TBS), with 0.05% Tween-20 (TBS-T). Membranes were incubated
with GRHL2 (Atlas-Antibodies, hpa004820), cas9 (Cell Signaling, 14697S),
CD73 (Abcam, ab202122), and a-tubulin (Sigma Aldrich, T-9026) antibodies
at 4 °C, overnight. Horseradish peroxidase-conjugated secondary antibodies
(Jackson Immunoresearch, anti-rabbit 111-035-003, anti-mouse 115-035-
003) and Alexa-647-linked anti-mouse (Jackson Immunoresearch, 115-605-
146) were used at room temperature, 1h. Primary and secondary antibodies
were prepared in 1% BSA in TBS-T. Signals were detected with an Amersham
Imager 600 (GE Healthcare Life Sciences, Eindhoven, The Netherlands) using
Cy5 fluorescence and ECL (Prime) Western Blotting Detection Reagent (GE
Healthcare Life Sciences). Band intensities were quantified with Image J.

For flowcytometry, cells were detached with 0.02% EDTA. Surface expression
levels were determined using CD73 (Clone 4G6E3; Cat.nr. NBP2-37271,
Novusbio), CD8 (Clone SK1; Cat.nr 344702; Biolegend), or isotype control pri-
mary antibodies, followed by fluorescence-conjugated secondary antibodies.
For analysis of T cells the CD8 staining was combined with a live/dead stain
(fixable viability dye, Invitrogen). Samples were measured on a CytoFLEX S
(Beckman Coulter) and analyzed using FlowlJo (version 10).
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gRT-PCR

Total RNA was extracted using Trizol (TRI reagent, AM9738, Invitrogen). cDNA
was synthesized using the RevertAid H minus first-strand cDNA synthesis kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol. Gene ex-
pression was normalized to the Actin gene and further analyzed with the
2-AACt method.

Malachite Green Assay

GRHL2 KO was induced in MCF-7 Ctrl, KO-1, KO-2 cells with 1 pg/ml doxycy-
cline for 7 days. On day 7, MCF-7 cells together with Hs578T and MDA-MB-
231 were seeded as 25.000 cells per well in triplicate in a 96-well plate. Cell
media was discarded 24h later and the cells were washed with phosphate-
free buffer (2 mM MgCl2,1 mM KCI,10 mM glucose, 125 mM NaCl, 10 mM
Hepes pH 7.2, diluted in ddH20). Then, cells were treated with a CD73 inhib-
itor Adenosine 5'-(a,B-methylene) diphosphate (APCP) (25uM final concen-
tration; Sigma Aldrich) for 15 mins at 37 °C. Adenosine monophosphate
(AMP; 100 uM final; Sigma Aldrich) was added and incubated for 110 mins at
37 °C. Only phosphate-free buffer was added to the wells indicated as the
control condition. Inorganic phosphate production in the cell supernatants
was measured using the malachite green phosphate detection kit (R&D Sys-
tems) following the manufacturer’s instructions.

Trans-well T cell migration assay and flow cytometry

MCF-7 Ctrl, KO-1, and KO-2 cells were seeded in 24-well plates (20,000 cells
per well) after 5 days of doxycycline treatment (1 pg/ml). Human peripheral
blood mononuclear cells (PBMCs) were isolated from peripheral blood from
healthy volunteers by Histopaque®-1077 (10771, Sigma-Aldrich) density gra-
dient centrifugation and enriched for CD8+ T cells with the CD8+ T Cell Isola-
tion Kit (130-096-495, Miltenyi Biotec) according to manufacturer’s instruc-
tions. Enriched CD8+ T cells were stained with Cell Tracker™ Green CMFDA
Dye (1uM) (C2925, Invitrogen) for 45 min and added (200,000 cells per
transwell) on top of the filter membrane of the transwell insert (6.5 mm
Transwell with 3.0 um pore, Corning). The cancer cells and CD8+T cells were
cultured with RPMI 1640, supplemented with 10% human plasma isolated

201



Chapter 6

freshly from the healthy blood donors, 25 U/ml penicillin, 25 pg/mL Strepto-
mycin at 37 °C in a humidified 5% CO, incubator. After 48 hours, filters were
discarded and 20 fluorescence (488nm) and phase-contrast images per well
were taken with 20x magnitude imaging using ZOE™ Fluorescent Cell Imager.
The supernatant from the lower chamber was also collected to quantify mi-
grated T cells by using a hemocytometer after Trypan blue staining (1450021,
Biorad).

Quantification and Statistical analyses

Data were represented as the mean * standard deviation (SD) or means *
standard error of the mean (SEM) of at least two independent experiments.
Two-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison
test was performed unless otherwise stated. Non-parametric t-test with un-
equal variance was employed to determine statistical significance of the dif-
ference between groups in IHC experiments. Statistical data were obtained
using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). ns, not sig-
nificant; *P < 0.05, **P < 0.01, ***P < 0.001 and ***xP < 0.0001.
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Supplementary Figures
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Figure S1: GRHL2 and CD73 protein expression in breast cancer cell lines (re-

lated to Figure 2).

GRHL2 and CD73 IHC results for a luminal cell line, showing nuclear GRHL2 ex-
pression (BT483) versus a basal B cell line lacking GRHL2 (Hs578T).

GRHL2 CD73

CD8

Tumor #3

Tumor #4

Figure S2: IHC for GRHL2, CD73, and CD8 in breast cancer lesions (related to

Figure 5C, D).

Representative IHC images for GRHL2, CD73, and CD8 in breast cancer tissues.

Arrows indicate infiltrated CD8 T cells in tumor 4.
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Figure S3: Flow cytometry analysis of CD8 T cells in trans-well assay (related to
Figure 5E).

CD8 surface expression determined by flow cytometry for PBMCs (left), purified
CD8 T cells that were added to the upper compartment of trans-wells (middle),
and for the T cells migrated to the bottom compartment in presence of CXCL12

(right).
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Figure S4: CD8 T cell recruitment in presence of control or GRHL2 KO MCF-7
cells (related to Figure 5G).

Quantification of CD8+ T cells recruited towards the lower compartment of
trans-wells seeded with control or GRHL2 KO-2 MCF-7 cells (8 days 1ug/ml
doxycycline treatment) in absence or presence of 100 ng/ml CXCL12 and 200uM
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APCP CD73 inhibitor. Data normalized to the T cells only condition. One experi-
ment is shown.
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Chapter 7

Breast cancer is the most prevalent cancer among women globally* and the
therapeutic interventions remain limited due to the metastatic nature of the
disease. Targeting metastasis is challenging due to the adaptive behavior of
tumor cells.? Therefore, identifying the key regulators like epithelial-mesen-
chymal transition (EMT) is crucial.® Although EMT is not considered as the
only prerequisite for the metastasis,*> multiple studies have demonstrated
its significant role in promoting metastasis and tumor progression.®’ EMT is
controlled by a regulatory network of transcription factors; EMT transcription
factors (EMT-TFs).%° In this thesis, | focused on a master epithelial regulator
of EMT, Grainyhead-like 2 transcription factor (GRHL2) and identified its di-
verse roles across breast cancer subtypes, providing novel mechanistic in-
sights. Our initial literature study explored the interactions between molecu-
lar and physical cues that reshape tumor microenvironment and provide cel-
lular plasticity, required for metastasis in chapter 2. We then examined dis-
tinct signaling networks and molecular processes regulated by GRHL2 in the
luminal and basal A subtypes of breast cancer in chapter 3-4. Following these
findings, we analyzed the function of GRHL2 in controlling kinase signaling,
how central its role is in the EMT/mesenchymal-epithelial transition (MET)
balance, and whether it regulates therapy response using a luminal and a
basal-b model (chapter 5). Lastly, a novel immune modulatory role was dis-
covered for GRHL2 in breast cancer (chapter 6). Here, we explain the key
findings of the thesis and their significance for cancer research. We also pro-
vide recent advancements for the future research.

Diverse mechanisms controlling cellular plasticity in cancer metastasis

Intratumor heterogeneity, characterized by tumor cells harboring distinct
phenotypical and molecular features within the same tumor bulk, facilitates
significant adaptability, often acquired through cellular plasticity.° This plas-
ticity is further sustained by alterations in the genomic and phenotypic land-
scapes through EMT. EMT is influenced by various stimuli such as hypoxia and
pH levels in the tumor microenvironment, as well as downstream signaling
pathways including transforming growth factor-p (TGFB), Wnt, and EGF.° In
Chapter 1, we present a comprehensive investigation into the essential roles
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played by the GRHL family, including GRHL1-3, both in embryogenesis and
cancer.

It has been previously reported that mechanical stimuli also have an impact
on maintaining the plasticity.!! The tumor cells manipulate the interplay be-
tween several signaling pathways and mechanical cues, supporting their
growth and survival to adapt to alterations within the tumor microenviron-
ment. We discuss two distinct mechanisms; EMT and jamming/unjamming
that remodel the tumor microenvironment to establish an optimal niche for
the metastatic outgrowth (chapter 2). Additionally, we have outlined a
roadmap for therapeutic interventions targeting these mechanisms.

Subtype-specific actions of GRHL2 across breast cancer subtypes

In Chapter 3, we analyzed GRHL2 binding sites and motifs in three luminal
estrogen receptor (ER) (+) breast cancer cell lines using ChIP-seq.%* Multiple
studies have demonstrated a regulatory role for GRHL2 in ER-mediated tran-

14-16 Hence, we examined the presence of GRHL2 binding

scriptional activity.
regions in the binding sites for ER alpha and its regulators; FOXA1 and GATA3.
However, only a surprisingly small subset of intersecting binding sites was

found, consistent with the findings reported by Jozwik et al.'’

While genome-wide distribution of GRHL2 motifs identified putative candi-
date target genes of GRHL2, we further investigated their transcriptional reg-
ulation by GRHL2 in luminal breast cancer. A conditional knock-out model in
a luminal breast cancer cell model; MCF-7 was employed to measure dy-
namic changes in nascent mRNA using Bru-seq. Differential transcriptional
changes were observed in response to GRHL2 deletion. We evaluated direct
and indirect regulation of such genes by integrating ChIP-seq and Bru-seq re-
sults. A significant reduction was observed in the transcriptional activity of a
set of genes associated with cell-cycle and DNA replication; EHF, E2F2 and
CDCA7L.2®2° Qur study elucidated a direct transcriptional regulation of some
of these genes facilitated by GRHL2 binding to their respective promoter re-
gions. The loss of GRHL2 in MCF-7 cells also resulted in downregulation of
cell growth, and our attempts to rescue this phenotype through EHF
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upregulation were unsuccessful, suggesting the involvement of additional
cell-cycle regulatory genes or factors.

The interactions between GRHL2 and a set of EMT-TFs were also evaluated
after GRHL2 deletion. Epithelial EMT-TFs; OVOL2 and CDLN4 were identified
as direct targets of GRHL2 while only CLDN4 mRNA was altered in response
to GRHL2 loss. A critical target of the EMT-TF; CDH1 which encodes the E-
cadherin cell-cell adhesion receptor, is a known direct target of GRHL2. How-
ever, unlike other studies,? it remained unaffected by the loss of GRHL2 ex-
pression in our study. In addition, no GRHL2 binding in the promoter region
of ZEB1 was found in contrast to the earlier reports showing direct negative
regulatory feedback loop between GRHL2 and ZEB1.1*?22* These findings
highlight the cell-type specific actions of GRHL2 and suggest the involvement
of other mechanisms like post-transcriptional regulations.

Nest, a similar integrative approach was taken in three luminal and three ba-
sal-a breast cancer lines to unveil the different biological functions of GRHL2
in distinct breast cancer subtypes (chapter 4). Analysis of ChIP-seq data
showed common changes in cell migration, epithelial proliferation and cell-
cell junctions in both subtypes. Dual roles have been attributed to GRHL2 as
a tumor suppressor and promoter in many cancers.’*?’ In agreement with
our conclusion in chapter 3, cell-cycle arrest was the dominant response to
GRL2 loss in luminal cell line, MCF-7. This effect was less pronounced in a
basal A cell line, HCC1806. Indeed, this points to distinct roles for GRHL2 in
different breast cancer subtypes. The differential response in growth might
be explained by the enhanced activities of hormone receptors in luminal
breast cancer. Elevated ER signaling in tumors is correlated with poor prog-

nosis?%2°

and is linked to increased cell proliferation. ERa signaling supports
the cell proliferation in MCF-7 cells by increasing the transcriptional activities
of PCNA/E2F1 and inhibiting the induction of cell-cycle arrest via p53/p21

axis.*®

In contrast to the findings in MCF-7, the deletion of GRHL2 resulted in in-
creased cell migration in HCC1806 cells, accompanied by upregulation of N-
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cadherin and Vimentin; mesenchymal genes.31? Previous studies have linked
the enhanced activation of mesenchymal markers to increased cell migra-
tion.3*34 Although the downregulation of E-cadherin occurred as a common
finding in both cell types, it didn’t further induce a full EMT in luminal breast
cancer, suggesting the necessity of other changes co-existing also in the mes-
enchymal spectrum of EMT.3>%¢ QOur findings indicate that such changes are
already present in basal A breast cancer cells and here depletion of GRHL2
does activate an EMT. Altogether, these results point to a subtype-specific
role for GRHL2 in breast cancer.

In vivo experiments supported the oncogenic role of GRHL2, given its location
in the frequently amplified region (8922) in many cancers.>®8 The aspects of
EMT induced by GRHL2 deletion in HCC1806 suggested that GRHL2 may have
tumor- or metastasis suppressive roles in this model, as opposed to luminal
cells where our findings pointed to a largely tumor promoting role. We in-
vestigated this in a basal A orthotopic transplantation model. However, these
experiments indicated that despite the more obvious EMT upon GRHL2 de-
pletion, also in basal-A cells tumor growth as well as metastasis are sup-
ported rather than suppressed by GRHL2.

Multifaceted roles of GRHL2 in cancer cell signaling and targeted therapies
Our findings in chapter 3 and 4 delineated the landscape of gene networks
regulated by GRHL2 in luminal and basal A breast cancer subtypes. By using
the data obtained in chapter 3, we evaluated the changes in a set of EMT-
related genes after the induction of GRHL2 loss in MCF-7 cells (chapter 5).
Our data revealed no changes in the expression patterns of epithelial markers
and mesenchymal cell markers other than CLDN4. This indicated the absence
of EMT-induction by GRHL2 deletion in luminal cancer, corroborating the re-
sults presented in chapter 4.

To understand the mechanisms underlying differential regulation of cellular
processes controlled by GRHL2, we next profiled the kinase activities associ-
ated with the breast cancer signaling in luminal breast cancer. Several signal-
ing pathways; estrogen receptor (ER), PI3K, Hedgehog (HH), TGFB and
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androgen receptor (AR) were analyzed with a gPCR-based platform, designed
for its use in the clinic to determine personalized therapies for breast cancer
patients.3® GRHL2 exerts its diverse functions by rewiring signaling pathways
in many cancer types.>*® The elevated GRHL2 expression was shown to in-
duce MAPK activity, resulting in suppression of TGFB mediated epithelial
plasticity and carcinogenesis in oral cancer.*! However, we have not observed
any changes in MAPK activity in GRHL2 deleted cells. This pattern was also
observed across other pathways except for PI3K and TGF, being upregulated
upon GRHL2 loss. The importance of TGFp signaling and its function in induc-
ing EMT to sustain tumorigenesis have been implicated by several stud-
ies.*?* The tumor suppressing function of GRHL2 is often linked to the down-

44,45

regulation of TGFB signaling, supporting our analysis in luminal breast
cancer. The potential rationale for the pathways remaining unaffected by
GRHL2 deletion could be attributed to the utilization of a conditional CRISPR-
Cas9 knockout system. The analyzed samples for the pathway analysis were
originated from a knockout study conducted for 8 days in MCF-7 cells. It is
possible that a longer duration for GRHL2 knock-out is necessary for the mod-

ifications of the post transcriptional machinery and signaling pathways.

EMT is defined by the balance between epithelial and mesenchymal states,
and its progression is characterized by the gain of mesenchymal characteris-
tics which is associated with therapy resistance.>*® As elucidated in chapter
3 and 4, GRHL2 plays a pivotal role in determining the balance between EMT
and MET in breast cancer but, its deletion in luminal cells is not sufficient to
drive an EMT. The basal B subtype of breast cancer is characterized by its
enhanced mesenchymal features, limiting the response to the therapies.”’
Consequently, our investigation centered on understanding whether expres-
sion of GRHL2 would be sufficient to suppress the mesenchymal phenotype
and affect the therapy response in basal B breast cancer.

Overexpression of GRHL2 in the basal B subtype breast cancer cell line, MDA-
MB-231 did not induce alterations in the expression patterns of any epithelial
markers (Occludin, CLDN4, E-cadherin, ZO-1) or mesenchymal markers (Vi-
mentin and Zeb1). Differing from our findings, overexpression of GRHL2 has
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been shown to induce MET-like changes, both phenotypically and genotypi-
cally, including increased E-cadherin expression.?? However, both studies
showed that cell growth remained unaffected, unlike the changes observed
in Chapter 4 in the luminal and basal A subtypes of breast cancer. This indi-
cates that GRHL2 manipulation on its own, does not suffice to drive an EMT
in a basal B model suggesting that other, critical regulators of the epithe-
lial/mesenchymal balance must be altered.

We next assessed the drug responses facilitated by GRHL2 in absence of con-
founding influences of changes in the EMT/MET balance. MDA-MB-231 cells,
with and without GRHL2 overexpression, were treated with a small kinase
inhibitor library, and drug responses were evaluated based on changes in cell
growth. Similar to a previous study showing the co-operation of GRHL2 with
PI3K/Akt pathway in colorectal cancer,*® we also found two candidate kinases
targeting PI3K pathway, exhibiting GRHL2 mediated sensitivity. However, this
vulnerability wasn’t further validated. Altogether, the findings in chapter 5
indicate that GRHL2 loss in basal B cells is not sufficient to drive an EMT and
in absence of such an effect, the impact on therapy response is limited or
absent.

Studying tumor-immune cell interactions in the context of GRHL2-mediated
immune evasion

The interaction between GRHL2 and immune regulatory mechanisms has
been only minimally addressed by studies thus far. By integrating the data
from breast cancer cell lines and breast adenocarcinoma patient tumors, we
detected a significant negative correlation of GRHL2 with expression of the
ecto-enzyme, NT5E/CD73 (chapter 6). Based on our findings in chapter 3 and
4, we identified the CD73 encoding gene, NT5E as one of the direct targets of
GRHL2 in luminal breast cancer.

Several studies have emphasized the role of elevated adenosine levels, facil-
itated by CD73 in tumor cells, in immune evasion.***® Our investigation re-
vealed that the loss of GRHL2 in luminal breast cancer increases CD73-medi-
ated extracellular adenosine production. However, tumor cells are not the
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sole contributors to the adenosine production. Studies have demonstrated
that immune cells with pro and anti-tumor capabilities including NK cells,*!
macrophages,®? and cytotoxic (CD8+) T cells,> also significantly contribute to
elevated adenosine levels within the tumor microenvironment.

To delineate the impact of GRHL2-controlled adenosine production on lu-
minal breast cancer, we employed a trans-well migration model to study tu-
mor-immune cell interactions in response to GRHL2 loss. Surprisingly, we
found that the absence of GRHL2 increased the CD8+ T cell migration, which
could be reverted by a CD73 inhibitor. The finding that CD73-mediated aden-
osine production in tumors may actually increase, rather than decrease im-
mune infiltration was supported in clinical samples showing a positive rela-
tion between CD73 and Cd8+ T cell presence although the correlation was
weak. This unveiled a novel role for GRHL2 in shaping the immune response
within luminal breast cancer. Other studies have focused on the impact of
extracellular adenosine on the cytotoxic activity of CD8+ T cells.>*>> As previ-
ously displayed in chapter 4, GRHL2 deletion induces cell-cycle arrest in lu-
minal breast cancer. Therefore, we were unable to investigate the cytotoxic
effects mediated by adenosine using our conditional knockout model.

Studying the immune evasion related mechanisms in 2D might underesti-
mate the complexity of the tumor microenvironment. During tumor progres-
sion, remodulation of the tumor microenvironment, including the formation
of a collagen-rich, stiff extracellular matrix (ECM) occurs.®® It has been re-
ported that the highly dense ECM had an impact on the cytotoxic activity of

%657 and the profile of T cells,”® representing a mechanism of

immune cells
tumor immune evasion. Hence, it will be interesting to further explore the
impact of GRHL2 loss on interactions with the immune system in 3D co-cul-

ture systems and using in vivo models.

Conclusion and future perspectives

In conclusion, this thesis examines multifaceted roles of GRHL2 across breast
cancer subtypes. We explore the underlying mechanisms that support cellu-
lar plasticity and their implication for the cancer therapy. We outline the
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signaling networks orchestrated by GRHL2 in luminal breast cancer and dis-
cern differential roles of GRHL2 in cell growth and cell migration between
luminal vs. basal A subtypes of breast cancer. Our research highlights that
altering GRHL2 expression is, by itself, not sufficient to drive EMT in luminal,
or MET in basal B subtype breast cancers. This may also explain that in our
studies, no significant correlation is identified between GRHL2 expression
and therapy responses tested. Moreover, a novel immunomodulatory func-
tion via the NT5E/CD73-extracellualr adenosine axis is identified in luminal
breast cancer.

It will be important to unravel the interaction between co-factors and GRHL2
in different breast cancer subtypes using co-immunoprecipitation and other
approaches, to understand to mechanisms underlying context-dependent
GRHL2 controlled cell functions. The use of patient derived xenografts or or-
ganoid models will provide more insights for the tumor heterogeneity in dif-
ferent breast cancer subtypes. This will allow the identification of more clin-
ically relevant GRHL2-regulated mechanisms underlying its role in tumor
growth, metastasis, and therapy response. 2D tumor models lack the com-
plexity of the tumor microenvironment and lack the abundance of metabo-
lites and cytokines, secreted by numerous cell types in the tumor microenvi-
ronment. With respect to the novel GRHL2-regulated interaction with CD8+
T cells we discover, further exploration of this mechanism in complex 3D or
in vivo models are warranted to place in context of the diverse tumor micro-
environment components that also contribute to extracellular adenosine
production. Overall, this thesis illuminates novel insights into the context and
subtype-specific roles of GRHL2 in breast cancer subtypes and offers oppor-
tunities for targeted vulnerabilities in breast cancer therapy.
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Appendix

Nederlandse samenvatting

Borstkanker is wereldwijd de meest voorkomende vorm van kanker bij vrou-
wen en uitzaaiing beperkt de effectiviteit van doelgerichte therapieén.
Daarom zijn er nieuwe strategieén nodig om uitzaaiing tegen te gaan. De
snelle aanpassing van tumorcellen vereist de identificatie van belangrijke re-
gulatoren zoals epitheliale-mesenchymale transitie (EMT). Hoewel EMT niet
de enige factor is in uitzaaiing, bevordert het dit wel en wordt het geregu-
leerd door een netwerk van transcriptiefactoren (EMT-TF's). Dit proefschrift
richtte zich specifiek op de verschillende rollen van Grainyhead-like 2 (GRHL2)
in verschillende borstkankersubtypes, met als doel nieuwe mechanistische
en doelgerichte inzichten te verschaffen.

Hoofdstuk 1 geeft een overzicht van de biologie van borstkanker, met de na-
druk op een belangrijke familie van transcriptiefactoren -Grainyhead-like- die
de progressie en uitzaaiing van borstkanker beinvloeden en hun rol in nor-
male physiologie en maligniteiten. In hoofdstuk 2 gingen we verder met het
begrijpen van de moleculaire en fysische factoren in de nabije omgeving van
de tumorcellen (de “tumor microenvironment” (TME)) die leiden tot uitzaai-
ing. We hebben de mechanische aspecten van de TME en het aanpassen van
de TME door tumorcellen uitgewerkt op basis van de bestaande literatuur.
Later bespraken we de migratiestrategieén van tumorcellen en hoe deze wor-
den gestuurd door twee fenomenen: “unjamming” en gedeeltelijke EMT. Po-
tentiéle therapeutische benaderingen voor het aanpakken van de TME en de
gedeeltelijke EMT werden voorgesteld om uitzaaiing te overwinnen. Deze
analyse biedt inzicht in de wisselwerking tussen fysieke en moleculaire sig-
nalen die de verspreiding van tumorcellen vanuit de primaire tumor onder-
steunen en hoe nieuwe doelgerichte strategieén kunnen worden ontwikkeld.

GRHL2 blijkt een dubbele rol te spelen als bevorderaar van tumor groeit en
onderdrukker van metastasering in verschillende kankertypes, waaronder
borstkanker. De specifieke functies van GRHL2 in verschillende borstkanker-
subtypes zijn echter slecht gedefinieerd in de literatuur. In hoofdstuk 3 ana-
lyseerden we de genregulatienetwerken van GRHL2 in het luminale borstkan-
kersubtype. Genomische gebieden die door GRHL2 worden bezet, zijn
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geidentificeerd met behulp van een ChIP-seq studie en dit heeft mogeljke
doelen van GRHL2 in luminale borstkanker afgebakend. Er is eerder gemeld
dat GRHL2 betrokken is bij de regulatie van de oestrogeen receptor (ER) en
zijn pioniersfactoren GATA3 en FOXA1. Daarom onderzochten wij in hoeverre
GRHL2 bindingsplaatsen deelt met deze factoren en ontdekten dat de over-
lap beperkt was. Om het GRHL2-gereguleerde transcriptoom te bepalen, ont-
wikkelden we een induceerbaar GRHL2 knock-out (KO) model in de MCF-7
luminale borstkankercellijn en voerden we Bru-seq analyse uit. Een geinte-
greerde aanpak die ChIP- en Bru-seqg-studies combineerde, identificeerde
nieuwe directe GRHL2-doelwitgenen, waaronder zijn rol in proliferatie door
de transcriptionele activering van ETS- en E2F-transcriptiefactoren. Aange-
zien GRHL2 een hoofdregulator van EMT is, beoordeelden wij de transcripti-
onele controle over EMT-gerelateerde genen. GRHL2 bleek CLDN4 recht-
streeks te reguleren. Echter, zowel ChIP- als Bru-seg-analyses sloten de di-
recte controle van andere targets, zoals CDH1 en ZEB1, door GRHL2 in lumi-
nale borstkankercellen uit. De relatie tussen GRHL2 en zijn transcriptionele
targets werd verder klinisch gevalideerd in zowel ER-positieve als ER-nega-
tieve borstkankerpatiénten. Het onderzoek toonde nieuwe gennetwerken en
doelen aan die door GRHL2 worden gecontroleerd, evenals de unieke rol van
GRHL2 bij het reguleren van EMT.

Hoofdstuk 4 onderzocht de invloed van GRHL2-verlies in diverse biologische
processen in luminale en basale borstkankers. Er werden verschillende ni-
veaus van GRHL2 expressie waargenomen in de verschillende borstkanker-
subtypes. GRHL2 expressie bleek geassocieerd te zijn met een slechtere uit-
komst voor de patiént en was significant gedownreguleerd in het basale B
subtype vergeleken met andere borstkankersubtypes. Wij toonden aan dat
GRHL2-verlies in luminale en basale A-subtypes resulteerde in celcyclusstil-
stand. Bovendien verbeterde het de migratiemogelijkheden van basale A-cel-
len, maar had het geen invloed op de migratie van luminale cellen. In lumi-
nale cellen was er een afname van de epitheliale marker E-cadherine, terwijl
er daarnaast in basale cellen ook nog een toename was van de mesenchy-
male markers Vimentine en N-cadherine. Om de invloed van GRHL2 op groei
en EMT te evalueren, onderzochten we een basaal A tumormodel waarin
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GRHL2 niveaus experimenteel verlaagd waren in vivo. De verlaagde GRHL2
niveaus resulteerden in verminderde tumorgroei en verminderde uitzaaiing
naar de longen, wat bevestigt dat groeionderdrukking, maar niet een ver-
hoogde EMT-gestimuleerde uitzaaiing, een gevolg is van GRHL2-verlies.

In hoofdstuk 5, concentreerden we ons op de rol van GRHL2 in EMT en de
signaalwegen die het reguleert in het basale B-subtype. In overeenstemming
met hoofdstuk 4 zagen we weinig GRHL2 expressie in basale B cellen. Daarom
hebben we de expressie van GRHL2 in deze cellen verhoogd, zowel stabiel als
conditioneel. Deze overexpressie induceerde echter geen mesenchymale
naar epitheliale overgang (MET), wat erop wijst dat GRHL2 overexpressie op
zichtzelf onvoldoende is om de EMT/MET-balans in het basale B-subtype te
beinvloeden. Het overheersende effect van GRHL2 op celgroei gold niet voor
dit subtype. Om de GRHL2-gereguleerde signalering van basale B-cellen te
onderzoeken, gebruikten we een high-throughput screening met kinase rem-
mers. Het effect van vier kinase remmers leek beinvloed te zijn door GRHL2,
maar verdere validatie is nodig om GRHL2-gemedieerde reacties te bevesti-
gen.

Hoofdstuk 6 bracht een nieuwe rol voor GRHL2 in immuunmodulatie aan het
licht. Er werd ontdekt dat NT5E, dat codeert voor het ecto-enzym CD73, dat
verantwoordelijk is voor de productie van adenosine in de TME, een direct
doelwit is van GRHL2 in luminale cellen. Verlies van GRHL2 leidde tot ver-
hoogde expressie van NT5E op zowel mRNA- als eiwitniveau, wat resulteerde
in hogere extracellulaire adenosine niveaus. Eerder onderzoek heeft aange-
toond dat hoge adenosine niveaus in de TME het gedrag van T-cellen bein-
vloedt en hun cytotoxiciteit remt. Wij toonden aan dat deze verhoging de
migratie van CD8+ T-cellen bevordert. Deze studie heeft ons inzicht in de rol
van GRHL2 en de invloed ervan in de immuunoncologie vergroot door een
nieuwe signalerings route te identificeren. In hoofdstuk 7 bespraken we de
conclusies van elk hoofdstuk in dit proefschrift en schetsten we toekomstige
onderzoeksperspectieven.

224



Appendix

List of commonly used abbreviations

A2AR
ABC
ADP
AFC
AMP
ANOVA
APCP
AR
ATP
BCA
CAFs
CD39

CD73
CD8
CDCA7L
CDH1
CDH2
cDNA
Chlp
CLDN4
Co2
CRC
CTR
CXCL12
DMSO
DNA
ECL
ECM
EDTA
EGF
EHF

Adenosine A2A receptor

ATP-binding cassette

Adenosine di-phosphate

Average fold change

Adenosine mono-phosphate

Analysis of variance

An enzymatic inhibitor of CD73, a,B-methylene ADP
Androgen receptor

Adenosine triphosphate

Biicinchoninic acid

Cancer-associated fibroblasts

Cluster of Differentiation 39; ectonucleoside triphosphate
diphosphohydrolase-1

Cluster of Differentiation 73; ecto-5'-nucleotidase
Cluster of Differentiation §;

Cell division cycle-associated 7-like protein
Cadherin-1

Cadherin-2

CopyDNA of complement DNA

Chromatin immunoprecipitation

Claudin-4

Carbon dioxide

Cancer,30 colo-rectal cancer

Cell cycle phase distribution in sgCTR
C-X-C motif chemokine ligand 12
Dimethylsulfoxide

Deoxyribonucleic acid
Electrochemilumeniscence

Extracellular matrix
Ethylenediaminetetraacetic acid
Epidermal growth factor

ETS homologous factor
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EMT
EMT-TFs
ER

ERa

EV
FACS
FAK

FC
FIMO
FOXA1
GAPDH
GATA3
GEO
GO
GRHL
HA
HER2
HH
hTERT
IHC

IP

IPA

KO
LOXL2
MACS
MAPK
MCM2
MET
METABRIC

mRNA
NaCl
NECA
NK
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Epithelial-mesenchymal transition
Epithelial-mesenchymal transition transcription factors
Estrogen receptor

Estrogen receptor alpha

Empty vector

Fluorescence-activated cell sorting

Focal adhesion kinase

Fold-change

Find Individual Motif Occurrences

Forkhead box protein Al

Glyceraldehyde 3-phosphate dehydrogenase
GATA binding protein 3

Gene Expression Omnibus

Gene Ontology

Grainyhead like

Hyaluronic acid

Human epidermal growth factor re-ceptor 2
Hedgehog

Human telomerase reverse transcriptase
Immunohistochemistry
Immunoprecipitation

Ingenuity pathway analysis

Knock out

Lysyl oxidase homolog 2

Model-based analysis of ChIP-Seq
Mitogen-activated protein kinase
Mini-chromosome maintenance protein-2
Mesenchymal-to-epithelial transition
Molecular Taxonomy of Breast Cancer International Consor-
tium

Messenger-ribonucleic acid

Sodium chloride

5’-N-ethylcarboxamide adenosine

Natural killer cells
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NT5E
ovolL2
PBS
PCR
PI3K
PR
PVDF
gPCR
RNA
ROCK
RPMI
RT
RT-qPCR
SD
SDS-PAGE
SE
SEM
SRB
TCA
TERT
TFs
TGF
TME
TNBC
TSS
UCsC
WT
YAP
ZEB1
Z0-1

Ecto-5"-nucleotidase

Ovo like zinc finger 2

Phosphate buffered saline

Polymerase chain reaction
Phosphoinositide 3-kinase

Progesterone receptor

Polyvinylidene difluoride

Quantitative polymerase chain reaction
Ribonucleic acid

Rho-associated kinase

Roswell Park Memorial Institute medium
Room temperature

Realtime quantitative PCR

Sented as the mean * standard deviation
Sodium do-decyl sulfate—polyacrylamide gel electrophoresis
Standard error

Standard error of the mean
Sulforhodamine B

Trichloroacetic acid

Telomerase reverse transcriptase
Transcription factors

Transforming growth factor

Tumor microenvironment

Triple negative breast cancer
Transcription start site

University of California Santa Cruz

Wild type

Yes1 associated transcriptional regulator
Zinc finger E-box binding homeobox 1
Zonula occludens-1
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