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Characterizing the effects of estrogen and G15 on triple-negative Inflammatory Breast Cancer

Abstract

Inflammatory breast cancer (IBC) remains the most aggressive and lethal form of breast
cancer—reporting rapid progression, poor prognosis, and a unique clinical diagnosis. IBC is
frequently classified as a hormone receptor-negative (HR-negative) breast cancer, where cancer
cells test negative for estrogen and progesterone receptors and cannot be treated with current
hormone therapies. Still, estrogen stimulation enhances cell migration and invasion phenotypes
on IBC cells via activation of non-genomic (rapid) signaling cascades—which are known to be
mediated by alternate ERs such as the G-protein coupled estrogen receptor (GPER). However,
the estrogen-induced transcriptome on IBC cells remains unknown, and the involvement of GPER
on estrogen-response signals remains unclear. An extensive understanding of the effects induced
by estrogen and G15 (GPER-specific antagonist) on IBC cells provides a new opportunity to
address the current need for alternative approaches against IBC patients. Here, RNA sequencing
was performed on IBC cells SUM149 to characterize the transcriptome induced by 17B-estradiol
(E2) at different time points. In addition, IBC cells SUM149 and SUM190 were treated with G15
alone and combined with E2 to identify the drug’s effects on estrogen-response signals and IBC's
aggressiveness—possibly elucidating GPER’s role. RNA-seq analysis on IBC SUM149 revealed an
E2-induced enhancement in the expression of genes associated with transcription factors,
signaling cascade mediators, and growth factor ligands—some of which G15 treatment was able
to disrupt. Furthermore, G15 reduced the cell viability, growth rate, and colony size of IBC cell
SUM149 and inhibited the cell viability and growth rate of IBC SUM190. G15 also inhibited the
E2-induced expression of Cyclin-E1 (a cell cycle progression marker), inhibited the anti-apoptotic
regulator B-cell lymphoma 2 (BCL-2), and increased the pro-apoptotic marker cleave caspase-3
on IBC SUM149. Regarding non-genomic signals, G15 disrupted the regulatory mechanism of the
E2-induced ERK and AKT signaling on IBC cells SUM149, reporting a sustained activation of the
ERK and AKT signals. These findings suggest a protective role of GPER on two IBC cell models and
provide novel insight into the estrogen sensitivity of TN-IBC SUM149, which can guide future

therapeutic efforts against GPER-positive IBC patients.
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Chapter 1: Introduction
1. Breast cancer

Breast cancer is the most common non-cutaneous cancer in women worldwide—and over
12% of all women in the United States are estimated to be diagnosed over their lifetime [1-2].
Breast cancer occurs almost entirely in women, but men can also be diagnosed with breast
cancer. Breast cancer can start from different parts of the breast (e.g., lobules and ducts) and can
further spread (metastasize) into the blood or lymph system, where the cancer cells can migrate
to other body parts. It is estimated that 62% of breast cancer cases are confined to the breast at
the time of diagnosis, while an additional 31% will have spread to regional lymph nodes. Still, not
all women with cancer cells in their lymph nodes develop metastases, and some women with no
cancer cells in their lymph nodes might develop metastases later. Only 6% of breast cancers are
metastatic at diagnosis—defined as the involvement of sites distant from the breast and its
regional lymph nodes [3].

Breast cancers are classified into subtypes based on the specific kind of cells affected in the
breast. Most breast cancers are carcinomas, which are cancers that form in epithelial tissue.
However, cancers such as ductal carcinoma in situ (DCIS) and invasive carcinoma are
adenocarcinomas since cancer starts on the gland cells in the milk ducts or the lobules (milk-
producing glands). Other cancers, like angiosarcoma or sarcoma, can grow in the breast but are
not considered breast cancer since they start in different cells (e.g., connective tissues). The most
common breast cancer histology is invasive ductal carcinoma (50-75% of patients), followed by
invasive lobular carcinoma (5-15% of patients), mixed ductal/ lobular carcinomas, and other rare

histology [4]. Screening mammograms detect half of the breast cancer cases in the United States,



and approximately one-third are diagnosed as palpable breast masses [5]. Palpable axillary mass,
nipple discharge, nipple inversion, breast asymmetry, breast skin erythema, and breast skin
thickening (peau d’orange) are fewer presentations of breast cancer [6].

Currently, metastatic breast cancer prevails as a near-fatal disease among nearly all affected
patients—relying mostly on systemic therapy approaches. This can be administered preoperative
(neoadjuvant), postoperative (adjuvant), or both. Local therapy modalities, such as surgery and
radiation, are typically used for palliation only in metastatic disease. However, for nonmetastatic
breast cancer, the main goals of therapy are eradicating tumors from the breast and regional
lymph nodes and preventing metastatic recurrence. Local treatment for nonmetastatic breast
cancer consists of surgical resection and sampling or removal of axillary lymph nodes, with

consideration of postoperative radiation [7].

1.1 Stage and molecular subtyping of breast cancer

Cancer can be staged by its characteristics—such as the extent (size) of the tumor and the
spread (metastasis) to distant sites. The stage is usually represented on a scale of 0 through IV.
Stage 0 describes non-invasive cancers that remain within their original location, while stage IV
describes invasive cancers that have spread outside the breast to other body parts [8]. However,
in 2018, the cancer staging guidelines were updated to add other cancer characteristics, including
the cancer cells' molecular composition. The breast cancer subtypes are commonly grouped into
four categories based on the immunohistochemical expression (IHC) of hormone receptors:
estrogen receptor-positive (ER+), progesterone receptor positive (PR+), human epidermal

growth factor receptor positive (HER2+), and triple-negative (TNBC), which is characterized by



the lack of expression of any of the above receptor or by molecular subtyping by gene expression

profiling (table 1). Ki-67 expression also characterizes the proliferation index (Pl) of the cells—

defined as the percentage of Ki-67-positive cells among the overall cell population.

Table 1. Molecular subtypes of breast cancer based on immunohistochemical characterization

Luminales HER2 Triple-negative
Frequency 50% 15% 20% 15%
Molecular type Luminal A Luminal B Luminal Enriched Non Basal- Basal-like
like
Estrogen receptor +++ ++ ++ - = -
Progesterone receptor +++ (>20%) +/- +/- - = -
HER2 - - +++ +++ - -
CK5/6 - - - - - +++
EGFR - - - - - +++
Histological grade I &1l &Il 11 11 11 11
Ki67 <14% 14-30% >14% High High High
Mutations BRCA2 p53 (40-80%) p53(100%)
85% of
BRCA1
Histological forms Tubular CA Poorly differentiated ICD,
ICD metaplasticand some with a
low-grade UC better prognosis: medullary
CA, adenoid-cystic, apocrine,
fibromatosis-like, ect
Prognosis Good Intermediate Intermediate Bad Bad
Treatment Hormone therapy CcT CcT Ct CT and others currently
Hormone therapy Herceptin Herceptin under investigation
Hormone therapy
Chemotherapy Low Intermediate High High High
(cT)
response

The content of this table was obtained from table 1. at Horvath, E. et al., 2021 [188].




Breast cancer stage and molecular classification guides prognosis (outcome) predictions and
potential responses to targeted treatments [10, 11]. The staging system classifies triple-negative
breast cancer at a higher stage and most hormone receptor-positive breast cancer at a lower
stage. Stage | breast cancers—defined anatomically as a breast tumor smaller than 2 cm and no
lymph node involvement—have a 5-year overall survival rate of at least 99%, at least 94%, and
at least 85% for HR+, HER2-amplified, and triple-negative subtypes, respectively [36]. Stage IV
breast cancers have a median overall survival rate of approximately five years for HR+ or HER2-
amplified subtypes and 1 year for triple-negative [12-15]. Some targeted therapies for all HR+
tumors include endocrine therapy (with some patients requiring chemotherapy), trastuzumab-
based HER2-directed antibody therapy, and chemotherapy for all HER2-amplified or HER2-

positive tumors chemotherapy alone for triple-negative breast cancers [2].

1.2 Triple-Negative Breast Cancer

About 10-15% of all breast cancer cases are classified as triple-negative breast cancers
(TNBCs)—where cells lack the expression of ERa, PR, and HER2-amplification [16, 17]. TNBC
accounts for more than 50% of all breast cancer mortality, and less than one-third of women with
metastatic TNBC will survive a 5-year rate [18-21]. TNBCs are likely to occur in younger (~40 years
old) women, and with black or Hispanic ethnicity [22]. TNBCs tend to have a more aggressive
clinical course—growing (larger tumor size) and spreading (higher grade of lymph node
involvement) at a much higher rate compared to other types of invasive breast cancers [20].

To date, TNBC patients report significantly higher death rates and fewer treatment options

than ER-positive breast cancer [23]. Unfortunately, TNBC patients do not benefit from targeted



therapies such as tamoxifen or trastuzumab, which are directed against ERa and HER2,
respectively. Instead, chemotherapy is generally administered to all patients with triple-negative
breast tumors larger than 5 mm, even with negative axillary node involvement. Some specific
targeted therapies for TNBC patients are bevacizumab—an agent that targets angiogenesis in
TNBC patients with high levels of vascular endothelial growth factor (VEGF) [24], poly (ADP-
ribose) polymerase (PARP) inhibitors—used in TNBC patients with BRCA gene mutations [25, 26],
and cetuximab—an epidermal growth factor receptor (EGFR) inhibitor [27]. However, there is

still an urgent need to develop novel targeted therapeutics for TNBC patients.

1.3 Inflammatory breast cancer (IBC)

Inflammatory Breast Cancer (IBC) is the most aggressive and highly metastatic form of breast
cancer—with an overall 5-year survival rate of around 19% when metastasized [28, 29]. Unlike
other breast cancer types, a palpable tumor mass is not typically present in IBC patients as the
formation of tumor emboli instead marks the disease —cancerous cells forming a blockage in the
lymph vessels of the skin of the breast [37]. As a result, the phenotype of IBC—including
symptoms of breast enlargement, redness, itchiness, and “peau-d’orange” caused by erythema
and edema [15, 31]—is often confused with the benign condition mastitis or other inflammatory
conditions of the breasts (breast infection), leading to misdiagnosis. In addition, because of the
high rate of metastases at presentation in IBC patients (approximately 30%), accurate initial
staging is crucial to plan adequate systemic and locoregional treatment [32].

The current management of non-metastatic IBC includes neoadjuvant chemotherapy,

ablative surgery—if a tumor-free resection margin is expected (in case of axillary lymph node



involvement combined with lymph node dissection), and locoregional radiotherapy in
combination with peri-adjuvant trastuzumab and adjuvant hormone therapy in case of HER2 or
ER/PR positive tumors, respectively. This multimodal therapeutic approach has significantly
improved patient survival in recent years, which might, in part, be explained by more targeted
therapy becoming available [33-36]. Nevertheless, IBC still has a poor outcome, with a median
disease-free survival of fewer than 2.5 years and overall survival of 30—-40% at five years [37]. The
poor prognosis for IBC patients and the lack of targeted therapies emphasizes the need for a
better understanding of the pathogenesis of the disease with the long-term goal of developing
effective targeted therapeutics.

Regarding molecular composition, IBC cases are more frequently characterized as negative
for hormone and growth receptors expression than non-inflammatory breast cancer (NIBC),
associated with a more aggressive clinical course and decreased survival [38, 39]. Up to 83% of
IBC tumors lack estrogen receptor (ER) expression compared with other locally advanced breast
cancers—mainly classified as ER-positive [40]. However, research studies on IBC patients have
identified the expression of novel estrogen receptors in IBC patients—including the G-protein
coupled estrogen receptor (GPER). GPER is a seven-transmembrane receptor belonging to the G-
protein coupled receptor (GPCRs) family reported to be expressed in 69% of IBC cancers [185].
GPER is known to regulate cellular and physiological responsiveness to estrogen in many breast
cancers—including IBC. Therefore, despite the absence of canonical or classical ERa expression
on IBC, hormone production still plays a role in IBC tumorigenesis. In addition, it may be possible
to identify novel potential therapeutic targets through non-classical estrogen-dependent

pathways—explained in more detail in Fig. 3.



Additionally, over 50% of IBC cases overexpress the epidermal growth factor receptor (EGFR),
which plays an essential role in cell proliferation, survival, migration, and differentiation [42].
EGFR overexpression has been associated with a significantly worse 5-year overall survival rate
compared to EGFR-negative IBC and an increased risk of IBC recurrence [43]. Furthermore,
HER2—a transmembrane tyrosine kinase receptor involved in signal transduction pathways
leading to cell growth and differentiation—has also been overexpressed in some IBC cases [44.
Some studies using dual inhibitors of the EGFR and HER2 receptors (e.g., Lapatinib) in
combination with neoadjuvant and adjuvant chemotherapy have shown significant improvement
in pathological response in both breast tissue and axillary lymph nodes [45]. However, IBC
patients continue to have a high risk of locoregional recurrence and, relatively early recurrence
in the brain even when a complete pathological response is reached [46]. In addition, there is still
no effective targeted therapy for patients with the triple-negative subset of inflammatory breast
cancer—which accounts for 20-40% of IBC cases [47-49]. Thus, there is an urgent need to further
characterize the molecular mechanisms associated with IBC aggressiveness and progression with

the goal of identifying possible candidates for developing effective targeted therapeutics.

2. Estrogen Signaling in breast cancer
2.1 Estrogens

Estrogens are steroidal hormones that function as the primary female sex hormone.
Estrogens are produced in the ovaries, but smaller amounts can also be made by other tissues
such as the liver, adrenal glands, and mammary glands [50]. There are three primary forms of

estrogen, namely estrone (E1), estradiol (E2), and estriol (E3). 17-B-estradiol (E2) is the



predominant estrogen in nonpregnant females, while estrone and estriol are primarily produced
during pregnancy and following the onset of menopause [51], respectively. Previous studies have
suggested that estrogens are associated with the development and growth of mammary, ovarian,
and endometrial cancers [52, 53]. In addition, reproductive factors such as early menarche, late
menopause, and late pregnancies are known to affect the risk of breast cancer through changing
exposures of ovarian hormones—including 17-B-estradiol and progesterone (P4) [54].

17-B-estradiol has been linked to the initiation, development, and progression of breast
cancer—via the activation of diverse estrogen receptors like ERa and ERB. Upon activation, these
nuclear ERs form dimers that bind to specific estrogen response elements (EREs) in the regulatory
sequences and/or promoters of target genes to regulate their transcription—a process known as
estrogen genomic signaling [2, 5-6]. An extensive profile of genes is known to be regulated by
estrogen, some of which are protein-coding for transcription factors (e.g., JUN, FOS, MYC, and
NR1B1), intracellular signaling molecules (e.g., BCL2, and HRAS), growth factors and hormones
(e.g., IGF1, and TGF-a), membrane proteins, and proteases (e.g., CTSD) [55]. In addition,
estrogen-responsive genes, including IGF1, cyclin D1, MYC, and Efp, are essential for cell
proliferation and survival [56-57]. Some of these genes are assumed to directly mediate estrogen
actions in normal tissues, cancer, and other diseases.

However, regulation of some of these genes in breast cancer cells appears insufficient to
explain the estrogen actions behind tumorigenesis. Therefore, a genomic-wide comprehensive
analysis for each breast cancer subtype is required to fully elucidate estrogen-regulated genes

and signaling networks.



Furthermore, cellular responses to estrogen can also start at the plasma membrane, where
ERs form protein complexes with many signaling molecules leading to rapid activation of
cytoplasmic signal transduction cascades—known as estrogen non-genomic signaling [3, 17].
Estrogen non-genomic effects have been attributed to the increase of intracellular calcium
concentration [58], activation of Ga and GP proteins [59], regulation of potassium channels,
activation of MAPK cascades (e.g., SRC, ERK, and AKT), activation of lipid kinases (e.g., PI3K) and
adenylate cyclase [60]. However, only a small fraction of ERs is associated with the rapid effects
of E2 at the plasma membrane level, including some ERa-splices variants (e.g., ERa36 and ERa46)
and the alternate estrogen receptor GPER. Therefore, a complete understanding of the
mechanisms underlying the nongenomic estrogen signaling, with the aim of abrogating a specific
step in the signaling pathway (signaling cascades), is a strategy that might lead to more targeted-

treatment options for hormone dependent-breast cancer.

2.2 Estrogen receptors
2.2.1 ER-alpha (ERa) and splice variants

ERa, coded by the ESR1 gene, is a classical transcription factor that mediates the effect of
estrogens in both standard and malignant mammary tissues. E2 binding to ERa leads to dimer
formation and a series of conformational changes in the protein structure of ERa—which
uncovers areas on the external surface of ERa responsible for the binding of coactivator
molecules—facilitating gene transactivation in the nucleus. ERa and its regulated genes are
significant drivers of about 70% of breast cancers and inhibition of ER signaling is the mainstay of

ER-positive BC therapy and has substantially improved patient survival [3, 61].



Structurally, the classical ERa molecule contains 6 domains, named A to F, which can be
functionally divided into a hormone-independent activation function (AF-1) region, the DNA
binding domain (DBD), a hinge region containing three nuclear localization sequences (NLS) that
mediate the translocation of the receptor from the cytosol to the nucleus, and a hormone-
binding domain (HBD) on the C-terminus of the receptor possessing dimerization and hormone-
dependent activation function (AF-2). However, two physiologically relevant splice variants of
ERa have been identified and named ERa46 and ERa36—reflecting their molecular weight [62].

As seen in Figure 1, ERa46 and ERa36 are truncated in the amino-terminus (173 amino acids)
and lack the first transcriptional activation domain (AF1). ERa46 is identical to ERa66 in the
remaining protein sequence. ERa36 lacks the second transcriptional activation domain (AF2) and
has a unique C-terminus. The ERa36 protein is identical to the full-length receptor in its DNA
binding domain and part of its dimerization and ligand binding domains. Because ERa66 and
ERa36 have different ligand binding domains, ERa36 may be capable of interacting with
molecules different than ERa66—like G-1 for instance [64].

Notably, these ERa spliced variants are localized mainly in the plasma membrane and
cytoplasm [65], where they bind to a diverse membrane or cytoplasmic signaling molecules such
as the mitogen-activated protein kinase (MAPK) [66-67]—which initiate cell survival and
proliferation signals. Additionally, these signaling molecules can phosphorylate the ERa and its
co-regulators to augment nuclear ERa signaling [68]. Therefore, the genomic and non-genomic
actions of ERs play a crucial role in breast epithelial cell proliferation and survival, as well as
mammary tumorigenesis [68]. However, their contribution to estrogen signaling in many breast

cancers remains elusive. Thus, an understanding of the tissue-specific expression of the various



estrogen receptors is necessary for identifying the individual functional roles that each may play

under physiologic conditions.
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Figure 1. Schematic representation of the different domains of the estrogen receptors.

Only exons are shown in the Figure, except for (1) the intron between A/B and C domains, in
which an alternative transcription initiation site has been reported; (2) intron 8, as exon 9 is
included only in the sequence of ERa36. Grey boxes represent the alternative specific amino acid
sequences for each isoform; in the sequence of the ERa36, this refers to the transcription of a
novel exon 9 (shown in A), while in the ERPB isoform, it represents sequence differences in exon
8. Figure obtained from a review published by Kampa M, et, al. 2013 [63].



2.2.2 ER-beta (ERB)

ER-beta (ERB), coded by the ESR2 gene, has functions and expression patterns distinct from
ERa. ERB-specific effects on gene regulation can result from the modulation of ERa actions or
differential gene regulation in the absence of ERa. ERPB, like ERa, can also modulate gene
expression in a ligand-independent manner [4]. However, since ERa can also regulate most ERB-
targeted genes, the overall actions of ERP on the genome of hormone-responsive cells depend
mainly on the relative concentration of both ERs in the cell. In the normal mammary gland, ERB
is the most widely expressed ER, but its expression is known to decrease during malignant
progression up to total absence in some invasive breast tumors [22]. Although the role of ERB in
breast cancer is still controversial, there is profound evidence from in vitro and in vivo studies
that this receptor has tumor-suppressive properties. Various in vitro studies reported ERB to

suppress the growth and invasion of breast cancer cell lines [13-15].

2.2.3 G protein-coupled estrogen receptor 1 (GPER/GPR30)

GPER, also known as GPR30 or GPER, was discovered in human breast cancer tissue in 1996
[69] and cloned in 1997 via differential cDNA library analysis of the human breast
adenocarcinoma cell lines MCF-7 (ER+) and MDA-MB-231 (TNBC) [70-71]. As a member of the G
protein-coupled receptor (GPCR) family, and with a sequence of high homology to the interleukin
8 receptor and the angiotensin Il receptor type 1 [70, 72], it was initially termed as a GPCR Class
B receptor (GPCR-Br). However, chemokines and peptides treatment failed to evoke a response
in GPR30 transfected cells [70, 73], which was later suggested as an orphan GPCR without

cognate endogenous ligands and renamed GPR30. In 2005, different research groups provided



evidence demonstrating that E2 could directly bind to GPR30, suggesting it as a membrane-
bound ER [72, 74-75]. Follow-up studies later confirmed that the GPER receptor is highly specific
to E2 and related analogs [76] and could mediate a rapid non-genomic estrogen response in
clonal cell-based experiments and was officially named GPER by the International Union of Basic

and Clinical Pharmacology in 2007 [77].

2.2.3.1 GPER gene and protein

GPER gene is located on chromosome 7p22.3 and contains an open reading frame with a
single exon of 1,125 bp that encodes a 375 amino acid receptor [69, 71]. GPER receptor is a multi-
pass (7 transmembrane a-helical regions, 4 extracellular and 4 cytosolic segments) membrane
protein from the G-protein coupled receptor 1 family—which expression and localization within
the cell remain unclear to date. Several studies have reported that GPER is expressed both along
the cell membrane surface and intracellularly within the endoplasmic reticulum and Golgi
apparatus (78, 79]. After several decades, it is recognized that although GPER expression exists
within the cell membrane, the expression level is substantially less than the subcellular
expression [79]. This has important implications for drug discovery in that GPER ligands may need

to be lipophilic and able to cross the cell membrane to access the receptor.

2.2.3.2 GPER ligands and signaling
Recently developed genetic tools and chemical ligands have greatly facilitated
researchers in determining the physiological roles of GPER in different tissues. However, there is

a limited number of available GPER-specific ligands (Table. 2)—primarily attributed to a lack of



clarity in the localization and the complex pharmacology associated with GPER. For 17B-estradiol
(E2), the estimated binding affinity to GPER is 3—6 nM [80-81], which is considerably higher as
compared with its binding affinities for classical ERs (0.1-1 nM) [82]. Other 17B-estradiol-based
steroids, such as estriol (E3), E3-sulfate (estriol-3-sulfate and estriol-17-sulfate), and estrone also
interact with GPER [83-84]—and are known to function as GPER antagonists [85]. In addition,
other estrogenic compounds—like genistein, quercetin, and bisphenol A—can directly bind to
GPER and initiate non-genomic cellular responses in normal and cancer tissue [86-89]. In addition,
classical Ers modulators and antagonists like tamoxifen, raloxifene, and fulvestrant act as GPER
agonists [90-91]. The binding affinity and GPER-agonist properties of tamoxifen are believed to
contribute to tamoxifen resistance in breast malignancy. Indeed, studies have indicated an
increased expression of GPER in breast tumors with an acquired tamoxifen resistance [2].

In addition, the identification and synthesis of the highly selective GPER agonist, G-1 [92]
has allowed the analysis of GPER-specific signaling pathways and actions in diverse cell contexts.
Indeed, binding experiments reported that G-1 has a high affinity for GPER (Kd = 10 nM), but it
also binds to Ers at concentrations of 10uM [93]. Two other novel GPER-specific agonists—GPER-
L1 and GPER-L2—with binding affinities of about 100 nM have also been synthesized [94].
Moreover, it was reported that propyl pyrazole triol (PPT), usually used as Era specific agonist,
may also act as a GPER agonist at concentrations as low as 10-100 nM, while the Erp specific

agonist diarylpropionitrile (DPN) has no effects on GPER activity [95].



Table 2. List of GPER agonist and antagonist

Compound Function |Binding affinity (Kd) Comment References
Gl Agonist 10nM No binding to ERa/B at concentrations as -
high as 10 uM
G15 Antagonist 1uM Minimal binding to ERa/B (Kd >10 uM) 97-98
E2 Agonist 3-6nM Considerably higher for GPR30 as compared 99-101, 103, 105-106
with classical ERs binding affinities (0.1-1
nM)
1C1182,780 (1C1); Agonist 30-50nM Selective ERa/B antagonist 102
fulvestrant
Genistein Agonist Phytoestrogen belonging to the class of soy 103-105
isoflavones
G36 Antagonist Generated to restore the steric bulk of G-1 107
and the ER counter selectivity
GPER-L1 & L2 Agonist 100nM Synthesized in 2012 108
MIBE Antagonist Reported to bind and block both ERa and 106
GPER activity in breast cancer cells
Propyl pyrazole triol (PPT) Agonist 10-100nM Widely used ERa specific agonist 190
Diarylpropionitrile (DPN) No effect 10uM ERP specific agonist 4
Dichlorodiphenyltrichloroethane 2.8-10nM Affinity depends on the isomer structure 112
(DDT)

Additionally, G-15 was found as a selective GPER antagonist by screening in a library of
small molecules (NIH-MLSMR) [113]. G-15 is a synthetic substituted dihydroquinoline with a
similar structure as G-1 but lacking the ethanone moiety of the molecule [93, 113]—as shown in
Figure 2. G-15 shows a GPER binding affinity of 20 nM and only a minimal binding to ERs (Kd > 10
uM) [77]. G15 was tested in the GPER expressing breast cancer cells SKBr3 and could block

calcium mobilization by E2 [114]. Restoring the steric bulk of G-1, another GPER-specific




antagonist, G-36, with an improved affinity to GPER, has also been developed [93]. G-1, G-15,
and G-36 have now been used in over 150 publications to study the effects of GPER in systems

from cells to tissues and organs to live animals [115].

G-1 17B-estradiol

G15

Figure 2. Molecular structure of G-1, 17B-estradiol, and G15. G15 molecular structure closely
resembled the G-1 molecule but lacks the ethanone moiety present in G-1. Based on the
structural overlap of G-1 with estrogen and the similar but not identical spacing of oxygen atoms
at the extremes of the molecules, it is speculated that the ketone functionality of G-1 might play
an important role as a hydrogen bond acceptor by inducing conformational changes that activate
GPER [114].



Further experimental data have shown that in breast cancer cells the synthetic molecule
MIBE (ethyl 3-[5-(2-ethoxycarbonyl-1-methylvinyloxy)-1-methyl-1Hindol-3-yl] but-2-enoate)
might bind to and block both ERa and GPER activity—with an affinity for both receptors greater
than 10 uM [94]. More recently, ERalphal7p—a peptide corresponding to part of the hinge
region/AF2 domain of the human estrogen receptor a has been identified as a GPER inverse
agonist (binds to the same receptor-binding site as the agonist) [82, 116]. ERalphal7p has shown
anti-tumoral activity in breast cancer cells—including triple-negative breast cancers—and it is
claimed as the first peptidic GPER disruptor [117-119].

Growing evidence has shown that activation of GPER in several cancer cells may induce the
expression of diverse genes, like c-fos, cyclin D1, and CTGF—involved in critical biological effects,
including cell proliferation and migration [87]. Moreover, GPER signaling triggers HIF-1a-
dependent VEGF expression supporting its involvement in angiogenesis and progression of breast
cancer [88]. Interestingly, estrogenic GPER activation can regulate the expression of the pro-
inflammatory cytokine IL1B and its receptor IL1IR1 in breast cancer cells, suggesting a positive
feedback loop, which links the tumor microenvironment with tumor cells toward the progression
of breast cancer [89]. In addition, GPER stimulation by G-1 is associated with cytoskeleton
reorganization in human fibroblasts, such as re-organization of focal adhesion and changes in cell
shape through activation of ERK1/2 signaling [120]. GPER—upon stimulation with E2, estrogenic
compounds (e.g., genistein, hydroxytamoxifen), or G1—is associated with enhanced cancer cell
proliferation in ER-negative breast cancer cells, and in the thyroid [121], endometrial [122], and

ovarian cancer cells [123].



2.3 Estrogen signaling in ERa-negative breast cancer

Although TNBC cells do not express canonical Era-66, they are estrogen-responsive via
ERa-independent pathways. A recent study using a TNBC experimental metastasis model
reported that estrogens promote the metastatic brain colonization of TNBC cells, while
ovariectomy decreased the frequency of brain metastases of TNBC cells by 56% compared to
estrogen supplementation—and the combination of ovariectomy and aromatase inhibitor
letrozole further reduced the frequency of large lesions to 14.4% of the estrogen control [30].
Furthermore, it was demonstrated that increasing levels of circulating estrogens was sufficient
to promote the formation and progression of TNBC [54]. Furthermore, the effects of estrogen
were shown to act via a systemic increase in host angiogenesis, increasing mobilization and
recruitment of bone marrow stromal-derived cells into sites of angiogenesis and to a growing
tumor mass—suggesting that estrogen may promote the growth of ERa-negative breast cancers
like TNBC by acting on cells distinct from the cancer cells to stimulate angiogenesis [54].

However, E2-induced effects in TNBC have been shown to also be antitumoral—by
activating ERP for example. ERP is found in 30% to 60% of TNBCs and has been proposed as a
tumor suppressor [144]. However, a recent study presented evidence that the tumor-suppressive
functions of ERPB are severely compromised due to the downregulation of tethering partners of
ERB (Fos, Jun, Fral) in TNBC [82, 124]. Thus, ERB agonists are unlikely to be helpful for treating
TNBC. Instead, there is the danger that at estrogen response elements, ERB may be acting as ERa

and increase proliferation [125].



GPER and other estrogen-related receptors (ERRs) are known to activate or modulate
estrogen signaling in TNBC and thus are additional potential targets for the therapy of this cancer
entity. Before the discovery of GPER, ERa36 had been suspected of mediating most of the
extranuclear effects induced by estrogen. ERa36 is primarily located in the plasma membrane
and is suspected of mediating the E2-mediated anti-apoptotic effects in TNBC, HCC38—and
suggested as a potential target for therapy in TNBCs. ERa36 regulates estrogen non-genomic
signaling by activating ERK and AKT in breast and endometrial cancer and is believed to be
involved in EGFR-mediated carcinogenesis [126]. In addition, ERa36 has been proposed as an
effector of GPER-dependent signals—suggesting a crosstalk between GPER and ERa36, which
should be considered when assessing possible pathogenic and therapeutic questions related to
the activation or inhibition of estrogen receptors [127-128].

Furthermore, the expression of GPER in estrogen-sensitive tumors has been associated with
activating several cascade responses leading to critical biological events—like cell growth,
migration, and angiogenesis [129-132]. The network of signal transduction pathways mediated
by GPER also includes EGFR, PI3K/Akt cascades, calcium mobilization, and intracellular cyclic AMP
production. In human breast cancer cells, the activation of MAPK/ERK signaling by E2-GPER
involves the heterotrimeric G-proteins By-subunits and the cytosolic kinase src activation,
suggesting the contribution of the heparin-bound EGF cleavage [133]—as shown in Fig. 3.
Regarding this pathway, estrogenic GPER stimulation leads to the release of intracellular calcium
from the endoplasmic reticulum and the consequent activation of integrin a5p1, which induces
matrix metalloproteinase-dependent activation of the EGFR by the release of membrane

heparin-bound EGF [14].



In this manner, estrogenic action via GPER coordinates the release of local EGF-related
polypeptides and EGFR phosphorylation, which, activating STAT5 and MAPK/ERK pathways,
induces cellular activities associated with cell survival [14]. Besides ERK activation, the
transactivation of the EGFR by E2 also activates PI3K/Akt pathway [86]. It has also been reported
that, in breast cancer cells, the estrogenic stimulation of GPER causes activation of the Gas

protein which, in turn, leads to adenylyl cyclase activation and cAMP accumulation [4,12].
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Figure 3. Schematic overview of estrogen signaling in TNBC cells. cAMP: cyclic adenosine
monophosphate; PKA: protein kinase A; CREB: cAMP-response element binding protein; CRE:
cAMP-response element; SRE: serum response element; MMP: matrix metalloproteinase; HB-
EGF: heparin-binding EGF-like growth factor; EGFR: epidermal growth factor receptor; MEK:
Mitogen-activated protein kinase kinase; ERK: extracellular signal-regulated kinase; PI3K:
Phosphoinositide 3-kinase; AKT: Protein kinase B (PKB). Figure from Treeck te. At., 2020 [137].



2.3.1 GPER in Triple-negative IBC and non-IBC breast cancer

GPER is strongly expressed in TNBC cell lines—as reported in MDA-MB-468, MDA-MB-436,
and other TNBC cell lines [135]. Treatment with E2, tamoxifen, and the GPER-specific agonist G1
is believed to lead to the rapid activation of ERK1/2 in TNBC and TN-IBC cells through the GPER
signaling. The estrogen/GPER/ERK signaling pathway is known to be involved with increased cell
growth, survival, migration, and invasion through upregulating the expression of cyclin A, cyclin
D1, cyclin E, Bcl-2, and c-fos [136]—genes associated with the cell cycle, anti-apoptosis, and
proliferation, respectively. Clinical studies have related GPER/ERK1/2 positivity with large tumor
size and advanced stage, indicating that the GPER/ERK signaling might also contribute to the
tumor progression in TNBC patients. Indeed, pretreatment with GPER antagonist G15, the ERK1/2
inhibitor U0126, or the transfection with the siRNA against the GPER has been shown to abolish
these effects [137]. In addition, the enhancement of cell proliferation in TNBC cells MDA-MB-435
and HCC1806 was entirely inhibited by siRNA transfection against the GPER [136]—as well as the
increased activity of the SRC kinase, EGFR transactivation, and c-fos expression.

Furthermore, a study on TNBC cells MDA-MB-231 showed evidence that estrogen binding to
GPER can activate the MAP kinase pathways by triggering the release of heparin-binding EGF-like
growth factor (HB-EGF), which in turn activates the EGFR signaling [138]. In addition, estrogen
binding to GPER has been reported to stimulate adenylyl cyclase and cAMP production on
TNBC—regulating the EGFR-induced MAPK phosphorylation [139]. Since the discovery of this
GPER and growth factor receptor signaling crosstalk, it has been implied that ER-negative breast
cancers might use this relationship to drive EGFR cellular responses—since the administration of

EGFR-antagonist gefitinib inhibited estrogen non-genomic action mediated by GPER in TNBC cells



[128]. This experimental intervention is now suggested to be a potential therapeutic approach
for GPER-expressing TNBC [42-43].

Furthermore, suppression of GPER protein was recently shown to reduce the metastatic
behavior of TNBC cells by improving the anti-invasive efficacy of selective ERB agonists and 40H-
tamoxifen sensitivity—suggesting a crosstalk between ERB and GPER that could be a novel
therapeutic approach for reducing cancer cell malignancy [140].

However, the exact role of GPER in TNBC is still controversial as some studies characterized
this receptor as tumor-promoting, whereas others reported GPER as a putative tumor
suppressor. The first studies suggesting GPER has tumor-suppressor in TNBC claimed that GPER
agonist G-1 inhibits TNBC cell growth via induction of cell cycle arrest in the G2/M phase,
enhanced phosphorylation of histone H3, and caspase-3-mediated apoptosis [62]. In another
study using G-1 as a GPER agonist, GPER activation inhibited EMT and metastasis of TNBC cells
via NF-kB signaling [86]. A further report on G-1 triggering GPER activation observed that after
the trigger, there is significant inhibition of interleukin 6 (IL-6) and vascular endothelial growth
factor A (VEGF-A)—resulting in the suppression of migration and angiogenesis of TNBC [87].
Moreover, E2 binding to GPER inhibited in vivo tumor growth and angiogenesis and reduced the
expression levels of VEGF, NF-kB/p65, STAT3, and the endothelial marker CD34 in TNBC cell
xenograft tumors [88]. Finally, a very recent report demonstrated the activation of GPER by E2
or G-1 to inhibit TNBC cell viability, proliferation, migration, invasion, angiogenesis, and EMT

process [89].



The discrepancy in the role of GPER in some cancer cells is believed to be mainly associated
with the contradictory effects seen after the use of G-1 [39]. For example, the G-1 has been
shown to induce the phosphorylation of ERK1/2 in GPER-negative HEK293 cells stably transfected
with ERa36 [141]—a variant of human ERa66. Additionally, the knockdown of ERa-36 in MDA-
MB-231 and SKBr3 cells suppressed the phosphorylation of ERK1/2 and intracellular calcium
mobilization stimulated by G-1, suggesting that G-1 also modulates ERa-36, and therefore it may
not be specific for GPER [142]. Therefore, the role of GPER in breast cancer is believed to be
tissue-specific, and a deep understanding of the estrogen nongenomic signaling effects of GPER
in TN-IBC is imperative to elucidate these controversies. Studies on the protein level, including
the use of specific GPER-antagonist molecules, are further needed to unravel the present

discrepancy in the role of GPER in triple-negative and non-TN IBC breast cancer.



Characterizing the effects of estrogen and G15 on triple-negative Inflammatory Breast Cancer

Specific Aims

Up to 40% of IBCs are classified as TNBC—and the absence of ERa makes it challenging to treat
with current endocrine therapy. There is evidence that estrogen promotes oncogenic
phenotypes in TN-IBC cells, however, the transcriptome induced by estrogen and how these
gene regulations affect TN-IBC migration and invasion phenotypes is far from clear. Alternate
estrogen receptors such as GPER are believed to mediate estrogen-induced signals promoting
cell migration and invasion enhancement— which brings the possibility to develop new
targeted therapeutics for TN-IBC patients. Nonetheless, there is still a lack of evidence on
whether GPER plays a significant role in mediating estrogen signaling in TN-IBC. Additionally,
there is still a debate about whether GPER has a tumor-promoting or suppressor role in TNBC
since the administration of the GPER-specific agonist G-1 has been shown to inhibit cell
proliferation, induce G2 cell-cycle arrest in vitro, and suppress ER-negative breast cancer
growth in vivo. Here, we hypothesize that GPER has a direct role in regulating estrogen-
mediated signals leading to TN-IBC tumorigenesis progression. Therefore, the overall objective
of this proposal is to define the biological processes and molecular functions associated with
the actions of E2 on TN-IBC cell’s aggressive phenotypes and to provide novel knowledge on the
role of GPER in estrogen signals—which can be significant for the design of potential targeted
therapeutics for TN-IBC cancers. This understanding will also be a significant step forward in the
search for causes, prevention, and diagnosis for TN-IBC patients.

We accomplish these goals through the following aims:

AIM # 1: Characterize the transcriptional profile induced by estrogen on TN-IBC

Estrogen stimulus has been associated with gene expression changes associated with stemness
and metastasis enhancement in TNBC (Wang, 2018). We hypothesize that estrogen signaling has
an active role in the pathogenesis of TN-IBC and contributes to the formation or maintenance of
IBC carcinogenesis. Therefore, after estrogen stimulation, RNA-seq analysis was performed on
TN-IBC SUM149 cells to elucidate the estrogen-regulated genes and signaling networks.

AIM #2: Characterize the effects of GPER-specific antagonist G15 on the estrogen signals on TN-
IBC

Several studies have shown that estrogen can exert nongenomic effects in IBCand non-IBC TNBCs
leading to oncogenic behaviors enhancement—believed to be mediated by the expression of
alternate estrogen receptors like GPER. We hypothesize that GPER has a direct role in estrogen-
mediated signals in IBC cells—acting as a tumor promoter. The GPER-specific inhibitor G15 was
used to identify the drug’s effects on estrogen-mediated signaling cascade activation (ERK1/2
and AKT) and gene transcription regulations.

AIM #3: Identify the effects of G15 on IBC’s oncogenic phenotypes

GPER expression positively correlates with tumor size progression, metastasis, and biological
aggressiveness in TNBC. We hypothesized that G15 administration reduces TN-IBC’s viability,
growth rate, and migration phenotypes. We measured IBC cell viability, growth rate, migration,
and three-dimensional (3D) colony formation after the administration of the specific GPER-
antagonist G15 in the presence or absence of E2.



Chapter 2: Materials and Methods

General methods

A. Cell culture

Breast cancer cell lines MCF7, MDA-MB-231, SUM149, and SUM190 were purchased from
the American Type Culture Collection (ATCC). To guarantee the identity of the cell lines over the
years, cells were expanded after purchase, and aliquots were stored in 10% DMSO/Fetal bovine
serum (FBS) at 80°C. Cells were cultivated in tissue culture treated plates (100 mm) at 37°Cin a
humidified atmosphere with 5% CO2 in their corresponding media; MCF7 (DMEM, 10% FBS, and
1% Pen/strep), MDA-MB-231 (RPMI, 10% FBS, and 1% Pen/Strep), and SUM149 and SUM190 (F-
12; Sigma N6658, 10% FBS, 1% Pen/strep, 0.1% hydrocortisone, and 0.05% Insulin). Cells were
used for experiments until passage 7.

B. Starving media and treatments

After the cells have reached the desired confluency, the growth media is removed, the
cells are washed with HBSS 1X (Hank’s Balanced Salt Solution), and the growth medium is
replaced with phenol red-free DMEM/F12 medium (Sigma; D6434) supplemented with 1%
charcoal-stripped FBS and 1% pen/strep to starve the cells. After 48 h, serum-starved cells are
stimulated with DMSO (solvent; 0.2%), E2 (10 nM), and G15 (10 uM) alone and in combination
with E2 in time points; final concentrations. G15 was used at a concentration of 10 uM since it is
the IC:50 value reported in a dose-response curve performed on TN-IBC in our lab and because

G15 has no binding abilities to other ERs (ERa and ERB) at concentrations up to 10 uM.



C. RNA isolation, cDNA synthesis, and Reverse Transcription PCR (RT-gPCR)

Total RNA was purified using the RNeasy-kit (Qiagen, Cat. No 74104) following the
manufacturer’s protocol—followed by quantification using a Nanodrop spectrophotometer. For
reverse transcription, 1 pg total RNA was transcribed using iScript Reverse Transcription
Supermix (BioRad, Cat. No. 1708841) following the manufacturer’s protocol. Real-time PCR
reaction was performed using SYBR Green Mix (Bio-rad, Cat. #1725121). Cycling conditions were
denaturation at 95°C for 2 min, followed by 35 cycles of 95°C for 15 s, 58°C for 30 s, and 72°C for
30 s. Optimal PCR conditions for each gene were ascertained. In brief, a 1:8 dilution of a 1 pg
complementary DNA (cDNA) synthesis reaction was mixed with 400 nM of primers per group.
Relative expression of the targeted genes was normalized to GAPDH, and results were expressed
as fold changes (22-AACt method) or relative expression (272-ACt) to control (vehicle). All the
primers involved in this study were designed and synthesized by IDT (Integrated DNA
Technologies, USA), and sequence information is listed in Supplementary Table 1. PCR products
were separated on a 3% agarose gel in 0.5x TBE buffer at 100 V for 60 min. Gels were stained in
ethidium bromide (3 pug/ml) for 30 min and photographed using Azure Imaging technology.

D. Cell extracts and immunoblotting

Cells were lysed for 10 min on 4°C using 1X Cell lysis buffer (Cell Signaling Technology,
9803S) supplemented with a phosphatase/protease inhibitors cocktail (Cell Signaling Technology,
5872S), and further harvested with a scraper. Cell lysates were cleared at 12,000g for 20 min at
4°C, and protein concentration was measured by BCA (Bicinchoninic acid assay) protein kit
(Thermo Scientific, Cat. No. 23227). 30-40 pg of each sample were electrophoresed with 4-15%

sodium sulfate-polyacrylamide gel electrophoresis (Mini-PROTEAN® TGX™ Precast Gel; Bio-Rad)



and transferred on PVDF-membrane sequentially. Then, the membrane was blocked for 1hr at
room temperature with blocking/dilution buffer, constituted of 2.5% bovine serum albumin (BSA)
dissolved in 1X TBST (0.1% Tween-20). The membrane was incubated with the primary antibody
on a shaker overnight at 4°C. Primary antibodies were applied as follows: anti-phospho-
ERK1/21/2 (Cell Signaling Technology, #4370; 1:1000), anti-ERK1/21/2 (Cell Signaling Technology,
#4695; 1:2000), anti-phospho-AKT (Cell Signaling Technology, #4060), anti-AKT (Cell Signaling
Technology, #9272; 1:1000), and anti-B-Tubulin (Cell Signaling Technology, #86298; 1:1000) anti-
CDK2 (Cell Signaling Technology, #2546T;1:1000), anti-BCL-2 (Cell Signaling Technology, #15071T;
1:1000), anti-Cyclin E1 (Cell Signaling Technology, #4129; 1:1000), anti-GAPDH (Cell Signaling
Technology, #2118; 1:1000), and anti-GPER (Abcam, #260033; 1:1000). All antibodies were
diluted following the manufacturer’s instructions. After three washes in 1X TBST, horseradish
peroxidase-conjugated secondary antibodies for mouse 1gG (Cell Signaling Technology, #7076;
1:10000) and rabbit 1gG (Cell Signaling Technology, #7074; 1:10000) incubation was carried out
at room temperature for one h. After 1X TBST wash (X3), protein bands were detected using a
chemiluminescence reagent (ECL) on the Azure imaging system. The intensity levels of the bands
were quantified using Image lab software (Bio-Rad, USA), and results were expressed as a relative
expression if normalized with loading control (GAPDH or B-Tubulin) or as fold-change if
normalized with the control group.

E. Immunocytochemistry

1X10* cells were cultured in a tissue-culture chamber slide and incubated at 37°C in a
humidified atmosphere with 5% CO2. After treatment (24 h), the cells are washed with PBS, fixed

with 4% paraformaldehyde (10 min), permeabilized with 0.1% PBS-Tween (10 min), and then



blocked with 1% BSA/10% normal goat serum in 0.1%PBS-Tween for 1 h. Cells are then incubated
overnight at 4°C with a rabbit anti-cleaved caspase-3 antibody (Cell signaling; #9661; 1:400), and
anti-GPER (Abcam, #260033; 1:50). Cells are further incubated with Goat polyclonal Secondary
Antibody to Rabbit 1gG - H&L (Alexa Fluor® 594; ab150081) at 2 ug/ml for 1 h at room
temperature in the dark. Nuclear DNA was labeled with DAPI (shown in blue). Images were taken
in an inverted fluorescent microscope using a 40X objective and further analyzed by ImageJ.

F. RNA sequencing analysis

RNA was sequenced using the Illumina NextSeq (2x75bp). The quality of the data was
assessed using FastQC [71]. High-quality reads were aligned, annotated, and quantified to the
human genome (HG38) using STAR and RSEM algorithms [72-73]. Gene expression analysis was
performed in R statistical software (packages tximport and DESeq2). Gene ontology analysis,
volcano plots, and bar graphs were performed in R statistical software (packages enrichR,
ggplot2, dplyr, stringr, viridis, ggrepel, and tidyverse)

G. Cell Viability and growth assay

Cell viability and proliferation assays for 17B-estradiol (E2) and G15 were performed on IBC

cells pre-cultured for 48 h in a starving medium (phenol red-free medium supplemented with 1%
charcoal-depleted serum). In brief, 10,000 cells/well were seeded into 96-well plates in a 200 pl
starve medium containing DMSO (solvent; 0.2%), E2 (10 nM), G15 (10 uM), and a combination of
E2 + G15; final concentrations. Cells were seeded in triplicates per treatment and grown for 1-3
days at 37°C, 5% CO2, and saturated humidity. Cell number was determined by a colorimetric
method using alamarBlue (Invitrogen, Cat. No A50101). Fluorescence was measured on a plate

reader (Tecan Infinite 200 PRO) at a wavelength of 550 nm. Assays were performed at least three



times in triplicates. Results are presented as means + standard deviations of three independent
experiments. For growth rate measurements, we used the same data generated in the dose-
response curve. We calculated GR values using the GR calculator program from Dr. Sorger’s Lab
at Harvard Medical School reference needed. GR values are presented as cell growth (GR > 1),
partial cell growth inhibition (1 > GR >0), Cytostatic or cell cycle arrest (GR = 0), and Cytotoxic or
cell death (GR < 0).

H. Wound-healing assay

In brief, TN-IBC SUM149 cells were cultured in their corresponding medium to 50-60%

confluency, then transferred to starving media (phenol red-free medium supplemented with 1%
charcoal-stripped FBS) for 48 h until cells reached a 100% confluency. The wound area was
performed by scraping the monolayer culture in a straight line using 10 pl micropipette tip. Cells
were further treated with E2 (10 nM) alone and in combination with G15 (6 uM), and DMSO
(vehicle) for 19 h. An inverted microscope captured the closure of the wound area (200 x
magnification). Wound-closure area measurements were analyzed using ImageJ software and
GraphPad, with three pictures per group.

I. 3D Colony formation assay

A colony formation assay was performed through a 3D-culture technique using Matrigel.
In brief, TN-IBC SUM149 cells (10,000 cells) were incubated for 2 h at 37°C in a 24-well culture
plate previously exposed with Matrigel (30 min at 37°C). Then, a solution of 5% Matrigel with
corresponding growth medium and G15 (10 uM) or DMSO (control) was applied to the different
wells. The medium with the drug was changed every 2 days for 10 days. A full description of the

protocol is presented in the protocol section. Finally, the area per pixel of approximately 150-200



colonies per well was counted for each treatment. The colony size was measured through Image)
software. Extreme values were checked using quartiles to identify outliers and remove them from
the data. Statistical analysis of 3 independent biological replicates per treatment was performed
by GraphPad prism9 software by two-tailed Unpaired test-test.
. Statistical analysis

Statistical computing and graphics were generated using R software environment and
GraphPad prism 9. Results are mean + SD of three independent experiments, each performed in
triplicates. Relative expression values were obtained after normalization with a reference gene,
and fold changes were obtained after normalization to the control group. Student T-test and
ANOVA analysis followed by Tukey or Dunnett were performed for multiple comparisons. Adj. P-

values are presented as *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



Chapter 3: Results

I. Aim 1: Characterize the transcriptional signature induced by estrogen on TN-IBC
A. Transcriptional signature induced by E2 stimulus on TN-IBC

Gene expression profiling helps scientists measure the activity of thousands of genes
affected by a ligand’s stimulus (e.g., estrogen), creating a global picture of cellular function. Here,
differential RNA-Seq analysis was performed on TN-IBC SUM149 cells to identify the
transcriptional signature induced by estrogen stimulus at time points (45, 90, and 180 min). Each
time point consisted of three independent biological replicates. Principal Component Analysis
(PCA) was performed for quality control of the experiment. PCA centers and scales the means of
the data to unit variance, summarizing into two principal components: PC1 and PC2. PC1 is the
line that represents the maximum variance direction in the data (also known as a score), while
PC2 is oriented such that it reflects the second largest source of variation in the data (being
orthogonal to PC1). Here, the values of variation for PC1 were 44% and 17% for PC2.

After differential expression analysis, statistically significant gene expression regulations
were observed exclusively and commonly among the E2 time points (Fig. 4B). After 45 min, 211
genes were regulated by E2, where 19 were exclusive for that time point, 68 were shared with
the 90 min group, and 19 shared with the 180 min group. At 90 min, 1,389 genes were regulated
by E2, with 542 being exclusive to that time point, 68 shared with the 45 min group, and 573
shared with the 180 min group. The 180 min E2-treated group reported 4,527 genes regulated,
where 3,587 were exclusive for that time point, and 19 and 573 were shared with the 45 min and
the 90 min group, respectively. 86 genes were shared among all groups. In addition, 73% of all

the genes with differential expression statistically significant were observed at 3 h of E2 stimulus.
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Figure 4. Quantification and differential expression of genes across E2 time points on TN-IBC.

(A) PCA plot with principal components (PCs) of transcription quantification for each time point. The first
component (PC1) reported a 44% variation, and the second component (PC2) reported a 17% variation.
(B) The Venn diagram shows the intersections of the E2-regulated genes across time points. Each circle
contains the genes that had statistically significant (Adj. P-value < 0.05) expression differences relative to
the control group (DMSO). E2 treatment significantly regulated the expression of 211 at 45 min, 1,389 at
90 min, and 4,527 at 180 min, relative to DMSO. Percentage value (%) represents the abundance of all the
E2-regulated genes per group. Venny 2.01 interactive tool created the diagram (Olivero, J.C. 2015).



Furthermore, the genes with statistically significant (Adj. p-values < 0.05) differential
expression for each time point of E2 treatment on our RNA-seq analysis were plotted in a volcano
plot to identify the genes that were up and downregulated (Fig. 5). The volcano plot shows the
statistical significance (-log10Adj. p-value) versus the magnitude of change (log2 fold change) for
each gene. A log2 Fold Change (FC) > 0.58 was considered up-regulated, while log2FC < -0.58
down-regulated. Of the 211 genes reported on the E2-treated 45 min group, 106 were reported
up-regulated, while 24 were down-regulated. The top five up-regulated genes were CCN2 (log2FC
4.63), KLF6 (log2FC 2.23), CCN1 (log2FC 2.54), JUN (log2FC 3.52), and EGR1 (log2FC 3.73), while
the top 5 down-regulated were CLK1 (log2FC -1.09), STK36 (log2FC -0.62), CLK4 (log2FC -0.76),

PTBP2 (log2FC -0.66), and RPL32P3 (log2FC -0.86) (Fig. 5A).

Of the 1,372 genes in the E2-treated 90 min group, 308 were up-regulated, while 270
were downregulated. The top five up-regulated genes were CCN2 (log2FC 4.67), CCN1 (log2FC
2,77), KLF6 (log2FC 2.07), CDKN1A (log2FC 1.98), and FOSL1 (log2FC 3.16), while the top 5 down-
regulated were CLK1 (log2FC -1.07), RSRP1 (log2FC -1.04), ARRDC3 (log2FC -1.38), HERC2P3
(log2FC -1.01), and RBM5 (log2FC -0.69) (Fig. 5B). Furthermore, 1,125 of a total of 4,526 genes
from the E2-treated 180 min group were reported to be up-regulated, while 608 were down-
regulated. The top five up-regulated genes were EZR (log2FC 0.87), PDLIM5 (log2FC 1.24), S1PR3
(log2FC 1.12), PGBDS5 (log2FC 1.77), and PALM2AKAP2 (log2FC 1.08), while the top 5 down-
regulated were EGR1 (log2FC-2.43), GRHL2 (log2FC-0.71), CUTALP (log2FC-0.71), PDE7A (log2FC

-1.11), and CHROMR (log2FC -0.76) (Fig. 5C).
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across E2 time points on TN-
IBC
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By RT-qPCR, we validated the upregulation in mRNA expression of EGR1, HB-EGF, and DUSP6
induced by E2 (Fig. 6). The Ct values for each set of primers were: GAPDH: 18, EGR1: 27, HB-EGF:
25, and DUSP6: 26. mRNA expression of the early-growth response 1 (EGR1) gene reported an
E2-induced upregulation in a time-dependent manner when compared to the control group
(DMSO0), with a fold change of 1.7 + 0.1 (Adj. p-Value 0.003) at 45 min, 1.4 + 0.0 (Adj. p-Value
0.02) at 90 min, and 1.2 + 0.1 at 180 min (Fig. 6A). Furthermore, E2 stimulus on TN-IBC cells also
induced the expression of the Heparin-binding epidermal growth factor-like growth factor (HB-
EGF), with a fold change of 2.1 + 0.3 (Adj. p-Value 0.003) at 45 min, 3.2 + 0.2 (Adj. p-Value 0.0001)
at 90 min, and 1.3 + 0.2 at 180 min (Fig. 6B). In addition, the mRNA expression of the dual-
specificity phosphatase 6 (DUSP6) was regulated by E2 stimulus in a time-dependent manner,
with fold changes of 1.5 + 0.02 at 45 min, 1.9 + 0.06 at 90 min, and 0.6 + 0.01 at 180 min when
measured by RT-gPCR (C). Fold change values were obtained after normalization to the control

group (DMSQO).



A. Expression values reported on our RNA-seq analysis

Gene . . Fold Adj.
Symbol

45min 13.3 10.0E-169 3.3E-165
EGR1 90min 1.02 0.8 1.0
180min 0.2 7.4E-66 1.2E-61
45min 2.6 1.7E-08 4.0E-06
HBEGF 90min 3.8 1.7E-16 2.4E-14
180min 1.4 4.9E-02 1.3E-01
45min 1.8 1.3E-06 2.3E-04
DUSP6 90min 1.3 0.03 0.2
180min 0.7 2.0E-02 6.8E-02

B. Expression values reported after RT-qgPCR analysis:
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Figure 6. Real-time RT-PCR analysis of gene induction after E2 stimulus on TN-IBC

TN-IBC SUM149 cells were treated with E2 (10 nM) at 45, 90, and 180 min. (A) Fold changes and
p-values of the RNA-seq analysis. Real-time RT-PCR relative quantified the mRNA expression of
EGR1, HB-EGF, and DUSP6 to control (DMSO) (B). Results are mean + SD of three independent
cDNA samples. Fold change values were obtained after normalization to the control group
(DMSO). Adj. P-values were calculated after an ordinary one-way ANOVA analysis with a
Dunnett’s multiple comparison test, represented as *P < 0.05; **P < 0.01; ***P < 0.001; ****p <
0.0001.



B. Gene Ontology and enrichment analysis

To date, gene ontology (GO) is an excellent tool for studying the potential function of
thousands of genes. Using several gene ontology resources, we explored what kind of genes were
regulated by E2 stimulus on TN-IBC SUM1489. In addition, EnrichR is a web-based tool that allows
the analysis of gene sets to identify statistically enriched terms and group them as clusters. The
most statistically significant term within a cluster will represent the cluster. Here, we used a list
of genes for each E2-treated group that had statistical significance (adj. p-value < 0.05) in
differential expression after normalization with the control group (DMSO) and targeted them for
enrichment analysis. We screened by GO and enrichment analysis in three aspects including the

cellular component organization (CC), biological process (BP), and molecular function (MF).

Below are the top ten enriched terms for GO biological processes per gene list (E2-treated
group per time points) with statistical significance (adj. p-value < 0.05) are listed below. The
number of genes per enriched term is provided as an overlap. Visualization via graph plot is

provided in Fig. 7.

GO term: Biological process, E2 45 min Overlap log10pValue
regulation of transcription by RNA polymerase Il (GO:0006357) 66/2206 17.25
positive regulation of transcription, DNA-templated (GO:0045893) 43/1183 13.65
regulation of transcription, DNA-templated (GO:0006355) 60/2244 13.27
positive regulation of transcription by RNA polymerase Il (GO:0045944) 35/908 11.78
cellular response to cytokine stimulus (GO:0071345) 24/482 10.35
negative regulation of transcription by RNA polymerase Il (GO:0000122) 27/684 9.33
positive regulation of nucleic acid-templated transcription (GO:1903508) | 23/511 9.07




negative regulation of transcription, DNA-templated (GO:0045892) 30/948 8.08
regulation of apoptotic process (G0O:0042981) 26/742 7.92
positive regulation of fat cell differentiation (GO:0045600) 8/51 7.55
GO term: Biological Process, E2 90 min Overlap log1l0pValue
regulation of transcription by RNA polymerase Il (GO:0006357) 305/2206 41.67
regulation of transcription, DNA-templated (GO:0006355) 291/2244 34.21
positive regulation of transcription, DNA-templated (GO:0045893) 146/1183 14.55
negative regulation of transcription by RNA polymerase Il (GO:0000122) 99/684 14.13
positive regulation of transcription by RNA polymerase Il (GO:0045944) 116/908 12.59
negative regulation of transcription, DNA-templated (GO:0045892) 119/948 12.38
regulation of epithelial to mesenchymal transition (GO:0010717) 23/76 9.81
regulation of gene expression (GO:0010468) 114/1079 7.37
negative regulation of MAPK cascade (GO:0043409) 22/94 7.14
regulation of cell differentiation (GO:0045595) 29/156 6.82
GO term: Biological process, E2 180 min Overlap log1l0pValue

positive regulation of transcription, DNA-templated (GO:0045893) 342/1183 9.86
ncRNA processing (GO:0034470) 82/201 9.54
ribosome biogenesis (GO:0042254) 79/192 9.43
rRNA metabolic process (GO:0016072) 69/162 9.09
rRNA processing (GO:0006364) 72/173 8.91
regulation of transcription by RNA polymerase Il (GO:0006357) 573/2206 7.75
positive regulation of transcription by RNA polymerase Il

(GO:0045944) 262/908 7.57
negative regulation of transcription, DNA-templated (GO:0045892) 271/948 7.41
translation (GO:0006412) 79/214 6.94
regulation of transcription, DNA-templated (GO:0006355) 571/2244 6.41
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Figure 7. Top 10 GO biological processes terms associated with E2-regulated genes on TN-IBC.
The EnrichR tool was used to identify the enriched Gene Ontology (GO) related to the list of genes
that were significantly (Adj. p-value < 0.05) regulated by E2 treatment compared to the control
(DMSOQ). The bar graph represents the top 10 detected terms of biological processes associated
with E2-regulated genes in time points of 45 min (A), 90 min (B), and 180 min (C). The values at
the X-axis represent the number of genes associated with a term, and the bars are colored based
on the p-values.



Below are the top ten enriched terms for GO Molecular Functions per gene list (E2-treated

group per time points) with statistical significance (adj. p-value < 0.05) are listed below.

Visualization via graph plot is provided in Fig. 8. The number of genes per enriched term is

provided as an overlap.

GO term: Molecular functions, E2 45 min Overlap | loglOpValue
sequence-specific DNA binding (G0O:0043565) 36/707 15.79
sequence-specific double-stranded DNA binding (G0:1990837) 33/712 13.30
RNA polymerase Il cis-regulatory region sequence-specific DNA binding
(GO:0000978) 41/1149 12.73
cis-regulatory region sequence-specific DNA binding (GO:0000987) 41/1149 12.73
double-stranded DNA binding (GO:0003690) 29/651 11.27
RNA polymerase Il transcription regulatory region sequence-specific
DNA binding (GO:0000977) 42/1359 11.00
transcription regulatory region nucleic acid binding (GO:0001067) 14/212 7.74
DNA binding (GO:0003677) 26/811 7.15
RNA polymerase lI-specific DNA-binding transcription factor binding
(GO:0061629) 12/190 6.50
transcription cis-regulatory region binding (GO:0000976) 19/549 5.82




GO term: Molecular Function, E2 90 min Overlap | logl0OpValue

RNA polymerase Il transcription regulatory region sequence-specific
DNA binding (G0O:0000977) 208/1359 33.59
cis-regulatory region sequence-specific DNA binding (GO:0000987) 185/1149 32.57
RNA polymerase Il cis-regulatory region sequence-specific DNA binding
(GO:0000978) 183/1149 31.58
DNA-binding transcription activator activity, RNA polymerase ll-specific
(GO:0001228) 61/333 13.32
DNA-binding transcription repressor activity, RNA polymerase ll-specific
(G0O:0001227) 49/256 11.54
transcription cis-regulatory region binding (GO:0000976) 77/549 10.40
sequence-specific double-stranded DNA binding (G0O:1990837) 92/712 10.33
sequence-specific DNA binding (GO:0043565) 91/707 10.13
double-stranded DNA binding (GO:0003690) 80/651 8.04
transcription regulatory region nucleic acid binding (GO:0001067) 34/212 6.27

GO term: Molecular functions, E2 180 min Overlap log1l0pValue
RNA binding (G0O:0003723) 428/1406 16.23
cadherin binding (GO:0045296) 129/322 13.89
protein kinase binding (GO:0019901) 165/506 8.80
kinase binding (GO:0019900) 152/461 8.52
purine ribonucleoside triphosphate binding (GO:0035639) 138/460 5.20
DNA-binding transcription factor binding (GO:0140297) 70/208 4.62
RNA polymerase IlI-specific DNA-binding transcription factor binding
(GO:0061629) 65/190 4.58
ATP binding (G0O:0005524) 86/278 3.98
ribosomal large subunit binding (GO:0043023) 912/2022 3.98
ubiquitin-like protein ligase binding (G0O:0044389) 87/282 3.98
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Figure 8. Top 10 GO molecular function terms associated with E2-regulated genes on TN-IBC
The Enrichr tool was used to identify the enriched Gene Ontology (GO) related to the list of genes
that were significantly (Adj. p-value < 0.05) regulated by E2 treatment compared to the control
(DMSOQ). The bar graph represents the top 10 detected terms of molecular functions associated
with E2-regulated genes in time points of 45 min (A), 90 min (B), and 180 min (C). The values at
the X-axis represent the number of genes associated with a term, and the bars are colored based

on the p-values.
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Below are the top ten enriched terms for GO Cellular components per gene list (E2-

treated group per time points) with statistical significance (adj. p-value < 0.05) are listed below.

Visualization via graph plot is provided in Fig. 9. The number of genes per enriched term is

provided as an overlap.

GO term: Cellular components, E2 45 min Overlap | loglOpValue
nucleus (GO:0005634) 92/4484 14.27
intracellular membrane-bounded organelle (GO:0043231) 94/5192 11.23
cytoplasmic side of plasma membrane (GO:0009898) 41/1955 2.72
CDA40 receptor complex (GO:0035631) 211/2022 2.32
P-body (GO:0000932) 41/1980 2.13
keratin filament (GO:0045095) 215/2022 2.05
clathrin-coated endocytic vesicle membrane (GO:0030669) 31/1969 1.54
clathrin-coated endocytic vesicle (GO:0045334) 31/1985 1.31
tight junction (G0:0070160) 31/1985 1.31
GO term: Cellular components, E2 90 min Overlap | loglOpValue
nucleus (GO:0005634) 443/4484 25.21
intracellular membrane-bounded organelle (GO:0043231) 480/5192 21.27
nucleolus (GO:0005730) 74/733 4.30
nuclear lumen (G0O:0031981) 74/745 4.08
prespliceosome (GO:0071010) 515/2022 2.75
U2-type prespliceosome (GO:0071004) 515/2022 2.75
intracellular non-membrane-bounded organelle (GO:0043232) 97/1158 2.54
cell-substrate junction (GO:0030055) 39/394 2.40
cell-cell junction (GO:0005911) 29/271 2.38
focal adhesion (GO:0005925) 38/387 2.30




GO term: Cellular components, E2 180 min Overlap | logl0OpValue
intracellular membrane-bounded organelle (GO:0043231) 1346/5192 19.93
nucleus (GO:0005634) 1177/4484 18.79
focal adhesion (GO:0005925) 155/387 16.55
cell-substrate junction (GO:0030055) 157/394 16.51
intracellular non-membrane-bounded organelle (GO:0043232) 348/1158 12.36
mitochondrial inner membrane (GO:0005743) 118/328 9.22
organelle inner membrane (G0O:0019866) 123/346 9.21
nucleolus (GO:0005730) 220/733 7.93
nuclear lumen (G0:0031981) 221/745 7.50
mitochondrial membrane (GO:0031966) 149/469 7.20
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Figure 9. Top 10 GO cellular component terms associated with E2-regulated genes on TN-IBC

The EnrichR tool was used to identify the enriched Gene Ontology (GO) terms associated with
the list of genes that were significantly (Adj. p-value < 0.05) regulated by E2 treatment compared
to the control (DMSO). The bar graph represents the top 10 detected terms of cellular
E2-regulated genes in time points of 45 min (A), 90 min (B), and 180
min (C). The values at the X-axis represent the number of genes associated with a term, and the

components associated with
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We also search KEGG pathways databases to identify the most significant E2-regulated

pathways at each time point. Top ten KEGG pathways per gene list (E2-treated group per time

points) with statistical significance (adj. p-value < 0.05) are listed below. Visualization via graph

plot is provided in Fig. 10. The number of genes per enriched term is provided as an overlap.

GO term: KEGG pathways, E2 45 min Overlap log10pValue
IL-17 signaling pathway 13/94 11.22
Colorectal cancer 10/86 8.00
MAPK signaling pathway 16/294 7.57
TNF signaling pathway 10/112 6.89
C-type lectin receptor signaling pathway 9/104 6.14
Pathways in cancer 19/531 6.03
Apoptosis 10/142 5.93
Human T-cell leukemia virus 1 infection 12/219 5.84
Hepatitis B 10/162 5.41
FoxO signaling pathway 9/131 5.30
GO term: KEGG pathways, E2 90 min Overlap log10pValue
Herpes simplex virus 1 infection 84/498 15.91
TNF signaling pathway 25/112 7.58
NF-kappa B signaling pathway 22/104 6.32
IL-17 signaling pathway 20/94 5.85
C-type lectin receptor signaling pathway 21/104 5.71
FoxO signaling pathway 24/131 5.64
Colorectal cancer 18/86 5.22
Legionellosis 14/57 5.03
p53 signaling pathway 16/73 4.97
AGE-RAGE signaling pathway in diabetic complications 19/100 4,83




GO term: KEGG pathways, E2 180 min Overlap log10pValue
Pathogenic Escherichia coli infection 79/197 8.80
Chronic myeloid leukemia 40/76 8.72
Salmonella infection 92/249 7.99
Alzheimer disease 122/369 7.05
Adherent junction 35/71 6.78
Yersinia infection 56/137 6.77
Pancreatic cancer 35/76 5.89
Non-alcoholic fatty liver disease 59/155 5.86
Endometrial cancer 28/58 5.33
Kaposi sarcoma-associated herpesvirus infection 68/193 5.25
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Figure 10. Top 10 KEGG pathways associated with E2-regulated genes on TN-IBC. The EnrichR
tool was used to identify the enriched Gene Ontology (GO) terms related to the list of genes that
were significantly (Adj. p-value < 0.05) regulated by E2 treatment compared to the control
(DMSO). The bar graph represents the top 10 detected terms of KEGG Pathways associated with
E2-regulated genes in time points of 45 min (A), 90 min (B), and 180 min (C). The values at the X-
axis represent the number of genes associated with a term, and the bars are colored based on

the p-values.



1. Aim #2: Characterize the effects of G15 on the estrogen genomic and non-genomic
signaling pathway in TN-IBC

A. G15 dysregulates the expression of genes upregulated by estrogen

E2 stimulus has been shown to up-regulate the expression of the early growth response-1
(EGR1) gene through the GPER/ERK1/2 signaling in various breast cancer cell lines [144]. Here,
E2 treatment up-regulated the expression of EGR1 on our RNA-seq and was further validated by
RT-gPCR analysis—with a fold change of 1.7 + 0.1 (Adj. p-Value 0.003) at 45 min, 1.4 + 0.0 (Adj.
p-Value 0.02) at 90 min, and 1.2 + 0.1 at 180 min when measured by RT-qPCR (Fig. 11A). However,
after cells were pre-treated with G15 (10uM; 1hr) and further stimulated with E2 (10nM) for 90
min, the fold changes on EGR1 expression compared with control (DMSO) were: 1.2 + 0.28 on E2,

1.5+ 0.07 on G15 alone, and 4.3 + 1.48 (Adj. p-Value 0.005) on E2 + G15 (Fig. 11B).

Furthermore, a previous research study on TNBC cell line MDA-MB-231 showed that the
activation of some estrogen-induced non-genomic signaling cascades (e.g.,, MAPK/ERK1/2
signaling) required the expression of GPER and transactivation of the epidermal growth factor
receptor (EGFR) by Heparin-binding epidermal growth factor-like growth factor (HB-EGF) [145-
147]. Interestingly, our RNA-seq analysis reported an E2-induced upregulation of the HB-EGF
MRNA expression in TN-IBC SUM149 cells, which was further validated by RT-qPCR with a fold
change of 2.1 + 0.3 (Adj. p-Value 0.003) at 45 min, 3.2 + 0.2 (Adj. p-Value 0.0001) at 90 min, and
1.3 + 0.2 at 180 min (Fig. 11C) when compared to control. However, after cells were pre-treated
with G15 (10 uM; 1hr) and further stimulated with E2 (10 nM) on time points, the fold changes

on HB-EGF expression compared with control (DMSO) were: 1.7 + 0.13 (Adj. p-Value 0.0281) at



45 min, 3.7 + 0.10 (Adj. p-Value 0.0002) at 90 min, and 4.5 + 0.26 (Adj. p-Value <0.0001) at 180

min (Fig. 11D).

Moreover, since the ERK1/2 signaling activation is dictated by the coordinated activities of
protein kinases and phosphatases, we sought to identify the effect of G15 on the expression of
the known MAPK phosphatase DUSP6—which acts as a feedback regulator attenuating the
MAPK/ERK1/2 signaling [148]. On TN-IBC SUM149, we identified an E2-induced upregulation of
DUSP6 expression on our RNA-seq analysis which RT-qPCR further validated—with fold changes
of 1.5 + 0.02 at 45 min, 1.9 + 0.06 at 90 min, and 0.6 + 0.01 at 180 min when measured by RT-
gPCR (Fig. 11E). However, after cells were pre-treated with G15 (10uM; 1hr before E2) and
further stimulated with E2 (10nM) on time points, the fold changes on DUSP6 expression
compared with control (DMSO) were: 0.9 + 0.05 at 45 min, 0.9 + 0.03 on 90 min, and 1.4 + 0.07

at 180 min (Fig. 11F).
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Figure 11. Effect of G15 on
the expression of EGR1,
HB-EGF, and DUSP6 on
TN-IBC

The relative MmRNA
expression levels of EGR1,
HB-EGF, and DUSP6 on TN-
IBC SUM149 cells were
significantly upregulated
after 45 min of E2
treatment (10 nM),
followed by a reduction to
basal levels after 180 min
(A, C, E)—measured by
gPCR. G15 (10 uM for 1 h)
treatment followed by E2
(20nM  for 90 min)
upregulated the
expression of EGR1 (D)
and HB-EGF (F) compared
with the E2 group. G15
also inhibited the E2-
induced expression of
DUSP6 (B). Results are
mean + SD of three
independent experiments.
Ordinary one-way ANOVA
analysis  followed by
Dunnett’s multiple
comparison test was
performed for statistical
significant., represented
as *P < 0.05; **P < 0.01;
*¥¥*¥p < 0.001; ****p <
0.0001.



B. G15 disrupts the regulation of estrogen-induced nongenomic signals on TN-IBC

It is known that E2 and G1 (GPER-specific agonists) trigger the ERK1/2 and AKT activation via
non-genomic signaling on IBC and non-IBC TNBC [92]. Here, we measured the E2-induced
activation of the ERK1/2 and AKT signaling on TN-IBC SUM149 and HER2-amplified IBC SUM190.
In brief, cells were treated with E2 (10 nM) at time points of 5-, 15-, and 30-min to further
measure the phosphorylation levels of ERK1/2 (p-ERK1/21/2) and AKT (p-AKT) (Fig. 12A). After a
short period exposure (5, 15, and 30 min) of E2 (10 nM) treatment, fold change values for ERK1/2
phosphorylation levels were 1.7 + 0.54 (Adj. p-value 0.04) at 5 min, 1.3 + 0.09 at 15 min, and 0.6
+ 0.20 at 30 min on TN-IBC SUM149, and 1.5 + 0.23 (Adj. p-value 0.02) at 5 min, 0.8 + 0.2 at 15
min, and 0.5 + 0.04 at 30 min (Adj. p-value 0.03) for HER2-amplified IBC SUM190 (Fig. 12B). For
p-AKT expression, the fold change values of AKT phosphorylation triggered by E2 were 0.8 + 0.11
(Adj. p-value 0.01) at 5 min, 1.1 + 0.04 at 15 min, and 1.3 + 0.08 (Adj. p-value 0.003) at 30 min on
TN-IBC SUM149, and 1.1 + 0.15 at 5 min, 1.0 + 0.11 at 15 min, and 0.9 + 0.04 at 30 min for HER2-

amplified SUM190.

To investigate the effect of G15 in the E2-induced non-genomic signaling pathway on TN-IBC
SUM149, we measured the phosphorylation levels of ERK1/2 and AKT after E2 (10 nM) treatment
alone and in combination with G15 (10 uM; 1h before E2) at time points of 5, 15, and 30 min (Fig.
12C). Fold change values for ERK1/2 phosphorylation levels in the E2 treated group were 0.9 +
0.24 at 5 min, 0.8 + 0.092 at 15 min, 0.6 + 0.22 at 30 min, and on the E2 + G15 group were 1.5 +
0.38 at 5min, 1.4 + 0.24 at 15min, and 1.4 + 0.04 at 30min. After a one-way ANOVA analysis, we

identified a significant increase (Adj. p-value 0.02) in p-ERK1/2 levels in the E2 + G15 group at



30min compared with the E2 group at 30min (Fig. 12F). Furthermore, relative expression values
for AKT phosphorylation levels in the E2-treated group were 0.6 + 0.21 at 5min, 0.8 + 0.25 at
15min, and 1.0 + 0.27 at 30min, and in the E2+G15 group was 1.4 + 0.46 at 5min, 1.6 + 0.39 at

15min, and 1.6 + 0.43 at 30min.
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1. Aim #3: Identify the effects of G15 on IBC’s oncogenic phenotypes

A. GPER expression in IBC and non-IBC cell lines

To characterize the expression of GPER across many breast cancer cell lines, we measured
GPER mRNA expression levels in BC cell lines MCF-7 (ER+), MDA-MB-231 (TNBC), SUM149 (TN-
IBC), and SUM190 (IBC HER2-amplified) (Fig. 13) Relative expression values for each cell lines
were MCF-7: 5.8E-04 (+ 1.6E-04), MDA-MB-231: 2.5E-04 (+0.3E-04), SUM149: 0.3E-04 (+0.06E-
04), and SUM190: 0.35E-04 (+0.09E-04) (Fig. 13A). Ordinary one-way ANOVA analysis followed
by a Tukey’s multiple comparison tests reported significant differences in GPER mRNA expression
between MFC-7, SUM149, and SUM190 (Adj. p-value 0.001), MCF-7 and MDA-MB-231 (Adj. p-
value 0.004), and between MDA-MB-231 with SUM149 (Adj. p-value 0.04) and SUM190 (Adj. p-
value 0.04). There was no significant difference in GPER mRNA expression between IBC cell lines
SUM149 and SUM190 (Fig 1 A). The expected RT-qPCR products were observed in a 3% agarose
gel: GAPDH (124bps), ESR1 (122bps), ERa36 (91bps), GPR30 (169bps), and EGFR (167bps)—seen

in Fig. S2.

Western blot was performed to analyze GPER protein abundance between different BC cell
lines (Fig. 13). A GPER protein band was detected at 55 kDa in all cell lines (as directed by the
antibody's instructions), while another band was observed around 50 kDa in TNBC MDA-MB-231
and TN-IBC SUM149. After normalization with B-tubulin (house-keeping gene), relative protein
abundance for both GPER protein variants across cell lines were: MCF-7: 0.76 + 0.3, MDA-MB-
231:0.84 +0.11, SUM149: 0.60 + 0.24, and SUM190: 2.07 + 0.7. The relative protein abundance

for the 50 kDa variant of the GPER protein present in TNBC MDA-MB-231 and TN-IBC SUM149



were 0.72 + 0.3 and 0.36 + 0.4 after normalization with B-tubulin, respectively. After an Ordinary
one-way ANOVA analysis followed by Tukey’s multiple comparison tests, we identify significant
differences in GPER protein abundance between SUM190 with MCF-7 (Adj. p-value 0.01), MDA-
MB-231 (Adj. p-value 0.02), and SUM149 (Adj. p-value 0.006). We also performed
Immunofluorescence microscopy (IF) to identify GPER protein expression and localization on TN-
IBC cells SUM149 (Fig. 13 C). Protein overexpression and localization are critical events in breast
cancer progression. Our results showed GPER abundance in the plasma membrane, but

predominantly in the endoplasmic reticulum on TN-IBC cells SIM149.
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Figure 13. GPER expression across breast cancer cell lines

GPER gene expression (A) and protein abundance (B) were measured across breast cancer
cell lines MCF-7 (ER+), MDA-MB-231 (TNBC), SUM149 (TN-IBC), and SUM190 (IBC HER2-
amplified). GAPDH and B-tubulin were used as loading control and reference gene. Ordinary
One-way ANOVA analysis was performed for statistical significance. Results are shown as mean
+ SD of three independent experiments, each performed in triplicates. *P < 0.05; **P < 0.01;
***¥p < 0.001; ****P < 0.0001. (C) By immunofluorescence, GPER receptor (red) was seen
localized in the cytoplasm and in the periphery of the nucleus on TN-IBC SUM149. Pictures are
shown at a magnitude of 400X. DAPI staining (blue) identifies the cell nucleus.



B. G15 reduces cell viability on triple-negative and HER2+ IBC

A dose-response curve was performed to identify the effects of G15 on TN-IBC SUM149 (Fig.
14A) and HER2-amplified IBC SUM190 (Fig. 14B) cell viability and growth rate. After three days
of treatment with G15 at the indicated concentrations (2-fold serial dilutions from 30 uM-0.47
uM), a 50% reduction (IC50 value) in relative cell viability compared with control was reached for
TN-IBC SUM149 at 24h: 10 uM, 48h: 12.5 pM, and 72h: 19.5 uM, and 48h: 19.5 pM, and 72h:
11.5 uM for SUM190. On the other hand, SUM190 cells did not reach IC50 values at 24hrs,
although the relative cell viability reached 55% at 30 uM G15 compared with the control group
(DMSO0). In addition, we treated TN-IBC SUM149 cells with E2 (10 nM) alone and in combination
with G15 (10 uM) for three days to determine if E2 could stimulate cell viability and whether
GPER was involved in the process. The relative cell viability after E2 treatment was: 24h: 105% +
8.6, 48h: 106% + 5.4, and 72h: 105% + 7.6, compared to control DMSO: 100%. However, relative
expression values for G15 and E2 + G15 treatment groups were: 24h: 62% + 3.3, 57% + 2.2, 48h:
67% + 6.5, 65% + 5.3, and 72h: 75% + 10.3, 70% + 6.6. After a 2-way ANOVA analysis, G15 and E2
+ G15 groups reported a significant (p-value < 0.05) reduction in their relative cell viability

compared to the E2 group (Fig. 14C).
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Figure 14. Effects of E2 and G15
treatment on IBC cell viability
Dose-response curve on IBC cell
lines SUM149 (A) and SUM190 (B)
precultured (48hrs) in starving
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treatment with DMSO (Control),
and G15 (2-fold serial dilutions
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control.



C. G15 reduces triple-negative and HER2+ IBC cell’s growth rate

For growth rate (GR) measurements, we used the same data generated in the dose-response
curve and calculated GR values using the GR calculator program from Dr. Sorger’s Lab at Harvard
Medical School [149]. This approach was performed to identify if the G15-induced cell viability
reduction was associated with cell cycle arrest or cell death. GR values are presented on a scale
from -1 to 1, where cell growth is GR > 1, partial cell growth inhibition is 1 > GR >0, cytostatic or
cell cycle arrest is GR = 0, and cytotoxic or cell death is GR < 0 (Fig. 15). After 3-day treatment
with G15, TN-IBC SUM149 cells reported GR values for G15 0.47 uM: 2.06 (%CV 4.82), 0.94 uM:
0.07 (%CV 4.93), 1.88 uM: -0.8 (%CV 9.42), 3.75 pM: -0.91 (%CV 11.21), 7.5 puM: -0.99 (%CV 19.5),
15 puM: -1 (%CV 9.73), and 30 uM: -1 (%CV 36.38) compared with untreated cells (Fig. 15A). DMSO

group reported GR: 3.71 (%CV 2.1) compared with untreated cells.

For HER2-amplified IBC SUM190 cells, the GR values after G15 treatment were: 0.47 uM: -1
(%CV 15.96), 0.94 uM: -1 (%CV 14.87), 1.88 uM: -1 (%CV 13.21), 3.75 uM: -1 (%CV 11.33), 7.5 uM:
-1 (%CV 17.92), 15 uM: -1 (%CV 8.62), and 30 uM: -1 (%CV 9.70) compared with untreated cells
(Fig. 15B). DMSO group reported a GR of 1.15 (%CV 6.90) compared with untreated cells. In
addition, we treated TN-IBC SUM149 cells with E2 (10nM) alone and in combination with G15
(10uM) for three days to determine if E2 could stimulate cell growth and whether GPER is
necessary for the E2-dependent cell proliferation. GR values were E2: 0.7 + 0.28, G15: -0.1 + 0.07,
and E2 + G15: -1 + 0.07; presented in Fig. 15C. Fluorescence values measured in the non-
stimulated wells (Control; non-treated) were set to 100%. The absorbance values estimated in
the stimulated wells were divided by the values of the control wells to give the relative cell

number in % achieved under the indicated conditions.
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Figure 15. Effects of E2 and G15
treatment on IBC growth rate

Data from the dose-response curve
on SUM149 (A) and SUM190 (B)
were used to measure the effects
of G15 on cell growth rate (GR). In
brief, IBC cells precultured (48hrs)
in starving media were treated with
DMSO (Control) and G15 (2-serial
dilution from 30 uM-0.04 uM) for 3
days. GR:0 values (cytostatic stage)
after 3 days of G15 treatment were
1 uM for TN-IBC SUM149 and less
than 0.47 uM for HER2-amplified
IBC SUM190 cells. A colorimetric
assay using alamarBlue evaluated
the cells in microwell plates. GR
values were calculated using the GR
calculator program from Dr.
Sorger’s Lab at Harvard Medical
School [149]. GR values are
presented as growth (GR > 1),
partial inhibition (1 > GR >0),
cytostatic (GR = 0), and cytotoxic
(GR < 0). Results represent mean
values and SD of three independent
experiments performed in
triplicates.



D. G15 inhibits the E2-induced upregulation of the cell cycle and apoptotic-related markers

We next sought to address whether G15-reduction on IBC cell survival and growth rate were
associated with changes in the expression of the cell cycle progression marker Cyclin E1 and the
anti-apoptotic molecule BCL-2. To this end, we determined the protein abundance of Cyclin E1
and BCL-2 on IBC cells TN-IBC SUM149 and HER2-amplified SUM190 after E2 (10 nM) treatment
alone and in combination with G15 (10 uM; 1h before E2 treatment) for 12h. As shown in Fig. 16,
we detected a specific band of Bcl-2 and Cyclin E1 of around 26 kDa and 48 kDa, respectively.
After normalizing to B-tubulin (house-keeping gene), relative expression values for BCL-2 on TN-
IBC SUM149 were: DMSO; 1.0 + 0.12, E2; 1.3 + 0.02, G15; 0.9 + 0.21, and E2 + G15; 0.9 + 0.11
(Fig. 16A). After an unpaired t-test, E2 group reported a significant increase in BCL-2 protein
expression compared to DMSO group (p-values of 0.01), and the E2 + G15 group reported a
significant BCL-2 reduction when compared with E2 group (p-values of 0.0026). G15 treated

group did not show any significant difference when compared with the DMSO group.

For HER2-amplified SUM190, Bcl-2 protein relative expression values were DMSO: 1.0 (+
0.08), E2: 1.1 +0.01, G15: 1.0 + 0.01, and E2+G15: 0.9 + 0.04 (Fig. 16B). After an unpaired t-test,
E2 group reported no significant increase in BCL-2 protein expression compared to DMSO group,
however, the E2 + G15 group reported a significant BCL-2 reduction when compared with E2
group (p-values of 0.01). G15 treated group did not show any significant difference when

compared with the DMSO group.



For Cyclin E1, protein relative expression values for TN-IBC SUM149 after normalization to B-
tubulin (loading control) were: DMSO 0.9 + 0.10, E2 1.3+ 0.13, G15 1.1+ 0.12, and E2 + G15 0.8
+ 0.17 (Fig. 16C). After an Ordinary one-way ANOVA analysis and Tukey's multiple comparison
tests, the E2 group had a significant increase (Adj. p-value 0.005) in Cyclin E1 protein expression
values compared to DMSO and a statistically significant reduction (Adj. p-value 0.001) with the
E2 + G15 group. There was also a significant reduction in Cyclin E1 protein expression (Adj. p-
value 0.04) reported in the E2+G15 group compared to G15. For HER2-amplified SUM190, Cyclin
E1 protein relative expression values were DMSO: 1.0 + 0.08, E2: 1.1 + 0.03, G15: 1.1 + 0.07, and
E2 + G15: 0.8 + 0.05. After an Ordinary one-way ANOVA analysis and a Tukey's for multiple
comparison test, the E2 + G15 group reported a significant protein expression reduction

compared to E2 and G15 group, with an Adj. p-value of 0.03 and 0.004, respectively.
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Figure 16. Effect of E2 and G15 treatment on cell cycle and apoptosis-related markers

TN-IBC SUM149 and HER2-amplified SUM190 IBC cells pre-cultured in starving media for 48
h were treated with DMSO (control) and indicated concentrations of E2 (10 nM), and G15 (10
uM: 1 h after E2) alone and in combination (E2 + G15) for indicated time points. Cell lysates were
subjected to Western blot analysis with antibodies for BCL-2 (A-B), Cyclin E1, and CDK2 (C) as
described in the Materials and Methods section. B-tubulin ensured equal loading. The bar graph
shows the treatment-induced relative expression of the assayed markers against the reference
gene. Results are shown as mean + SD of three independent experiments performed in
triplicates. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



G15 inhibits the E2-induced upregulation of the apoptotic-related cleaved caspase-3

We also investigated whether the G15-induced reduction in cell survival and growth rate on
IBC cells was associated with changes in the expression of caspase 3—a crucial enzyme for
initiating and executing apoptosis within a cell [186]. Cleaved caspase 3, the active form of the
enzyme, is a strong indicator of cell death induction since it propagates apoptotic signals. In
glioblastoma C6 cells, G15 exposure has been shown to increase the percentage of caspases-3
levels, reporting a reduction in cell proliferation and viability, and favoring apoptosis. In this
study, we measured the cytotoxic strength of G15 in TN-IBC SUM149 by measuring and
comparing the number of cells positive for cleaved caspase-3 staining (by immunofluorescence)
after G15 and DMSO treatment (Fig. 17). Our results showed that the number of cells positive of
cleaved caspase-3 increased significantly after G15 treatment (p-value <0.0001) compared to the
control group—with a mean of 43.06 and 23.73 percent of cleaved caspase-3 per nucleus,
respectively (Fig. 17B-C). Additionally, the G15 treated group presented a significant (p-value
<0.0001) lower count of cells per image size compared with DMSO groups—with means of 105
and 207 nuclei per image size, respectively. An unpaired t-test was performed for statistical

analysis.



D. SUM149 SUM149

(2]
300 % %k % % 8 60— % %k %k %k
g E :
® - T
& 200- ? 40
© @ T
£ @ J‘
= 2 \
P o
2 100 O 204
© 1 ?
E g
=z (1]
Qo
0- T O oA T
DMSO G15 X DMSO G15
Treatment (24 hr) Treatment (24 hr)

Figure 17. Immunocytochemical detection of Cleaved Caspase-3 in TNBC SUM149 after G15
treatment. The cells were starved for 48 h and stimulated with the corresponding treatment for
24 h. After treatment, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1%
PBS-Tween-20, blocked with 10% normal goat serum in 0.1% PBS-Tween, and incubated
overnight with anti-cleaved caspase-3 antibody. The cleaved caspase 3 (red fluorescence) levels
increased significantly after G15 treatment (C) (p-value <0.0001) compared to DMSO group (B)—
with a mean of 43.06 and 23.73 percent of cleaved caspase 3 per nucleus. No staining was found
in control (A). Additionally, the G15 treated group presented a significantly (p-value <0.0001)
lower count of cells per image size compared with DMSO groups—with a mean count of 104.5
and 206.7 nuclei (blue fluorescence) per image size, respectively. Pictures are shown at a
magnitude of 400X. An unpaired t-test was performed for statistical analysis (D). Results are
shown as mean + SD of two independent experiments—six pictures on each group per
experiment. *P < 0.05; **P < 0.01; ***P <0.001; ****P < 0.0001.



E. G15 disrupts colony formation on TN-IBC SUM149

One of the unique characteristics of IBC cancers is the high frequency of small clusters of
cancer cells leading to obstruction of milk ducts and lymphatic vessels—causing its unique clinical
classification. A 3D colony formation assay was performed on TN-IBC SUM149 cells to study the
effects of G15 administration on cell proliferation in tumor colonies. After 10 days of G15
treatment, the colonies from the G15-treated cells reported an area/size mean of 12x10*square
pixels compared to 44x10% square pixels in the control group (Fig. 18). T-test analysis reported a

statistically significant (p-value < 0.0001) reduction in area/size compared with the control (B).
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Figure 18. Effects of G15
treatment on colony formation of
TN-IBC cells. G15 treatment
reduces colony formation on TN-
IBC cell SUM149 cells treated with
G15 (10 uM) for 10 days produce
colonies with significantly (p-value
<0.0001) smaller area per pixel as
compared to DMSO (A). Pictures
are shown at a magnitude of 40X.
Illustration of colonies under
DMSO and G15 treatment (B).
Results are means of three
independent biological replicates;
n=200 colonies  for  each
treatment. p-values of <0.05 were
considered statistically significant
and presented as *P < 0.05; **P <
0.01; ***P < 0.001; ****p <
0.0001.



F. G15 inhibits the E2-induced cell migration enhancement on TN-IBC SUM149

The aggressive characteristic of IBC enables its malignant cells to invade the dermal
lymphatics of the breast, causing the accumulation of fluids within lymphatic vessels and the
subsequent edematous red swelling of the breast [150]. Ohshiro et al., reported that E2 and G1
(GPER-specific agonist) stimulus on IBC cells was able to induce the activation of the extracellular-
signal-regulated kinases (ERK1/2), enhancing cell migration and invasion behaviors [151]. Here,
we validated the E2-induced migratory enhancement of TN-IBC cells SUM149 and further
measured the effects of G15 treatment on this behavior (Fig. 19A). After 19 h of treatment, the
percentage of wound-closure coverage for each group was: DMSO 26% + 1.7, E2 47% + 8.86, G15
21% +5.92, and E2 + G15 24% + 4.9. As seen in Fig. 19B, Ordinary one-way ANOVA analysis with
Tukey’s for multiple comparisons reported a statistically significant enhancement (Adj. P-value
0.0115) in cell migration when TN-IBC SUM149 cells were treated with E2 compared to control
(DMSO0). Additionally, G15 treatment significantly reduced (Adj. p-value 0.0057) the E2-induced

cell migration enhancement when cells were treated in a combination of E2 and G15.
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Figure 19. G15 treatment on TN-IBC cells reduces
cell migration. In brief, TN-IBC SUM149 cells were
cultured in their corresponding medium to 50-60%
confluency, then transferred to starving media for
48h until cells reached 100% confluency. (A) Cells
were further treated with E2 (10 nM) alone and in
combination with G15 (6 uM), and DMSO (vehicle)
for 19 h. The wound-closure area was measured
using Imagel, with three pictures per group. The E2-
treated group reported higher migration activity
than the E2 + G15, G15, and DMSO-treated groups
(B). An inverted microscope captured the closure of
the wound area (200 x magnification). (B) Wound-
closure area measurements were analyzed using
Image) software and GraphPad. Statistical analysis
was performed by Anova using Graph Pad Prism9.
Results are shown as mean + SD of three
independent experiments performed in triplicates.
*P < 0.05; **P <0.01; ***P < 0.001.



Chapter 4: Discussion

I.  Aim #1: Characterize the transcriptional signature induced by estrogen on TN-IBC

The rapid progression of Inflammatory Breast Cancer can largely be attributed to the
aggressive invasive and metastatic behavior of the disease—known to be enhanced by estrogen
stimulation [151]. However, transcriptional regulations and molecular pathways by which
estrogen signals regulate IBC’s carcinogenesis are only partially understood. The presence of
alternate estrogen receptors on IBC cells and the prevalence of the disease in younger women
bring the rationale of why it is essential to study estrogen signals in IBC cells. Here, RNA-seq was
performed on TN-IBC SUM149 to carry out a comprehensive global analysis of the transcriptome
induced by estrogen stimulation at time points. Differential RNA-seq analysis revealed gene
regulations induced by estrogen signaling on TN-IBC cells, where 73% of the genes with
differential expression statistically significant were regulated after three hours of estrogen

exposure.

At the earliest stage of estrogen stimulus, the top ten regulated genes were associated with
transcription factors and growth factor ligands, while the top ten regulated genes in the last time
point were more associated with structural functioning. These results imply that TN-IBC SUM149
cells conserve estrogen-regulated transcription networks, which could be common to other
estrogen-responsive ER-negative breast cancers [152, 153]. In addition, this observation suggests
that TN-IBC cells may undergo estrogen-response signals similar to the canonical estrogen
signaling pathway and could possibly be related to the presence of alternate estrogen receptors

like GPER and ERa36.



Some of the most statistically significant E2-upregulated genes included immediate-early
response transcription genes (e.g., EGR1, ATF3, KLF6, and JUN/FQOS), growth factor ligands (e.g.,
HB-EGF, EREG, and AREG), cell-cycle progression regulators (e.g., CDKN1A/p1Cip1, MYC), MAPK
signaling cascade phosphatases (e.g., DUSP1-DUSP6), and intercellular cell-cell-junction
regulators (e.g., CLDN1). Along this line, a study using biopsy specimens obtained from women
with clinical IBC identified a list of genes that were significantly upregulated in IBC compared with
non-IBC; defined as specimens of noninflammatory locally advanced breast cancers [154]. The
upregulated genes in IBC cases included transcription factors (JUN, EGR1, JUNB, FOS, SNAIL1) and
growth factors (HB-EGF, EREG, IL6)—all of which were reported upregulated after E2 stimulus on
TN-IBC, according to our RNA-Seq analysis. Therefore, our study provides strong evidence that
E2 may contribute to IBCs’ unique characteristics by inducing gene transcription associated with

carcinogenesis and cancer progression.

Furthermore, two genes that remained in the top ten E2-upregulated genes throughout the
assay were NR4A1 and NR4A3—transcription factors and members of the NR4A family of orphan
nuclear receptors—known to regulate the expression of genes involved in basal breast cancer
progression and metastasis [155]. In addition, two genes from the CCN extracellular protein
family (CCN1 and CCN2) were also detected as part of the top ten most upregulated genes
induced by E2. The CCN1 (cysteine-rich 61/Cyr61) and the connective tissue growth factor
(CTGF/CCN2) are the two main CCN proteins that have oncogenic functions in breast cancer. High
CCN1 expression is associated with lymph node metastasis and worse prognosis in breast cancer
patients [156], which are clinical characteristics also present in IBC patients, giving the impression

that these CCN proteins could be involved in the aggressive phenotypes of IBCs. CCN2 is



associated with extracellular matrix remodeling and over-expression is associated with enhanced
tumor growth and metastasis [189]. Additionally, CCN2 has been identified as one of the most
significant genes induced by GPER signaling in TNBC SkBr3 [157]—providing the rationale of why
we hypothesize that GPER is involved in gene transcription in TN-IBC cells and why it is reasonable

to study the GPER signaling on TN-IBC SUM149.

Moreover, prostaglandin-endoperoxide synthase 2 (PTGS2; or cyclooxygenase-2/COX-2) and
prostaglandin E2 receptor 4 (EP4) were reported as E2-upregulated at an early timepoint (45min).
A recent study on IBC cells SUM149 and SUM190 revealed high levels of PTGS2 in both IBC cell
lines and associated the EP4’s role with the aggressive invasiveness phenotype of this lethal
variant of breast cancer [158]. PTGS2 and EP4 could also be suggested as significant genes behind
the invasive phenotypes induced by E2 on IBC cells and with possibilities of being considered as
alternative markers for treatment options. Furthermore, the EZR gene, which encodes the Ezrin
protein from the ERM (Ezrin/Radixin/Moesin) family of actin filament binding proteins, was
identified as the most statistically significant E2-upregulated gene after 3 h exposure to E2
treatment. Elevated Ezrin expression has been associated with an increased risk of relapse in

node-positive and high-risk node-negative breast cancer patients [159].

Ghaffari et al. reported that pharmacological inhibition of Ezrin has significantly reduced
breast cancer cell migration and invasion into the lymph nodes and lungs in vivo [160]. In
addition, a recent study showed that treatment with E2 on TNBC MDA-MB-231 cells resulted in
Ezrin-dependent cytoskeleton rearrangement and elicited a stimulatory effect on cell migration
and invasion. Importantly, they observed that Ezrin phosphorylation and the E2-induced

enhancement of cell migration and invasion phenotypes were significantly inhibited by silencing



GPER signaling [161]—indicating that E2 induces the phosphorylation of Ezrin protein by GPER to
mediate important cellular activities in TNBC cells. This approach could also be considered an
alternative signaling pathway for therapeutic purposes for IBC patients. Altogether, this study
provides a distinct group of genes that were upregulated by E2 stimulation on TN-IBC cells with
the possibility of being essential factors behind the aggressive phenotypes of TN-IBC cancers.
These genes can also be further studied as potential biomarkers for IBC cancer progression and
prognosis predictions. In addition, some ER-regulated genes in TN-IBC are known to be regulated
by GPER signaling in other breast cancers, which makes it reasonable to study the E2/GPER

signaling route in more depth in TN-IBC.

Conclusions about acquired biological capabilities (e.g., hallmarks) can be reached by
associating gene regulations with biological pathways or functional properties. Here, our list of
the E2-regulated genes at an early stage of treatment (45 min) identified significantly enriched
terms for molecular functions associated with transcriptional regulation—mainly transcription
cis-regulatory region binding, RNA polymerase Il transcription regulatory sequence-specific DNA
binding, and DNA binding. The DNA binding term includes any molecular process by which
proteins interact with DNA. Furthermore, some significantly enriched terms for molecular
functions on the delayed E2-regulated genes included cadherin binding, protein kinase binding,
and ATP binding. In addition, the E2-regulated genes were also highly enriched in the cellular
component terms nucleus, focal adhesion, tight junction, and intracellular membrane-bounded
organelle—which corresponded well with the recognized role of some of these genes (e.g.,

nuclear proteins, and cell adhesion molecules). These observations provide strong evidence of



an estrogen-regulated transcription network of early or primary response genes (rapidly

activated in response to cellular stimuli) and delayed or secondary response genes in TN-IBC cells.

In addition, while many of these genes are associated with a wide range of biological
processes, the most enriched GO terms for biological processes among the E2-treated groups
included the regulation of the apoptotic process, regulation of cell differentiation, regulation of
epithelial to mesenchymal transition, MAPK cascade, and cellular responses to cytokine stimulus.
Interestingly, the most statistically significant terms for biological processes were associated with
gene transcription, which indicates that the signaling cascades in response to estrogen
stimulation on TN-IBC are primarily related to modulations in the frequency, rate, or extent of
gene transcription. These observations imply that our hypothesis regarding the assumption that
estrogen affects the transcription of genes essential for the progression of IBC tumorigenesis is
not rejected and shows the complexity of the estrogen signaling in IBC cells despite being

classified as an estrogen receptor-negative breast cancer.

In brief, our data provides a comprehensive analysis of the effects induced by estrogen
stimulus on TN-IBC SUM149 cells, not only emphasizing the transcription of genes over periods
of time but also identifying biological processes and functions properties relevant for
understanding the progression of TN-IBC cancers under estrogen stimulation. The content of our
study could help identify potential biomarkers involved in estrogen-induced carcinogenesis on

IBC cells and possibly therapeutic targets for IBC patients.



Il.  Aim #2: Characterize the effects of G15 on the estrogen signaling pathways on TN-IBC

Ohshiro et al., reported that E2 and G1 (GPER-specific agonist) stimulus was able to induce
the activation of the extracellular-signal-regulated kinase (ERK1/2) on IBC cells, enhancing cell
migration and invasion behaviors [151]—believed to be mediated by ERa36 and GPER. However,
G-1 has been shown to induce the phosphorylation of ERK1/2 in GPER-negative HEK293 cells
stably transfected with ERa36 [162-163]—suggesting that G-1 can also stimulate ERa36.
Therefore, the exact role of ERa36 and GPER on the estrogen-induced ERK1/2 signal activation in
triple-negative and HER2-amplified IBC models remains elusive. In this study, the GPER-specific
antagonist G15 was used to identify the effects of GPER on the estrogen-induced signaling
cascades, and the transcriptional changes reported after E2 treatment in our RNA-seq data. The
results from these experiments may guide elucidate the role of GPER on IBC cells and on estrogen
signaling. G15 was used since it has been shown to inhibit GPER-mediated proliferation
stimulated by E2 and G-1 in other cancer cells— including A549 and H1793 cancer cell lines [164].
We aim to test our hypothesis that GPER has a direct role in mediating estrogen signals in IBC
cells by measuring the effects of G15 and associating the results with the inhibition of the

receptor.

KEGG pathway mapping on our RNA-seq analysis identified the IL-17 and the MAPK signaling
pathways as two of the most statistically significant enriched terms associated with gene
regulation at an early stage of E2 stimulus. Notably, the IL-17 signaling pathway is known to
promote BC cells' proliferation, migration, invasion, and drug resistance through the ERK1/2

pathway [165]. The MAPK/ERK1/2 signaling pathway is known to lead to the activation and



regulation of many different genes associated with cancer progression [167], including the

immediate-early response gene EGR1, Cyclin E, and the MAPK signaling cascade phosphatases

DUSP6 (Fig. 20A). It is also known that GPER mediates the MAPK/ERK1/2 signaling pathway in

ER-positive breast cancer, ER-negative breast cancer, and other estrogen-related carcinomas

[168]. Therefore, there is the possibility that GPER could mediate the IL-17 signaling pathway and

other signaling cascades by regulating the activation of the MAPK/ERK1/2 signal after the E2

stimulus. However, there is still a lack of evidence that GPER plays a significant role in mediating

estrogen action on IBC cells.
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Figure 20. Model of GPER

signaling in breast cancer

GPER activation in the plasma
membrane stimulates steroid
receptor coactivator (SRC) through a
GBy-subunit protein pathway. The B
and y subunits of the G protein
activate the SRC tyrosine kinase,
which  binds to the matrix
metalloproteinase (MMP), which
then cleaves the pro-heparin-binding
EGF-like growth factor (proHB-EGF)
and releases the heparin-binding
EGF-like growth factor (HB-EGF) into
the extracellular space. The free HB-
EGF then transactivates the
epidermal growth factor receptor
(EGFR). Phosphorylation of EGFR
activates the downstream pathways,
which can induce rapid non-genomic
effects, or genomic effects regulating
the transcription of different genes
involved in cell survival and
proliferation. DUSP6 is a key negative

feedback regulator of the member of the RAS-ERK MAPK signaling pathway—emanating from
EGFR—associated with cellular proliferation. This molecular signaling mechanism is proposed on

TN-IBC SUM149.



Here, the E2-induced activation of the ERK1/2 signaling pathway on two IBC cell models
was confirmed under hormone-deprived conditions. Interestingly, G15 administration disrupted
the E2-induced transient activation of the ERK1/2 signaling on TN-IBC cells, reporting a sustained
level of ERK1/2 phosphorylation after E2 treatment. Sustained ERK1/2 activation induced by the
GPER signaling has also been reported in hepatocellular carcinoma (e.g., HCCLM3 and SMMC-
7721)—promoting apoptosis and inhibiting cell growth by blocking cell cycle progression [169].
However, this observation was seen after GPER activation by G-1—which contradicts our
findings. Nonetheless, the biological functions of GPER have been inconsistent between different
cell lines and organs for the past decade, and researchers have suggested that the biological
effects of GPER may be specific to each cell line. Previous studies have also demonstrated that
transient activation of ERK plays a pivotal role in cell proliferation and that sustained ERK
activation induces cell cycle arrest and differentiation in mammalian cells [170]. Thus, our results
suggest that GPER may play a tumor-promoting role in TN-IBC, and its inhibition may cause a

decrease in cell viability by a sustained ERK1/2 signaling activation mechanism.

Furthermore, persistent activation of the ERK1/2 signaling has been associated with E2-
mediated apoptosis in endocrine-resistant breast cancers as well as with negative regulation of
the anti-apoptotic protein BCL-2 in other breast cancers [171, 172]. By western blot, a reduction
in the expression of the BCL-2 protein was identified after TN-IBC cells were treated with E2 in
combination with G15—supporting the BCL-2 reduction effect by persistent ERK1/2 activation.
Interestingly, the IL-17 signaling pathway induces ERK1/2 activation to inhibit apoptosis and to
upregulate BCL-2 expression—triggering the growth, proliferation, and migration of breast tumor

cells [173]. Our RNA-seq results suggest that the estrogen signaling could crosstalk with the IL-



17 signaling pathway to promote oncogenic behaviors in TN-IBC—since E2 significantly
upregulated genes involved in the IL-17 pathway. G15 administration could be disrupting not only
the estrogen signaling pathway, but other signaling mechanisms that use ERK1/2 as an effector
to carry out their signals—like the IL-17 pathway—through sustaining ERK1/2 activation. Thus,
GPER may be an essential regulator of the ERK1/2 signaling cascade, and sustained activation of
the ERK1/2 signaling may be a crucial mechanism behind the effects observed after G15
administration on TN-IBC cells. G15 treatment on TN-IBC SUM149 also showed to delay the E2-
induced upregulation of DUSP6 phosphatase, which may be disrupting the DUSP6/ERK1/2
negative feedback-regulated loop—resulting in sustained phosphorylated levels of ERK1/2 (Fig.
20). However, more studies on the DUSP6/ERK1/2 regulatory loop are suggested in TN-IBC cells
since we did not perform an experiment where we tested the suggested conclusions through the

inhibition of the DUSP6/ERK1/2 signaling pathway.

Moreover, a previous research study with TNBC cell line MDA-MB-231 showed that
estrogen-induced ERK1/2 activation required the expression of GPER—which transactivates the
EGFR signaling pathway through HB-EGF [145-147]. HB-EGF—as well as one of its transcription
regulators EGR1—are known to be mediated by the GPER/MEK/ERK1/2 signaling pathway,
creating a positive feedback loop (Fig. 21). In addition, EGR1 upregulation has been shown to
increase the transcription of the HB-EGF gene—resulting in autocrine activation of EGFR, and
downstream MEK/ERK1/2 cascade [39]. This EGR1/HB-EGF/ERK1/2 signaling is known to be
responsible for tumor development and progression in breast and prostate cancer [144, 174].

However, some studies have related EGR1 upregulation with cell proliferation inhibition in breast



cancer cells—promoting cell cycle arrest via downregulating Cyclin D [175]. Therefore, a deeper

understanding of the EGR1 signaling networks in breast cancer cells is needed.
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Figure 21. GPER signaling induced the upregulation of HB-EGF through EGRF/ERK signaling

The early growth response-1 (EGR1) transcription factor isinduced downstream of EGFR signaling
through the MEK/ERK pathway. EGR1 regulates the expression of several growth factors involved
in tumor growth and spread—including the Heparin-binding EGF-like growth factor (HB-EGF)
[183]. HB-EGF is a member of the EGF family of growth factors and is synthesized as a membrane-
associated precursor molecule (proHB-EGF). ProHB-EGF is proteolytically cleaved to release a
soluble ligand (Shb-EGF) that activates the EGF receptor [184]. GPER signaling uses HB-EGF to
transactivate the EGFR signaling pathway. This is the proposed molecular mechanism behind the
GPER signaling pathway on TN-IBC cells SUM149.



Our RNA-seq analysis—further validated through RT-gPCR—reported EGR1 and HB-EGF as
two of the most statistically significant E2-upregulated genes in TN-IBC cells after E2 treatment.
Interestingly, TN-IBC SUM149 previously treated with G15 and further exposed to E2 reported a
sustained upregulation of EGR1, and HB-EGF mRNA expression—suggesting that G15
administration disrupted the mechanism that regulates the expression of these genes. This
observation can be the result of two possible outcomes: (1) the E2/GPER/ERK1/2 signaling may
be the route in which E2 regulates the expression of these genes and G15 inhibits this reaction,
and (2) that the G15-induced upregulation of EGR1 and HB-EGF could lead to the activation of
HB-EGF/EGFR signaling and thus sustaining the activation of the ERK1/2 signal. However, more
studies are suggested on this manner. We also identified the E2-induced upregulation of the
CCN1 gene on our RNA-seq data—a cell-adhesive substrate reported to be involved in the
sustained activation of MAPK/ERK1/2 signaling [176]. However, we did not test whether G15

influenced the CCN1 expression.

Altogether, our results suggest that G15 administration may not necessarily inhibit the
activation of the estrogen-induced ERK1/2 signal on TN-IBC cells but rather alter complex
mechanisms involved in regulating these intracellular signaling cascades—possibly disrupting the
estrogen non-genomic signaling and downstream effectors. In addition, the GPER/ERK1/2
signaling could be considered an essential mechanism behind E2-mediated signals, and GPER
inhibition could be an effective therapeutic strategy for disrupting these estrogen signal
cascades. These findings bring new insights into the possible regulatory role of GPER in estrogen-
mediated signaling pathways and gene regulations in TN-IBC cells. However, the unspecific

effects of the drug cannot be disregarded. Further studies conducting a GPER knockdown are



suggested to associate the observations provided in this study with the absence of the GPER. This
approach can provide a better understanding of the regulatory role of the E2/GPER/ERK1/2

signaling pathway on triple-negative and HER2-amplified IBC cells.

lll.  Aim #3: Identify the effects of G15 on IBC’s oncogenic phenotypes

GPER is a G protein-coupled estrogen receptor known to be expressed on the surface of
various cell types, including breast cancer cells. Here, the presence of GPER protein was detected
in all the assayed breast cancer cell lines, with a protein abundance statistically significant in
TNBC MDA-MB-231 and HER2-amplified IBC SUM190 breast cancer cell lines. This observation
goes in agreement with previous studies reporting strong GPER expression in triple-negative
breast cancer cells (MDA-MB-231 and MDA-MB-436) and HER2-amplified breast tumors [177-
178]. In addition, a possible variant of the GPER protein was identified on TNBC MDA-MB-231,
TN-IBC SUM149, and HER2+ SUM190, reported as a smaller band on the western blot assay. This
variant may be the result of the lack of post-translational modifications such as cleavage or
attachment of small peptides. This variant could be in the cytoplasm, while the canonical version
of the receptor is found in the plasma membrane and in the periphery of the nucleus—as seen
in our immunofluorescence images. Furthermore, GPER mRNA levels varied significantly
between the assayed breast cancer cell lines—suggesting individual post-transcriptional

modifications regulating the protein steady state of GPER between each cell line.

Moreover, GPER is thought to be involved in the regulation of cancer cell proliferation and
survival on IBC. Studies have shown that GPER activation can promote the growth and survival of

IBC cells, and targeting GPER showed a reduction on IBC cell proliferation and induction of cell



death [136]. Here, administration of the GPER-specific antagonist G15 on triple-negative and
HER2-amplified IBC cell lines significantly reduced the cell viability and growth rate in a dose-
dependent matter. This observation suggests a protective role of GPER on both IBC cell lines
against a starved environment—also reported in TNBC MDA-MB-468 [179-180]. Additionally,
G15 administration reduced the cell viability and growth rate of triple-negative IBC SUM149 cells
in the presence of estrogen—suggesting that G15 exerts its inhibitory effects even in the
presence of estrogen. From a therapeutic perspective, this observation is relevant since G15
could be considered a candidate drug to inhibit cell growth on GPER-positive IBC patients even

with normal levels of estrogen circulating in their bloodstream.

Along this line, previous studies have shown that TNBC cells that had cell viability reduction
associated with the GPER signaling pathway also reported reduced levels of the cycle progression
markers CDK2 and Cyclin E1 [179]. Here, we identify an estrogen-induced upregulation of Cyclin
E1l after 12 h of E2 exposure on TN-IBC cells, which was significantly inhibited by G15
administration. This observation suggests that E2 may induce the cell cycle progression through
an E2/GPER signaling pathway and that G15 administration may reduce the effects of E2 by
inhibiting the E2/GPER signal. G15 administration also reduced the abundance of Cyclin E1 in
HER2+ IBC SUM190 cells, but only when compared with the E2 group, suggesting that G15 may

inhibit the E2-induced enhancement of Cyclin E1 on HER2+ IBC SUM190 cells.

Moreover, the E2/GPER/ERK1/2 signaling pathway has been associated with a high
abundance of the anti-apoptotic BCL-2 protein and cell survival enhancement on TNBC [181].
(Fig. 17A). Here, TN-IBC cells SUM149 showed a slight E2-induced upregulation of BCL-2 protein

abundance—which was significantly inhibited by the presence of G15 administration.



Similar results were seen in HER2-amplified IBC SUM190 cells, where G15 treatment
significantly reduced the abundance of BCL-2 protein in the presence of E2. Furthermore, cleaved
caspase-3 in SUM149 cells increased significantly after G15 treatment. These observations
indicate that G15 treatment can activate apoptotic signaling in TN-IBC cell SUM149 and induce

cell death—as the number of cells and cell viability was significantly reduced in our experiments.

The inhibitory effects of G15 on the expression of BCL-2 and Cyclin E1 after E2 treatment may
be the result of the sustained ERK1/2 signaling activation induced by G15 treatment—since
sustained p-ERK1/2 signaling has been associated with an induced cell cycle arrest in breast
cancer cells [182]. Additionally, the inhibitory effects of G15 on the E2-induced protein
expression of Cyclin E1 in IBC cells suggest that G15 administration may arrest the cell cycle at a
specific phase in IBC cells. However, more studies are suggested to fully understand the effects
of G15 on the expression of cell cycle-related markers on TN- and HER2-amplified IBC cells.
Furthermore, G15 administration in Triple-negative IBC SUM149 was able to reduce the
migratory enhancement induced by E2 treatment and the area/size of colony formation
(measured in 3D culture), suggesting a possible involvement of GPER in this oncogenic behavior
and the possibility of GPER to be a therapeutic candidate for reducing these aggressive behaviors

on TN-IBC cancers.

Altogether, we have shown that G15 administration on triple-negative and HER2-amplified
IBC cells can disrupt many regulated mechanisms induced by estrogen signaling—providing a
rationale that the G15-induced disruption in the regulation of molecular pathways and gene
expression previously described may be essential factors behind the reduced oncogenic

characteristics seen on IBC cells after G15 administration. These observations may indicate a



tumor-promoting role for GPER in IBC cells, and its inhibition could be an effective strategy for
IBC treatment purposes. However, more studies are suggested to fully understand the GPER’s
role on IBC cells since the non-specific effects of the G15 administration cannot be outlook in this

study.

Chapter 5: Conclusions and future directions

In summary, this study characterizes the effects induced by estrogen stimulation on TN-
IBC cells SUM149—emphasizing gene regulations, biological processes, molecular functions, and
signaling pathways. To date, no other scientific study has published the transcriptome induced
by estrogen on triple-negative IBC cell SUM149, making this study an essential resource for
understanding the molecular mechanisms behind the estrogen-induced enhancement of TN-
IBC’s aggressive phenotypes. Moreover, alternate estrogen receptors remain the most active
area in the estrogen signaling research field. However, the role of alternate ERs in breast cancer
remains a matter of debate despite the increased scientific publications on the subject in the past
decade. Here, we are interested in characterizing the role of GPER on TN-IBC cells and
highlighting G15 as an essential inhibitory drug for key biological processes associated with

cancer progression on triple-negative and HER2-amplified IBC cell lines.

We have demonstrated for the first time that G15 administration on triple-negative and
HER2-amplified IBC cells reduces cell survival and growth rate in a dose-dependent manner,
although HER2-amplified IBC cells were more resistant to G15 treatment. G15 also disrupts
estrogen-mediated signals on triple-negative IBC, providing the rationale of why it is reasonable

to consider GPER as a novel therapeutic target and to support G15-based studies on GPER-



positive IBC patients. Here, sustained activation of the ERK1/2 signal pathway was identified as
one of the possible mechanisms behind the inhibitory effects of G15 administration on estrogen
signals on triple-negative IBC. In addition, G15 disrupts the expression of genes that were
identified as downstream targets of estrogen signal on our RNA-seq data, suggesting that GPER
may also be involved in regulatory mechanisms behind estrogen genomic signals on triple-
negative IBC. Thus, our data is not only functionally relevant to understand many biological
processes mediated by estrogen signaling on triple-negative IBC cells, but also provides novel

knowledge to continue unraveling the discrepancy in the role of GPER on triple-negative IBC cells.

However, although G15 is known to act as a specific GPER antagonist, the possibility of
unspecific effects by the drug cannot be disregarded. Therefore, it is essential to perform a GPER
protein expression inhibition (protein knockdown) on both IBC cell lines. The results obtained
from this strategy should be compared with the results presented in this study to directly
associate the inhibitory effects observed after G15 treatment with the inhibition of the GPER
signaling pathway. This approach will validate our results and give a much more precise
knowledge of the role of GPER in IBC cells. In addition, identifying crosstalk reactions between
GPER and other signaling pathways can contribute to a better understanding of the molecular
mechanism behind GPER signaling and guide the design of adjunctive therapies with G15. As an
example, it is essential to conduct a study using a specific ERK1/2 (e.g., U0126) or EGFR signaling
(e.g., gefitinib) inhibitory drug in combination with G15 on IBC cells. These would test whether
there is a crosstalk between GPER and the EGFR signaling pathway and if the G15-induced

sustained ERK1/2 activation is a crucial mechanism behind the inhibitory effects of G15.



Along this line, a previous study reported that Icaritin, a prenyflavonoid known to bind to ERa36,
inhibited cell growth in MDA-MB-453 and MCF7 breast cancer cells through sustained activation
of ERK1/2 signal—an effect further abrogated by the ERK1/2 phosphorylation inhibitory drug
U0126 [185]. Since G15 treatment also induces sustain ERK1/2 activation on TN-IBC cells, it is
reasonable to investigate possible crosstalk reaction between GPER and ERa36 with the primary
goal of elucidating the complexity of the estrogen non-genomic signaling pathway in IBC cells. In
addition, a crosstalk reaction between GPER and ERa36 has been reported in human monocytes
[187], which supports why crosstalk reaction between these two alternate estrogen receptors is
not ruled out on IBC cells. Combination therapy using Icaritin and G15 in the presence or absence
of estrogen would be an excellent strategy to address the crosstalk hypothesis.

Furthermore, a phospho-kinase array after GPER inhibition (either by G15 treatment or
protein knockdown) will provide a broad spectrum of possible GPER-sighaling downstream
targets that could be considered as druggable markers for novel therapeutic approaches against
GPER-positive IBC patients. Likewise, RNA sequencing analysis after GPER inhibition would allow
a deeper understanding of the transcriptome mediated by the GPER signal, and how it may reflect
or contribute to the aggressiveness of IBC cells. We performed RNA-seq on TN-IBC cells after
treatment with G15 alone and in combination with estrogen, but unfortunately, high variability
was identified between the triplicates in each group and the assay was discontinued. Further
studies on the transcriptional signature induced by GPER signaling are needed to fully elucidate
the GPER signaling pathway. In brief, an extensive understanding of the expression and function
of GPER, as well as other alternate estrogen receptors, and their target genes could shed light on

how estrogen stimulates the initiation and promotion of cancer—providing a new approach to



diagnose and treat estrogen-responsive IBC cancers. Overall, GPER appears to play a significant

role in the pathogenesis of IBC and may represent a potential therapeutic target for the disease.
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Supplementary data

Table S1. List of RT-qPCR primers

Parameter sets: qPCR

Target type DNA, Oligo Conc 0.5uM, Na+ Conc S0mM, Mg++ Conc 3mM, dNTPs Conc 0.8mM

Gene Position Sequence Length Start End Amplicon Tm GC% Hairpin Self- Hetero-
length AG Dimer Dimer
GAPDH NM_001256799.3 Forward ACCCAGAAGACTGTGGATGG 20 727 746 124 56.6 55 -2.56 -5.02 -6.14
Reverse TCAGCTCAGGGATGACCTTG 20 850 831 56.6 55 -1.5 -6.34
ERa36 NM 001328100.2 Forward GAGGCATGAGGAAGCACTTG 20 4941 4960 91 55 -0.85 -5.38 -6.69
Reverse TGCTCTCCGCATTGTTTCAG 20 5031 5012 50 -1.53 -5.09
GPR30 NM 001039966.2 Forward TCCTGATCCTGGTGGTGAAC 20 806 825 169 56.6 55 -0.68 -4.62 -8.2
Reverse GACATGAAGGTGCACAGGAC 20 974 955 56 55 0.22 -9.73
EGR1 NM_001165887.2 Forward TCCATGCAATGGAGTCCTGT 20 10479 | 10498 197 56 50 -3.46 -8.07 -5.09
(ZNF268)
Reverse TGCCCTCTACAAACCGTCAT 20 10675 | 10656 56 50 0.04 -3.61
DUSP6 NM_001946.4 Forward GCTGCTGCTCAAGAAGCTCA 20 810 829 X 58 55 -2.47 -6.34 -6.68
Reverse AGGGAGAACTCGGCTTGGAA 20 877 896 58.4 55 1.07 -3.61
HB-EGF NM_001945.3 Forward TATCCTCCAAGCCACAAGCA 20 502 521 X 56.4 50 -1.62 -3.14 -3.54
Reverse GTCCCTCTTCTTCCCTAGCC 20 574 593 56.7 60 1.6 -4.16




Table S2. Top 100 most statistically significant E2-regulated genes at 45 min

Ensemble ID log2 Fold Adjusted P
Gene Symbol Change P value value

ENSG00000118523 CCN2 4.63 7.77E-235 1.30E-230
ENSG00000067082 KLF6 2.23 2.96E-214 2.47E-210
ENSG00000142871 CCN1 2.54 4.90E-193 2.73E-189
ENSG00000177606 JUN 3.52 4.86E-175 2.03E-171
ENSG00000120738 EGR1 3.73 9.96E-169 3.33E-165
ENSG00000170345 FOS 4.97 3.75E-106 1.05E-102
ENSG00000122877 EGR2 4.44 7.60E-88 1.82E-84
ENSG00000123358 NR4A1 3.34 1.13E-85 2.37E-82
ENSG00000124762 CDKN1A 1.77 1.47E-76 2.73E-73
ENSG00000120129 DUSP1 3.14 2.13E-75 3.56E-72
ENSG00000087074 PPP1R15A 1.54 3.69E-67 5.61E-64
ENSG00000137331 IER3 1.94 1.70E-57 2.37E-54
ENSG00000144655 CSRNP1 1.89 4.34E-57 5.58E-54
ENSG00000125740 FOSB 3.80 2.60E-56 3.10E-53
ENSG00000143878 RHOB 1.69 1.51E-55 1.69E-52
ENSG00000162772 ATF3 2.22 1.88E-53 1.97E-50
ENSG00000179388 EGR3 3.41 3.03E-53 2.98E-50
ENSG00000175592 FOSL1 2.26 7.13E-49 6.62E-46
ENSG00000136997 MYC 1.31 5.60E-47 4.93E-44
ENSG00000198142 SOWAHC 1.45 1.74E-43 1.46E-40
ENSG00000160888 IER2 2.32 1.50E-37 1.20E-34
ENSG00000116717 GADD45A 1.82 5.36E-33 4.07E-30
ENSG00000143384 MCL1 0.91 1.95E-32 1.42E-29
ENSG00000162783 IERS 1.23 1.11E-31 7.74E-29
ENSG00000144802 NFKBIZ 1.41 2.56E-30 1.71E-27
ENSG00000013441 CLK1 -1.09 3.00E-29 1.93E-26
ENSG00000128342 LIF 2.32 6.52E-27 4.04E-24
ENSG00000204103 MAFB 1.40 4.47E-25 2.67E-22
ENSG00000138166 DUSP5 1.70 2.40E-24 1.38E-21
ENSG00000139289 PHLDA1 0.85 2.04E-23 1.10E-20
ENSG00000145632 PLK2 1.09 2.10E-23 1.10E-20
ENSG00000181026 AEN 1.57 2.02E-23 1.10E-20
ENSG00000128016 ZFP36 1.52 6.37E-22 3.23E-19
ENSG00000267519 None 1.40 1.69E-21 8.32E-19
ENSG00000136158 SPRY2 0.90 2.68E-20 1.28E-17
ENSG00000148339 SLC25A25 1.10 5.84E-20 2.64E-17
ENSG00000164442 CITED2 1.50 5.77E-20 2.64E-17
ENSG00000134107 BHLHE40 0.81 2.70E-18 1.19€E-15




ENSG00000185022 MAFF 1.32 1.58E-17 6.79E-15
ENSG00000232656 IDI2-AS1 1.16 3.36E-17 1.41E-14
ENSG00000118515 SGK1 1.81 1.63E-16 6.65E-14
ENSG00000257671 KRT7-AS 1.25 6.18E-16 2.46E-13
ENSG00000078401 EDN1 1.17 2.76E-15 1.07E-12
ENSG00000141682 PMAIP1 1.11 6.69E-15 2.54E-12
ENSG00000136826 KLF4 0.98 1.22E-13 4.54E-11
ENSG00000073756 PTGS2 1.27 1.27E-13 4.60E-11
ENSG00000114019 AMOTL2 0.80 1.41E-13 5.02E-11
ENSG00000198455 ZXDB 0.78 8.69E-13 3.03E-10
ENSG00000163874 ZC3H12A 1.03 1.34E-12 4.56E-10
ENSG00000132002 DNAJB1 0.54 1.86E-12 6.22E-10
ENSG00000269929 | MIRLET7A1HG 1.17 3.52E-12 1.15E-09
ENSG00000136244 IL6 1.38 4.73E-11 1.52E-08
ENSG00000177426 TGIF1 0.52 5.08E-11 1.60E-08
ENSG00000179094 PER1 1.06 5.50E-11 1.70E-08
ENSG00000165312 OTUD1 0.69 6.05E-11 1.84E-08
ENSG00000120875 DUSP4 1.11 8.00E-11 2.39E-08
ENSG00000173812 EIF1 0.55 2.86E-10 8.39E-08
ENSG00000232810 TNF 1.01 3.08E-10 8.87E-08
ENSG00000112245 PTPAAL 0.57 3.36E-10 9.53E-08
ENSG00000003756 RBM5 -0.52 3.43E-10 9.57E-08
ENSG00000153234 NR4A2 1.24 3.77E-10 1.03E-07
ENSG00000159388 BTG2 1.05 5.30E-10 1.43E-07
ENSG00000276107 None 1.86 6.27E-10 1.66E-07
ENSG00000111912 NCOA7 0.66 1.11E-09 2.89E-07
ENSG00000180667 YOD1 0.61 1.16E-09 2.98E-07
ENSG00000259884 NR4A1AS 3.16 1.72E-09 4.37E-07
ENSG00000196449 YRDC 0.69 2.29E-09 5.72E-07
ENSG00000111057 KRT18 0.36 3.01E-09 7.40E-07
ENSG00000081041 CXCL2 1.37 3.75E-09 9.09E-07
ENSG00000114315 HES1 0.82 9.20E-09 2.20E-06
ENSG00000163482 STK36 -0.62 1.02E-08 2.40E-06
ENSG00000158615 PPP1R15B 0.38 1.05E-08 2.43E-06
ENSG00000113070 HB-EGF 1.36 1.74E-08 3.99E-06
ENSG00000127528 KLF2 3.09 1.86E-08 4.21E-06
ENSG00000142867 BCL10 0.62 3.46E-08 7.70E-06
ENSG00000169429 CXCL8 0.85 4.48E-08 9.86E-06
ENSG00000255112 CHMP1B 0.36 5.90E-08 1.28E-05
ENSG00000100219 XBP1 0.42 7.78E-08 1.67E-05
ENSG00000113240 CLK4 -0.76 8.18E-08 1.73E-05
ENSG00000157514 TSC22D3 0.68 1.18E-07 2.46E-05
ENSG00000284669 None 2.72 1.30E-07 2.68E-05




ENSG00000115009 CCL20 1.16 1.68E-07 3.43E-05
ENSG00000186594 MIR22HG 0.57 3.12E-07 6.29E-05
ENSG00000099860 GADDA45B 0.98 3.20E-07 6.36E-05
ENSG00000226752 CUTALP -0.35 3.78E-07 7.43E-05
ENSG00000163435 ELF3 0.42 5.33E-07 1.04E-04
ENSG00000169045 HNRNPH1 -0.44 5.48E-07 1.05E-04
ENSG00000117569 PTBP2 -0.66 6.10E-07 1.16E-04
ENSG00000142627 EPHA2 0.82 7.93E-07 1.49E-04
ENSG00000257379 None -1.19 1.17E-06 2.17E-04
ENSG00000139318 DUSP6 0.87 1.25E-06 2.29E-04
ENSG00000014914 MTMR11 -0.37 1.65E-06 3.00E-04
ENSG00000185650 ZFP36L1 0.59 1.77E-06 3.18E-04
ENSG00000076604 TRAF4 0.71 2.08E-06 3.71E-04
ENSG00000173559 NABP1 -0.43 2.56E-06 4.51E-04
ENSG00000251474 RPL32P3 -0.86 2.79E-06 4.85E-04
ENSG00000116001 TIA1 -0.33 3.12E-06 5.32E-04
ENSG00000157557 ETS2 0.62 3.11E-06 5.32E-04
ENSG00000116741 RGS2 0.93 3.61E-06 6.09E-04
ENSG00000118961 LDAH -0.61 3.70E-06 6.19E-04

Table S3. Top 100 most statistically significant E2-regulated genes at 90 min

log2 Fold Adjusted P
Ensemble ID Gene Symbol Change P value value

ENSG00000118523 CCN2 4.67 2.10E-239 3.51E-235
ENSG00000142871 CCN1 2.77 1.73E-229 1.45E-225
ENSG00000067082 KLF6 2.07 2.53E-187 1.41E-183
ENSG00000124762 CDKN1A 1.98 3.72E-96 1.56E-92
ENSG00000175592 FOSL1 3.16 1.06E-94 3.54E-91
ENSG00000123358 NR4A1 3.31 2.34E-84 6.52E-81
ENSG00000119508 NR4A3 3.14 3.06E-78 7.31E-75
ENSG00000162772 ATF3 2.46 3.13E-66 5.90E-63
ENSG00000092820 EZR 0.93 3.18E-66 5.90E-63
ENSG00000198142 SOWAHC 1.7 3.35E-60 5.60E-57
ENSG00000179388 EGR3 3.6 5.18E-60 7.88E-57
ENSG00000185022 MAFF 2.39 1.54E-54 2.15E-51
ENSG00000177606 JUN 1.95 1.93E-53 2.48E-50
ENSG00000159200 RCAN1 2.15 2.08E-50 2.48E-47
ENSG00000130164 LDLR 1.17 6.41E-50 7.14E-47
ENSG00000181467 RAP2B 1.07 1.49E-49 1.56E-46
ENSG00000213694 S1PR3 1.2 5.43E-49 5.34E-46




ENSG00000150457 LATS2 1.25 4.15E-47 3.85E-44
ENSG00000128342 LIF 3.08 3.39E-46 2.98E-43
ENSG00000136997 MYC 1.24 5.25E-43 4.39E-40
ENSG00000124882 EREG 1.74 8.04E-43 6.40E-40
ENSG00000143367 TUFT1 1.36 3.14E-42 2.39E-39
ENSG00000122877 EGR2 3.04 3.03E-41 2.20E-38
ENSG00000111859 NEDD9 2.11 3.00E-40 2.09E-37
ENSG00000172818 OovoL1 2.09 4.53E-40 3.03E-37
ENSG00000125266 EFNB2 1.09 8.53E-39 5.48E-36
ENSG00000165312 OTUD1 1.35 1.11E-38 6.86E-36
ENSG00000181026 AEN 2.02 3.82E-38 2.28E-35
ENSG00000157557 ETS2 1.68 5.26E-37 3.03E-34
ENSG00000143322 ABL2 2.11 6.72E-37 3.75E-34
ENSG00000107984 DKK1 1.44 2.08E-36 1.12E-33
ENSG00000144802 NFKBIZ 1.55 2.48E-36 1.29E-33
ENSG00000136244 IL6 2.59 6.42E-36 3.25E-33
ENSG00000136826 KLF4 1.59 4.26E-35 2.09E-32
ENSG00000111912 NCOA7 1.32 7.34E-35 3.51E-32
ENSG00000143384 MCL1 0.95 9.30E-35 4.32E-32
ENSG00000120875 DUSP4 2.08 1.98E-34 8.95E-32
ENSG00000163235 TGFA 1.27 4.21E-34 1.85E-31
ENSG00000137801 THBS1 1.66 5.18E-34 2.22E-31
ENSG00000117525 F3 1.84 1.55E-33 6.47E-31
ENSG00000138166 DUSP5 1.97 2.78E-33 1.13E-30
ENSG00000109321 AREG 1.85 4.05E-33 1.61E-30
ENSG00000125740 FOSB 2.88 1.01E-32 3.92E-30
ENSG00000135679 MDM2 1.63 5.62E-31 2.14E-28
ENSG00000138623 SEMA7A 2.12 6.23E-31 2.29E-28
ENSG00000087074 PPP1R15A 1.03 6.31E-31 2.29E-28
ENSG00000116717 GADD45A 1.74 8.43E-31 3.00E-28
ENSG00000134107 BHLHE40 1.07 2.37E-30 8.25E-28
ENSG00000115009 CCL20 2.5 2.53E-30 8.64E-28
ENSG00000165997 ARL5B 1.23 2.83E-30 9.46E-28
ENSG00000136158 SPRY2 1.1 4.60E-30 1.51E-27
ENSG00000100219 XBP1 0.87 1.47E-29 4.72E-27
ENSG00000073756 PTGS2 1.94 1.57E-29 4.95E-27
ENSG00000075426 FOSL2 0.97 7.61E-29 2.36E-26
ENSG00000013441 CLK1 -1.07 1.66E-28 5.05E-26
ENSG00000116285 ERRFI1 1.11 8.36E-28 2.50E-25
ENSG00000118503 TNFAIP3 1.37 6.84E-27 2.01E-24
ENSG00000205002 AARD 0.62 7.01E-27 2.02E-24
ENSG00000153234 NR4A2 2.1 7.77E-27 2.20E-24
ENSG00000162702 ZNF281 1.2 1.16E-26 3.23E-24




ENSG00000144655 CSRNP1 1.28 1.36E-26 3.69E-24
ENSG00000145632 PLK2 1.17 1.37E-26 3.69E-24
ENSG00000114019 AMOTL2 1.13 2.66E-25 7.05E-23
ENSG00000171617 ENC1 1 4.57E-25 1.19E-22
ENSG00000169908 TMA4SF1 1.14 6.88E-25 1.75E-22
ENSG00000169429 CXCL8 1.59 6.93E-25 1.75E-22
ENSG00000117616 RSRP1 -1.04 7.17E-25 1.79E-22
ENSG00000107968 MAP3K8 1.07 8.27E-25 2.03E-22
ENSG00000113448 PDE4AD 1.18 1.40E-24 3.39E-22
ENSG00000171150 SOCS5 0.8 1.45E-24 3.44E-22
ENSG00000197632 SERPINB2 1.39 1.46E-24 3.44E-22
ENSG00000170677 SOCS6 0.86 2.22E-24 5.16E-22
ENSG00000232810 TNF 1.58 2.80E-24 6.40E-22
ENSG00000105971 CAV2 0.72 1.26E-23 2.85E-21
ENSG00000164543 STK17A 1.18 4.59E-23 1.02E-20
ENSG00000177426 TGIF1 0.77 1.81E-22 3.98E-20
ENSG00000253276 CCDC71L 1.56 4.44E-22 9.63E-20
ENSG00000112245 PTP4A1 0.87 1.58E-21 3.38E-19
ENSG00000111266 DUSP16 0.95 3.25E-21 6.88E-19
ENSG00000102554 KLF5 0.99 3.34E-21 6.99E-19
ENSG00000154734 ADAMTS1 0.71 3.45E-21 7.11E-19
ENSG00000179094 PER1 1.51 4.39E-21 8.94E-19
ENSG00000182585 EPGN 1.82 5.55E-21 1.12E-18
ENSG00000170802 FOXN2 0.88 5.62E-21 1.12E-18
ENSG00000149289 ZC3H12C 1.11 6.21E-21 1.22E-18
ENSG00000155850 SLC26A2 0.95 8.23E-21 1.60E-18
ENSG00000124145 SDC4 0.88 8.44E-21 1.62E-18
ENSG00000173281 PPP1R3B 1 1.10E-20 2.09E-18
ENSG00000162783 IER5 0.97 2.44E-20 4.57E-18
ENSG00000081320 STK17B 1.39 2.79E-20 5.18E-18
ENSG00000182795 Clorfll6 0.66 8.62E-20 1.58E-17
ENSG00000148339 SLC25A25 1.08 9.50E-20 1.73E-17
ENSG00000185950 IRS2 1.11 1.22E-19 2.19E-17
ENSG00000164951 PDP1 0.85 1.45E-19 2.58E-17
ENSG00000170525 PFKFB3 0.92 3.34E-19 5.89E-17
ENSG00000113369 ARRDC3 -1.38 3.77E-19 6.56E-17
ENSG00000013588 GPRC5A 0.74 6.20E-19 1.07E-16
ENSG00000188215 DCUN1D3 0.97 7.25E-19 1.24E-16
ENSG00000142627 EPHA2 1.46 1.22E-18 2.06E-16
ENSG00000170561 IRX2 0.98 3.04E-18 5.09E-16




Table S4. Top 100 most statistically significant E2-regulated genes at 180 min

log2 Fold Adjusted P
Ensemble ID Gene Symbol Change P value value
ENSG00000120738 EGR1 -2.43 7.41E-66 1.24E-61
ENSG00000092820 EZR 0.87 6.86E-58 5.74E-54
ENSG00000163110 PDLIM5 1.24 5.90E-50 3.29E-46
ENSG00000213694 S1PR3 1.12 5.28E-43 2.21E-39
ENSG00000177614 PGBD5 1.77 1.05E-42 3.51E-39
ENSG00000157654 | PALM2AKAP2 1.08 3.83E-42 1.07E-38
ENSG00000163347 CLDN1 1.74 1.38E-39 3.31E-36
ENSG00000020577 SAMD4A 1.83 5.23E-36 1.09E-32
ENSG00000146072 TNFRSF21 0.76 4.47E-34 7.99E-31
ENSG00000154447 SH3RF1 1.07 4.78E-34 7.99E-31
ENSG00000119125 GDA 1.86 7.49E-34 1.14E-30
ENSG00000077238 IL4R 1.24 1.52E-32 2.12E-29
ENSG00000164171 ITGA2 0.92 5.16E-31 6.63E-28
ENSG00000110092 CCND1 1.33 4.64E-29 5.54E-26
ENSG00000188042 ARLAC 1.15 1.74E-28 1.94E-25
ENSG00000178860 MSC 1.18 2.72E-28 2.84E-25
ENSG00000139514 SLC7A1 0.81 2.05E-26 1.91E-23
ENSG00000183579 ZNRF3 1.31 1.95E-26 1.91E-23
ENSG00000083307 GRHL2 -0.71 3.32E-26 2.92E-23
ENSG00000166016 ABTB2 1.03 3.72E-26 2.96E-23
ENSG00000175592 FOSL1 1.64 3.55E-26 2.96E-23
ENSG00000107984 DKK1 1.19 3.15E-25 2.39E-22
ENSG00000073008 PVR 0.75 8.98E-25 6.53E-22
ENSG00000226752 CUTALP -0.71 1.58E-24 1.10E-21
ENSG00000105971 CAV2 0.73 2.20E-24 1.47E-21
ENSG00000277586 NEFL 0.88 6.59E-24 4.24E-21
ENSG00000205268 PDE7A -1.11 8.31E-24 5.15E-21
ENSG00000137267 TUBB2A 1.13 9.00E-24 5.37E-21
ENSG00000070961 ATP2B1 0.77 3.93E-23 2.26E-20
ENSG00000160584 SIK3 0.64 5.75E-23 3.21E-20
ENSG00000119280 Clorf198 0.68 6.44E-23 3.47E-20
ENSG00000137460 FHDC1 0.78 6.63E-23 3.47E-20
ENSG00000104635 SLC39A14 0.75 5.03E-22 2.55E-19
ENSG00000138771 SHROOM3 1.09 6.56E-22 3.23E-19
ENSG00000134294 SLC38A2 0.69 7.10E-22 3.39E-19
ENSG00000167767 KRT80 0.88 3.26E-21 1.51E-18
ENSG00000198369 SPRED2 0.75 3.81E-21 1.72E-18
ENSG00000113645 WWC1 1.06 2.13E-20 9.36E-18




ENSG00000075426 FOSL2 0.80 4.74E-20 2.03E-17
ENSG00000144063 MALL 0.91 1.28E-19 5.35E-17
ENSG00000124193 SRSF6 -0.56 1.37E-19 5.59E-17
ENSG00000035403 VCL 0.61 1.82E-19 7.25E-17
ENSG00000223960 CHROMR -0.76 5.58E-19 2.17E-16
ENSG00000188910 GJB3 0.88 7.24E-19 2.75E-16
ENSG00000179431 FIX1 1.49 9.28E-19 3.45E-16
ENSG00000171729 TMEM51 131 9.78E-19 3.56E-16
ENSG00000178075 GRAMD1C -0.86 1.61E-18 5.74E-16
ENSG00000172818 OovolL1 1.39 2.24E-18 7.81E-16
ENSG00000095383 TBC1D2 1.15 2.30E-18 7.86E-16
ENSG00000109079 TNFAIP1 0.63 2.45E-18 8.20E-16
ENSG00000124225 PMEPA1 0.96 3.74E-18 1.21E-15
ENSG00000276023 DUSP14 0.79 3.77E-18 1.21E-15
ENSG00000197632 SERPINB2 1.18 5.53E-18 1.75E-15
ENSG00000149346 SLX4|P -0.78 1.02E-17 3.17E-15
ENSG00000168575 SLC20A2 0.87 1.26E-17 3.83E-15
ENSG00000272645 None -1.05 1.40E-17 4.19E-15
ENSG00000110047 EHD1 1.16 2.43E-17 7.14E-15
ENSG00000171552 BCL2L1 0.66 2.54E-17 7.32E-15
ENSG00000122863 CHST3 0.69 2.92E-17 8.28E-15
ENSG00000108244 KRT23 1.60 3.49E-17 9.73E-15
ENSG00000180229 HERC2P3 -1.01 5.61E-17 1.54E-14
ENSG00000105810 CDK6 0.65 5.81E-17 1.57E-14
ENSG00000110104 CCDC86 1.10 6.40E-17 1.62E-14
ENSG00000130559 CAMSAP1 0.77 6.27E-17 1.62E-14
ENSG00000176971 FIBIN -0.85 6.26E-17 1.62E-14
ENSG00000276550 HERC2P2 -0.76 6.33E-17 1.62E-14
ENSG00000186814 ZSCAN30 -0.78 7.65E-17 1.91E-14
ENSG00000121039 RDH10 0.98 8.20E-17 2.02E-14
ENSG00000146112 PPP1R18 0.51 8.37E-17 2.03E-14
ENSG00000158966 CACHD1 -0.98 1.11E-16 2.66E-14
ENSG00000034152 MAP2K3 1.06 1.21E-16 2.86E-14
ENSG00000155324 GRAMD2B 0.87 1.95E-16 4.53E-14
ENSG00000124762 CDKN1A 0.78 3.92E-16 8.99E-14
ENSG00000106261 ZKSCAN1 -0.97 4.53E-16 1.02E-13
ENSG00000184292 TACSTD2 0.85 5.54E-16 1.23E-13
ENSG00000104368 PLAT 0.81 9.64E-16 2.12E-13
ENSG00000127328 RAB3IP 0.94 9.82E-16 2.13E-13
ENSG00000103404 USP31 0.81 1.02E-15 2.18E-13
ENSG00000115641 FHL2 1.04 1.14E-15 2.42E-13
ENSG00000144824 PHLDB2 0.88 1.24E-15 2.59E-13
ENSG00000152926 ZNF117 -0.92 1.31E-15 2.71E-13




ENSG00000129474 AJUBA 0.62 1.96E-15 4.00E-13
ENSG00000128422 KRT17 1.12 2.21E-15 4.45E-13
ENSG00000118507 AKAP7 -0.86 2.94E-15 5.86E-13
ENSG00000272668 | LOC107985216 -1.54 3.07E-15 6.03E-13
ENSG00000188112 C6orf132 0.67 3.33E-15 6.47E-13
ENSG00000116001 TIA1 -0.55 4.11E-15 7.91E-13
ENSG00000172572 PDE3A -0.70 4.17E-15 7.93E-13
ENSG00000159840 ZYX 1.15 4.30E-15 8.00E-13
ENSG00000185479 KRT6B 0.76 4.31E-15 8.00E-13
ENSG00000183742 MACC1 1.15 5.11E-15 9.39E-13
ENSG00000004534 RBM6 -0.78 5.37E-15 9.76E-13
ENSG00000185963 BICD2 0.65 5.74E-15 1.03E-12
ENSG00000138271 GPR87 1.05 5.84E-15 1.04E-12
ENSG00000074621 SLC24A1 -0.83 6.21E-15 1.09E-12
ENSG00000103126 AXIN1 1.16 6.69E-15 1.16E-12
ENSG00000184675 AMER1 0.64 6.83E-15 1.18E-12
ENSG00000112578 BYSL 0.75 7.23E-15 1.23E-12
ENSG00000092969 TGFB2 0.76 9.04E-15 1.53E-12
ENSG00000100336 APOL4 -0.96 9.21E-15 1.54E-12




Figure S1. gPCR products validation by agarose gel
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Figure S1, Agarose gel validation of qPCR products

Agarose gel (3%) electrophoresis confirmed RT-gPCR primers’ amplicons (B). The base pairs (bps)
for each RT-gPCR product are: GAPDH 124bps (1, 6, 11, 16), ESR1 122bps (2, 7, 12, 17), ERa36
91bps (3, 8, 13, 18), GPER 169bps (4, 9, 14, 19), and EGFR 167bps (5, 10, 15, 20).



Figure S2. BCL-2 protein abundance in TN-IBC SUM149 after E2 and G15 treatment
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Figure S3. BCL-2 protein abundance in HER2-amplified IBC SUM190 after E2 and G15 treatment
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Figure S4. Cyclin E1 and CDK2 protein abundance in TN-IBC SUM149 after E2 + G15 treatment
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Figure S5. Cyclin E1 and CDK2 protein abundance in HER2-amplified IBC SUM190 after E2 + G15

treatment
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Figure S6. GPER protein abundance across different breast cancer cell lines

Biological replicate

e — — — — -— A
- - — g—
- - ~-n' ~-=g
bl
‘
MCF7 231 149 190 MCF7 231 149 190 CF7 231 149 MCF7 231 149 190 MCF7 231 149 190
-
- ot St ) el -
—— ——— e -
e de — e — W—— ——

MCF7 231 149 190

MCF7 231 149 190

~ |[MCF7 231 149 190

MCF7 231 149 190

MCF7 231 149 190 MCF7 231 149 190

Membranes and antibodies against GPER:

A — B: Anti-G-protein coupled receptor 30 antibody (Abcam, ab39742; 1:50)

C — D: Anti-G-protein coupled receptor 30 antibody (Abcam, ab39742; 1:50)

E — F: anti-GPER (Abcam, #260033; 1:50)
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Figure S7. ERK1/2 and AKT phosphorylation levels after E2 treatment in IBC cells
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Figure S8. ERK1/2 phosphorylation levels after E2 treatment in IBC cells
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Protocols

A. Immunocytochemistry and immunofluorescence staining protocol (Abcam)

Fixation:

1. 4% paraformaldehyde in PBS pH 7.4 for 10 min at room temperature.

2. The cells should be washed three times with ice-cold PBS.

Permeabilization:

If the target protein is intracellular, it is essential to permeabilize the cells.

1. Incubate the samples for 10 min with PBS containing either 0.1-0.25% Triton X-100 or
Tween-20. Triton X-100 is the most popular detergent for improving the penetration
of the antibody. However, it is not appropriate for membrane-associated antigens
since it destroys membranes.

2. The optimal percentage of detergent should be determined for each protein of
interest.

3. Wash cells in PBS three times for 5 min.

Blocking and immunostaining:

1. Incubate cells with 10% serum in PBST (PBS + 0.1% Tween 20) for 30 min to block
unspecific binding. Use serum from the species of the secondary antibody were raised in,
typically goat serum or donkey serum. Alternative blocking 1% BSA.

2. Incubate cells in the diluted antibody in 10% serum in PBST in a humidified chamber for 1

h at room temperature or overnight at 4°C.



3. Decant the solution and wash the cells three times in PBS, 5 min each wash.

4. Incubate cells with the secondary antibody in 1% serum for 1 h at room temperature in
the dark.

5. Decant the secondary antibody solution and wash three times with PBS for 5 min each in

the dark.

Mounting:

1. Mount the coverslip with a drop of mounting medium.
2. Sealthe coverslip with nail polish to prevent drying and movement under the microscope.

3. Storein the dark at -20°C or +4°C.

B. RNA extraction and purification

RNeasy® Mini Kit, Part 1 (cat. nos. 74104 and 74106)

The RNeasy Mini Kit can be stored at room temperature (15-25°C) for at least 9 months if not

otherwise stated on the label.

Further information

RNeasy Mini Handbook: www.giagen.com/HB-0435

Safety Data Sheets: www.giagen.com/safety

Technical assistance: support.giagen.com

Notes before starting:



e If purifying RNA from cell lines rich in RNases, or tissue, add either 10 ul B-
mercaptoethanol (BME), or 20 pl 2 M dithiothreitol (DTT), to 1 ml Buffer RLT. Buffer RLT
with B-ME or DTT can be stored at room temperature for up to 1 month.

e Add 4 volumes of ethanol (96—100%) to Buffer RPE for a working solution.

e Remove RNAprotect® stabilized tissue from the reagent using forceps.

e For RNeasy Protect Mini Kit (cat. nos. 74124 and 74126), please start with the Quick-Start

Protocol RNAprotect Tissue Reagent, RNAprotect Tissue Tubes, and RNeasy Protect Kits.

1. Cells: Harvest a maximum of 1 x 107 cells, as a cell pellet or by direct lysis in the vessel. Add

the appropriate volume of Buffer RLT (Table 1.) and select a suitable method for disruption and

homogenization.

Table 1. Volumes of Buffer RLT for sample disruption and homogenization

Sample Amount Dish Buffer  Disruption and homogenization
RLT (pl)
Animal cells <5x10¢ <6 cm 350 Add Buffer RLT, vortex (<1 x 10° cells); or use
<1x107 6-10cm 600 QlAshredder, TissueRuptor®, or needle and syringe
Animal tissues <20 mg - 350 Tissuelyser LT; Tissuelyser Il; TissueRuptor, or mortar and
<30 mg - 600 pestle followed by QlAshredder or needle and syringe

2. Add 1 volume of 70% ethanol to the lysate and mix well by pipetting. Do not centrifuge.

Proceed immediately to step 3.

3. Transfer up to 600 ul of the sample, including any precipitate, to a RNeasy Mini spin

column placed in a 2 ml collection tube. Close the lid, and centrifuge for 15 s at



>8000 x g. Discard the flow-through.

4. Add 600 pl Buffer RW1 to the RNeasy spin column. Close the lid and centrifuge for 15 s at

>8000 x g. Discard the flow-through.

5. Add 500 pl Buffer RPE to the RNeasy spin column. Close the lid and centrifuge for 15 s at 28000

x g. Discard the flow-through.

6. Add 500 pl Buffer RPE to the RNeasy spin column. Close the lid and centrifuge for 2 min at
>8000 x g. Optional: Place the RNeasy spin column in a new 2 ml collection tube (supplied).

Centrifuge at full speed for 1 min to dry the membrane.

7. Place the RNeasy spin column in a new 1.5 ml collection tube. Add 40 ul RNase-free water
directly to the spin column membrane. Close the lid and centrifuge for 1 min at 28000 x g to elute

the RNA.

8. If the expected RNA yield is >30 pg, repeat step 7 using another 30-50 pl of RNase-free water
or the eluate from step 7 (if high RNA concentration is required). Reuse the collection tube from

step 7.

C. cDNA synthesis

iScript™ cDNA Synthesis Kit (Cat. #1708890, Bio-Rad)

Components Volume per Reaction, ulL
1. 5XiScript Reaction Mix: 4 ul
2. iScript Reverse Transcriptase: 1ul

3. RNAtemplate (1 pg total RNA): Variable



4. Nuclease-free water: Variable

Total volumen: 20ul

Note: Always include 10% to account for pipetting errors.

Reaction Protocol

Incubate the complete reaction mix in a thermal cycler using the following protocol:

1. Priming: 5 min at 25°C
2. Reverse transcription: 20 min at 46°C
3. RTinactivation: 1 min at 95°C
4. Optional step: Hold at 4°C

Note: Label property and store at -20°C

D. Real-time PCR
Real-time PCR was performed following the iTag™ Universal SYBR® Green Supermix
Product Insert provided by Bio-Rad.

E. Protein extraction

Cell lysate preparation (Adherent Cells)

1. Wash cells directly in the tissue culture flask or dish by gently adding cold PBS and rocking.
Aspirate PBS and repeat. Keep the tissue culture dish on ice throughout.
2. Add an appropriate volume of ice-cold lysis buffer (with new protease inhibitors) to the

plate (approximately 200 ul flask for a 100 mm tissue culture dish).



3. Incubate for 10 minutes on ice, and then scrape cells from the surface using a rubber
spatula.

4. Transfer to a microfuge tube and clarify the lysate by spinning for 20 minutes at 12,000
rPM, at 4°C.

5. Transfer the supernatant to a fresh tube and store it on ice or frozen at -20°C or -80°C.

BCA Protein Assay (Thermo Scientific, Cat. No. 23227)

Application: Tecan i-control Tecan i-control , 2.0.10.0
Device: infinite 200Pro Serial number: 1507008929

MAI, V_3.40_01/15_Infinite (Dec 23
Firmware: V_3.40_01/15_Infinite (Dec 23 2014/12.45.11)  2014/12.45.11)

Mode Absorbance
Measurement
Wavelength 562 nm
Bandwidth 9 nm
Number of Flashes 25
Settle
Time 0 ms
Sample A B Average Average-Blank )
0 0.08 0.08 0.08 0.00 Chart Title
1 0.17 0.15 0.16 0.08 1.20 4= 0.0511x + 0.0377
2 0.23 0.23 0.23 0.15 1.00 R?=0.9971 @
3 0.27 0.28 0.27 0.19 0.0 e
4 0.35 0.32 0.34 0.26 0.60
- °
5 0.41 0.38 0.39 0.31 0.40
10 0.66 0.63 0.65 0.57 ‘.-“"'
0.20 °®
15 0.91 0.85 0.88 0.80 0.00 ‘_..-'
20 112 0.92 112 1.04 0 s 10 5 20 -
Sample A B Average Average-Blank ug/ul 40ug Total Total
MCF7 0.44 0.43 0.44 0.36 6.28 3.1 12.74 30.6 38.2
231 0.52 0.46 r 0.49 0.41 7.25 3.6 11.04 30.6 38.2
SUM149 0.31 0.30 0.31 0.23 3.72 1.9 21.52 30.6 38.2
SUM190  0.43 0.41 0.42 0.34 5.93 3.0 13.48 30.6 38.2




Steps for calculating protein concentration from the BCA

1. Average sample A + B.
2. Subtract the value of the control group; Blank (0).
3. Use the linear equation to solve for x.

4. Divide by 2 the ug of the 2 ul sample to obtain the concentration of ug/ul.

Standard denaturing

1. Mixsample 1:1 by volume with Laemmli 2x sample buffer.

2. Heat to 95°C for 10 minutes.

3. Load 20-50 ug sample per lane, along with appropriate positive and negative controls.

4. Run the gel and transfer it to PVDF or nitrocellulose membrane according to the
manufacturer’s instructions for the equipment and materials.

F. SDS-PAGE

SDS-PAGE was performed following the Mini-PROTEAN TGX Precast Gels Quick Strat Guide

(Bulletin_6048B) provided by Bio-rad.

G. Western blot

Using the Trans-Blot® SD Semi-Dry Transfer Cell

1. Prepare ~ 1L of a 1x transfer buffer solution by diluting 100 ml
10x Tris/glycine premixed buffer (catalog #161-0734) with 700 ml
water and 200 ml methanol.

2. Rinse gel briefly in water and equilibrate in 1x transfer buffer for 15 min



Soak two pieces of precut extra-thick filter paper (match the size of the gel) and
nitrocellulose membrane in transfer buffer until wet; if PVDF is used, activate the

PVDF by soaking in 100% methanol briefly, then equilibrating in transfer buffer

Place one filter paper on the anode side of the semi-dry apparatus

Place membrane (PVDF or nitrocellulose) on top of the filter paper

Carefully place gel on top of the membrane

Place the second piece of filter paper on top of the gel; roll out any bubbles that may have
formed between the stacks

Carefully place the cathode assembly onto the transfer stack and then place the

safety cover back onto the unit.

. Immunodetection (immunoblotting)

Place blot into blocking solution for 1 hr at RT or overnight at 4°C.

Rinse the blot briefly with wash buffer and then add the primary antibody diluted in the
wash buffer (check datasheets for precise recommendations). Incubate for 2 hr at RT or
overnight at 4°C.

Wash the blot extensively in wash buffer (3 x 5 min) with gentle agitation.

Add appropriate enzyme-conjugated secondary antibody diluted in wash buffer and
incubate for 1 hr at RT with gentle agitation.

Wash the membrane 3x 5 min in TBST with gentle agitation.

Add appropriate enzyme substrate solution (1 ml mix) and incubate as recommended by

the manufacturer to visualize protein bands.



2D-Dose Response Curve (IC50)

1. Two days (100mm plate with cells)- starving medium (1%DCC)

Example: You need 3 wells for each
concentration of treatment. *ADD 2

(10,000 cells) x (5 wells) = 50,000 cells

Calculate the number of cells for all the wells.

Example: If the 100mm plate has 1x10¢ cells:

(50,000 cells) / (1x106 cells) = 0.05ml 0.05ml x

If you have 8 concentrations of the treatment.

Calculate the amount of starving medium +

(200ul of dilution) x (5 wells) = 1,000ul

(90ul starving medium) x (5 wells) = 450ul
(10ul Alamar Blue) x (5 wells) = 50ul *Prepare

After two days:
2. Perform 2X Serial Dilution of the treatment using a starving medium.
3. Using the 100mm plate of step 1, detach cells using
trypsin.
4. Count cells using Trypan Blue. ADDITIONAL WELLS.
5. Calculate the number of cells for all the wells
(10,000 cells per well)
Number of cells needed
Number of cells counted Volume
6. Prepare the sterile tubes with the calculated 1,000:=30ul
volume and 1 mL of starving medium. The amount
of tubes is based on the number of diluted Prepare 8 sterile tubes with:
concentrations of the treatment.
7. Centrifuge all the tubes (1.2rpm for 8-10 minutes). S0ul + 1mi starving medium
8. Decant the supernatant in a beaker.
9. Resuspend the pellet with the calculated amount of | treatment (dilution):
dilution (starving medium + treatment).
10. Add 200ul of the suspension in their respective
wells. Alamar Blue dilution:
11. Place the 96 wells plate in the incubator for 24, 48,
and 72 hours. *Prepare a 96 wells plate for each
timepoint. the dilution in a reservoir.
12. After the timepoint, remove the medium and add

100ul of diluted Alamar Blue (90ul of starving medium + 10ul of Alamar Blue).

Important details:

All the concentrations have been performed in three technical replicates.
All the timepoints have been performed in three biological replicates.

All the plates need three technical replicates of:
e Starving medium (without cells)

e Cells with starving medium (without treatment)

e Vehicle (DMSO or EtOH)




J. 3D cell culture in Matrigel

The major components of Corning® Matrigel® matrix are laminin (~60%), collagen IV (~30%),

entactin (~8%) and heparan sulfate proteoglycan. Growth factors, collagenases, plasminogen

activators, and other undefined components have also been reported in Corning Matrigel matrix.

Reagents and Materials

D SUM149 cell line (ATCC)

D FBS (Corning Cat. No. 35-015-CV)

D PBS (Corning Cat. No. 21-040-CV)

D Complete SUM149 growth medium
D 0.25% Trypsin/EDTA (Corning Cat. No. 25-053-Cl)

D 24-well plate (Corning Cat. No. 3524)

D Corning Matrigel matrix (Corning Cat. No. 356234)

D Incubator

Protocol

1.

2.

Thaw Matrigel matrix overnight by submerging the vial in a 4°C refrigerator before use. Once
Matrigel matrix is thawed, swirl vial to ensure the material is dispersed.

Add 200 pL of Matrigel matrix into each well of a pre-chilled 24-well plate, spread evenly with
a pipet tip, and then incubate at 37°C for 30 min. to allow the Matrigel matrix to gel.

Note: All culture ware or media in contact with Matrigel matrix should be pre-chilled/ice-cold.
Keep Matrigel matrix on ice during the entire process and do not over dry the Matrigel matrix
during the gel process.

Wash the SUM149 cells once with PBS. Trypsinize the cells to make a single-cell suspension,
and then pellet the cells through centrifugation at 125 x g for 10 min. at room temperature
(RT).

Note: Use cells that are healthy and not more than 85% confluent. SUM149 cells tend to form
cell clumps; therefore, it is often necessary to pipet them vigorously to obtain a single cell

suspension.



4. Re-suspend the cells with SUM149 complete medium (F12 + 10% FBS) to adjust the final cell
density to 1 x 10° cells/mL, plate 250 pL prepared cell suspension into each well of the pre-
coated 24-well plate, and then incubate at 37°C for 60 min.

Note: The number of cells may need optimization depending on the growth properties of the
cell line.

5. Chill the SUM149 complete medium on ice and prepare treatments solution. Add Matrigel
matrix to 5% of the final volume for each treatment. Gently add 250 ulL of Matrigel matrix
medium mixture to the plated culture. Note: Medium must be thoroughly chilled before the
addition of Matrigel matrix to ensure homogenous mixing and even deposition of Matrigel
matrix onto cells in culture. Pipet the Matrigel matrix medium mixture down the side of the
well to avoid disturbance of the cells or Matrigel Matrix.

6. Continuously culture for 10 days and change Matrigel matrix medium mixture every 2 days.

7. After 10 days of culturing, the morphology of the colonies is verified through a microscope

(4X objective). The area/size of the colonies are measured in the 20X objective through

Imagel.



K. RStudio codes
1. Bargraph and bubbleplots
library(enrichR)
library(ggplot2)
library(dplyr)
library(stringr)
library(viridis)
library(data.table)

library(tidyverse)

setwd("C:/Users/xbitt/OneDrive/Documents/CCC/Rstudio/RNAseq_analysis/DMSOvs45min")

getwd()

list.files()

#HiHLoad dataset with list of sig Genes

XavierList <- read.csv(file="RNAseq_DMSOvs45min.csv",sep=
head(XavierList)

miniXavier <- head(XavierList, 211)

head(miniXavier)

listEnrichrSites()

setEnrichrSite("Enrichr") # Human genes

websiteLive <- TRUE

dbs <- listEnrichrDbs()

if (is.null(dbs)) websiteLive <- FALSE
if (websiteLive) head(dbs)

dbs <- c("GO_Molecular_Function_2021",
"GO_Biological_Process_2021", "KEGG_2021_Human")

, header=T, na.strings = "NA")

"GO_Cellular_Component_2021",



if (websiteLive) {
enriched <- enrichr(miniXavierSGene.Symbol, dbs)

}

GOBP<-if (websiteLive) enriched[["GO_Biological Process 2021"]]
GOCC<-if (websiteLive) enriched[["GO_Cellular_Component_2021"]]
GOMF<-if (websiteLive) enriched[["GO_Molecular_Function_2021"]]
KEGG<-if (websitelLive) enriched[["KEGG_2021_Human"]]

colnames(GOBP)
colnames(GOCC)
colnames(GOMF)
colnames(KEGG)

H##H#H#Visualization from enrichR Results

#####Add the count column based on the number of gene present per GO term
GOBPSNumberOfGenes <- str_count(GOBPS$Genes, ";")+1
GOCCSNumberOfGenes <- str_count(GOCCSGenes, ";")+1
GOMFSNumberOfGenes <- str_count(GOMFSGenes, ";")+1
KEGGSNumberOfGenes <- str_count(KEGGSGenes, ";")+1

HiHHHHAD a column that contains the -logbasel0 of the pValue enriched per GO term
GOBP <- GOBP %>% mutate(log10pValue=-log10(P.value))

GOCC <- GOCC %>% mutate(logl0pValue=-log10(P.value))

GOMF <- GOMF %>% mutate(log10pValue=-log10(P.value))

KEGG <- KEGG %>% mutate(log10pValue=-log10(P.value))

#it#t###H#Rename the columns obtained from enrichR

GOBP <- GOBP %>% rename(GOTerm=Term,
pValue=P.value,
OldpValue=0ld.P.value,

AdjpValue=Adjusted.P.value,



OldAdjpValue=0ld.Adjusted.P.value)
GOCC <- GOCC %>% rename(GOTerm=Term,
pValue=P.value,
OldpValue=0ld.P.value,
AdjpValue=Adjusted.P.value,
OldAdjpValue=0ld.Adjusted.P.value)
GOMF <- GOMF %>% rename(GOTerm=Term,
pValue=P.value,
OldpValue=0ld.P.value,
AdjpValue=Adjusted.P.value,
OldAdjpValue=0ld.Adjusted.P.value)
KEGG <- KEGG %>% rename(GOTerm=Term,
pValue=P.value,
OldpValue=0ld.P.value,
AdjpValue=Adjusted.P.value,
OldAdjpValue=0ld.Adjusted.P.value)

Hit#HHEFilter to only have the significant GOTerms
GOBP<- GOBP %>% filter(log10pValue>=1.30103)
GOCC<- GOCC %>% filter(log10pValue>=1.30103)
GOMPF<- GOMF %>% filter(log10pValue>=1.30103)
KEGG<- KEGG %>% filter(log10pValue>=1.30103)

HiHH##HSort the dataframes by -loglOpValue in descending order.
GOBP<- GOBP %>% arrange(desc(logl0pValue))

GOCC<- GOCC %>% arrange(desc(logl0pValue))

GOMF<- GOMF %>% arrange(desc(logl0pValue))

KEGG<- KEGG %>% arrange(desc(logl0pValue))

HHH#H#HSUbset a dataframe that only contains the first top 50 most significant GOTerms

GOBP_p2<-head(GOBP, 10) #Top 50 most enriched



GOCC_p2<-head(GOCC, 10) #Top 50 most enriched
GOMF_p2<-head(GOMF, 10) #Top 50 most enriched
KEGG_p2<-head(KEGG, 10) #Top 50 most enriched

HHHHHHHHHHHHHHHHHHHHHEHHBUBBLEPLOTSHHHHHHHHHHH HEHHHHHHHHHHH
Hit##HMake the Bubbleplots
Hi##HBubleplot for GOBP
ggsave("GOBP_BubblePlotXavier_06162022.png",width = 16,height = 9,dpi = 1200)
a<-ggplot(GOBP_p2,aes(x=logl0pValue,y=GOTerm, size=NumberOfGenes, color=log10pValue))+
geom_point(alpha=0.5)+
scale_color_viridis(option="turbo", direction=-1)+
ggtitle("Enrichment analysis from enrichR for GO Biological Process")+
xlab("-log10pValue")+
ylab("GO Terms")+
theme(
plot.title = element_text(color="black", size=12, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=12, face="bold"),
axis.title.y = element_text(color="black", size=12, face="bold")
)
print(a)
dev.off()

H#t##HBubleplot for GOCC
ggsave("GOCC_BubblePlotXavier_06162022.png",width = 16,height = 9,dpi = 1200)
b<-ggplot(GOCC_p2,aes(x=logl0pValue,y=GOTerm, size=NumberOfGenes, color=log1l0pValue))+
geom_point(alpha=0.5)+
scale_color_viridis(option="turbo", direction=-1)+
ggtitle("Enrichment analysis from enrichR for GO Cellular Components")+
xlab("-log10pValue")+
ylab("GO Terms")+
theme(

plot.title = element_text(color="black", size=12, face="bold", hjust=+0.5),



axis.title.x = element_text(color="black", size=12, face="bold"),
axis.title.y = element_text(color="black", size=12, face="bold")
)
print(b)
dev.off()
H###HBubleplot for GOMF
ggsave("GOMF_BubblePlotXavier_06162022.png",width = 16,height = 9,dpi = 1200)
c<-ggplot(GOMF_p2,aes(x=log10pValue,y=GOTerm, size=NumberOfGenes, color=log10pValue))+
geom_point(alpha=0.5)+
scale_color_viridis(option="turbo", direction=-1)+
ggtitle("Enrichment analysis from enrichR for GO Molecular Functions")+
xlab("-log10pValue")+
ylab("GO Terms")+
theme(
plot.title = element_text(color="black", size=12, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=12, face="bold"),
axis.title.y = element_text(color="black", size=12, face="bold")
)
print(c)
dev.off()

Hi##HBubleplot for KEGG
ggsave("KEGG_BubblePlotXavier_06162022.png",width = 16,height = 9,dpi = 1200)
d<-ggplot(KEGG_p2,aes(x=logl0pValue,y=GOTerm, size=NumberOfGenes, color=logl0pValue))+

geom_point(alpha=0.5)+

scale_color_viridis(option="turbo", direction=-1)+

ggtitle("Enrichment analysis from enrichR for KEGG Pathways")+

xlab("-log10pValue")+

ylab("GO Terms")+

theme(

plot.title = element_text(color="black", size=12, face="bold", hjust=+0.5),

axis.title.x = element_text(color="black", size=12, face="bold"),



axis.title.y = element_text(color="black", size=12, face="bold")
)
print(d)
dev.off()
HHHHHHHHHHHHHHHHHHHHHEHHBUBBLEPLOTSHHHHHHHHHHH HEHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHHHHHHBARPLOTSHEHHHHHHFHHH HHHHHHHHHHHH
Hit##HMake the Barplots
Hit##HBarplot for GOBP
summary(GOBP_p2Slogl0pValue)
ggplot(GOBP_p2,aes(x=NumberOfGenes,y=reorder(GOTerm,+NumberOfGenes), fill=log10pValue))+
geom_bar(stat = "identity") +
#scale_color_viridis(option="turbo", direction=-1)+
scale_fill_gradient2(low="black", mid="lightskyblue2", high="red",
midpoint=9.839, limits=range(GOBP_p2Slog10pValue)) +
ggtitle("Enrichment analysis for GO Biological Process, E2 45 min")+
xlab("Number of Genes per GO Term")+
ylab("GO Terms")+
theme(
plot.title = element_text(color="black", size=14, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=14, face="bold"),
axis.title.y = element_text(color="black", size=14, face="bold")
)
#it#t#Barplot for GOCC
summary(GOCC_p2Slogl10pValue)
ggplot(GOCC_p2,aes(x=NumberOfGenes,y=reorder(GOTerm,+NumberOfGenes), fill=log10pValue))+
geom_bar(stat = "identity", color="black") +
#scale_color_viridis(option="turbo", direction=-1)+
scale_fill_gradient2(low="black", mid="lightskyblue2", high="red",
midpoint=2.132, limits=range(GOCC_p2Slog10pValue)) +
ggtitle("Enrichment analysis for GO Cellular Components, E2 45 min")+

xlab("Number of Genes per GO Term")+



ylab("GO Terms")+
theme(
plot.title = element_text(color="black", size=14, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=14, face="bold"),
axis.title.y = element_text(color="black", size=14, face="bold")
)
Hit##HBarplot for GOMF
summary(GOMF_p2Slogl10pValue)
ggplot(GOMF_p2,aes(x=NumberOfGenes,y=reorder(GOTerm,+NumberOfGenes), fill=log10pValue))+
geom_bar(stat = "identity", color="black") +
#scale_color_viridis(option="turbo", direction=-1)+
scale_fill_gradient2(low="lightskyblue4", mid="lightskyblue2", high="red",
midpoint=11.135, limits=range(GOMF_p2Slog10pValue)) +
ggtitle("Enrichment analysis for GO Molecular Functions, E2 45 min")+
xlab("Number of Genes per GO Term")+
ylab("GO Terms")+
theme(
plot.title = element_text(color="black", size=14, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=14, face="bold"),
axis.title.y = element_text(color="black", size=14, face="bold")
)
Hit##HBarplot for KEGG
summary(KEGG_p2Slog10pValue)
geplot(KEGG_p2,aes(x=NumberOfGenes,y=reorder(GOTerm,+NumberOfGenes), fill=logl0pValue))+
geom_bar(stat = "identity") +
#scale_color_viridis(option="turbo", direction=-1)+
scale_fill_gradient2(low="black", mid="lightskyblue2", high="red",
midpoint=6.087, limits=range(KEGG_p2Slog10pValue)) +
ggtitle("Enrichment analysis for GO KEGG Pathways, E2 45 min")+
xlab("Number of Genes per GO Term")+
ylab("GO Terms")+

theme(



plot.title = element_text(color="black", size=14, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=14, face="bold"),
axis.title.y = element_text(color="black", size=14, face="bold")

)
HiHHHHHHHAHHH R AHEH BARPLOT SHE#H#HHHHHHHHHHFHHHHHHHHHH

#Save the files

write.csv(GOBP, file="GOBP_enrichRResults_XavierRNAaseq_DMSOvs45min.csv",row.names=FALSE)
write.csv(GOCC, file="GOCC_enrichRResults_XavierRNAaseq_DMSOvs45min.csv",row.names=FALSE)
write.csv(GOMF, file="GOMFP_enrichRResults_XavierRNAaseq_DMSOvs45min.csv",row.names=FALSE)
write.csv(KEGG, file="KEGG_enrichRResults_XavierRNAaseq_DMSOvs45min.csv",row.names=FALSE)

2. Volcano plot code

library(ggplot2)
library(dplyr)
library(ggrepel)

setwd("C:/Users/xbitt/OneDrive/Documents/CCC/Rstudio/RNAseq_analysis/DMSOvs90min")
getwd()

list.files()

genes <- read.csv(file="90min_genes_1.csv",sep=",", header=T, na.strings = "NA")
head(genes)

colnames(genes)

genesSdiffexpressed <- "NO"
head(genes)

dim(genes)

genesSdiffexpressed[genesSlog2.Fold.Change>(0.58) & genesSAdjusted.P.value<0.05] <-"UP"
genesSdiffexpressed[genesSlog2.Fold.Change<(-0.58) & genesSAdjusted.P.value<0.05] <-"DOWN"



head(genes)

genesSdelabel <-NA

ggplot(data=genes,aes(x=log2.Fold.Change,y=-log10(P.value), col=diffexpressed,label=delabel))+

geom_point()+

theme_minimal()+

geom_text_repel()+
scale_color_manual(values=c("blue", "black", "red"))+
geom_vline(xintercept=c(-0.8, 0.8), col="red")+
geom_hline(yintercept=-log10(0.001), col="red")+

theme(text=element_text(size=20))

head(genes)

arrange(genes,Adjusted.P.value)

head(arrange(genes,Adjusted.P.value),10)SAdjusted.P.value [10]

thresh=arrange(arrange(genes,Adjusted.P.value),10)SAdjusted.P.value [10]
thresh

head(genes)

head(thresh)

head(arrange(genes,Adjusted.P.value),10)SGene.Symbol

head(arrange(genes,Adjusted.P.value),10)
genesSdelabel[genesSAdjusted.P.value
(genes$Gene.Symbol[genesSAdjusted.P.value<=thresh])
head(genes$Gene.Symbol[genesSAdjusted.P.value<=thresh])

ggplot(data=genes,aes(x=log2.Fold.Change,y=-log10(Adjusted.P.value),
col=diffexpressed,label=delabel))+

geom_point()+

<=thresh]<-



theme_minimal()+

geom_text_repel()+

scale_color_manual(values=c("blue", "black", "red"))+
ggtitle("Differentialy expressed genes after E2 (90min)")+
#theme(text=element_text(size=16))

theme(

plot.title = element_text(color="black", size=16, face="bold", hjust=+0.5),
axis.title.x = element_text(color="black", size=16, face="bold"),

axis.title.y = element_text(color="black", size=16, face="bold")

)



