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ABSTRACT

Ovarian cancer remains one of the most lethal gynecological cancer and ranks
eighth in cancer-related mortality among women. The high mortality rate can be attributed
to majority of the cases being diagnosed at advanced stages of the disease when the
survival rate and overall prognosis are poor. There is lack of effective screening
modalities to detect ovarian cancer at early stages. Hence, a better understanding of the
molecular mechanisms leading to ovarian cancer initiation is required.

Epidemiological studies have reported that conditions which cause chronic
behavioral stress are associated with a higher risk of developing ovarian cancer. The
activation of the sympathetic nervous system during stress leads to rapid release of
catecholamines. In the ovary, norepinephrine (NE) has been identified as the most
abundant catecholamine. Several studies have shown that high level of NE is associated
with poor prognosis and can contribute to tumor progression by promoting survival,
growth, migration and invasion of ovarian cancer cells. Although the effect of NE
stimulation in ovarian cancer progression is well studied, its role in initiation of ovarian
cancer remains mostly unknown.

The purpose of this study is to explore the extent to which NE can influence ovarian
cancer initiation. Therefore, we used normal cell lines that are presumed to be the cells

of origin for ovarian cancer - fallopian tube surface epithelial cells and ovarian surface

viii



epithelial cells. We conducted a short-term/acute NE stimulation experiment in which cells
were treated with NE for 15 mins, 1 h and 4 h. In addition, we also conducted a long-
term/chronic NE stimulation experiment in which the cells were continuously exposed to
NE for 137 days. In this study, we provide evidence that acute vs chronic NE stimulation
have distinct transcriptional profiles. Additionally, we identify transcription factor HoxA5
to be induced by short-term NE treatment and provide evidence for the attenuation of
HoxAS5 induction in long-term treated NE cells. In summary, this project explores the role
of NE in ovarian cancer initiation and highlights the difference between acute vs chronic

NE stimulation in the precursor cells of ovarian cancer.



CHAPTER ONE

BACKGROUND

Ovarian Cancer

Subtypes:

Ovarian cancer is the second most common gynecological cancer and is the eighth
leading cause of death in women from cancer (1, 2). It also accounts for a higher mortality
rate in comparison to other female genital tumors (2, 3). Approximately 90% of ovarian
cancers are epithelial in origin and also known as Epithelial Ovarian Carcinoma (EOC).
The remaining 10% of ovarian tumors are sub-grouped into germ cell and sex cord-
stromal tumors (4). Evidence has shown that EOC is a heterogeneous disease. Based
on histopathology and molecular analysis, it can be further divided into five major
subtypes: high-grade serous ovarian carcinoma (HGSOC), low-grade serous ovarian
carcinoma (LGSOC), ovarian endometrioid carcinoma (EC), clear cell carcinoma (CCC)
and mucinous carcinoma (MC). These subtypes represent distinct diseases with
differences in pathogenesis, precursor lesions, treatment and prognosis. Among them,

HGSOC is the most prevalent and accounts for approximately 70% of total cases, while
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LGSOC has lower prevalence, contributing to less than 5% of total cases (3, 5, 6). The
incidence of EOC also differs by age, subtype, and ethnicity. In the US, non-Hispanic
white women have the highest incidence of EOC, and the Asian/Pacific Islanders have
the highest incidence of clear cell and endometroid carcinoma. Additionally, the African-
American women have much worse outcome and mortality. Both clear cell and
endometroid carcinoma occur at a younger age (~ 50 years) compared with serous

subtype which peak at about 60-70 years of age (4).

Pathology and Genetics:

In general, ovarian tumors of epithelial origin can be classified as benign,
borderline malignancy, and carcinoma depending on the rate of cell proliferation, degree
of atypical nuclei, and presence or absence of stromal invasion. Borderline cancers show
greater epithelial proliferation and higher nuclear atypia than that seen in their benign
counterparts. However, unlike carcinomas, they do not exhibit stromal invasion (6). To
determine the extent of ovarian carcinoma progression in the body, the American Joint
Committee on Cancer (AJCC) or International Federation of Gynecology and Obstetrics
(FIGO) staging system is used (7). Both these staging systems use the TNM
classification, where T refers to the size of the tumor, N refers to local lymph node
metastasis and M refers to metastasis to distal organs. Stage | cancers are considered
early-stage and confined to the ovaries. Patients with Stage | ovarian cancers have
excellent prognosis and 15% of total ovarian cancer patients are diagnosed at this stage.
In Stage Il ovarian carcinoma, cancer has spread to other areas of the pelvis and it

comprises 19% of total cases. In Stage Ill ovarian carcinoma, cancer has spread to other
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areas of the abdominal cavity and/or nearby lymph nodes, but not to distant sites. About
60% of all ovarian cancer cases are diagnosed at this stage. Stage |V ovarian carcinoma
represent cancers that have metastasized to distant organs beyond abdomen. Both Stage
Il and IV cancers are considered advanced stages and have poor prognosis with median

5-year survival rate of less than 50% (7).

High-grade serous ovarian carcinoma: HGSOC represent the most common
ovarian carcinoma subtype and the median age of diagnosis is 56 years. Most HGSOC

patients are diagnosed at advanced stages (3, 7) (Table 1.1).

Table 1.1: Pathologic classification of epithelial ovarian carcinomas (EOC)

Stage at Proliferation Prognosis Percentage
Diagnosis of all
ovarian
carcinoma
High-grade serous Advanced High Poor 70%
ovarian carcinoma (Stage Il or 1V)
Low-grade serous Early with few Low Favorable <5%
ovarian carcinoma Advanced Stage
Ovarian endometrioid Early with few Low Favorable 10-15%
carcinoma Advanced Stage
Clear cell carcinoma | Early with few Low Intermediate 6-10%
Advanced Stage
Mucinous carcinoma  Early (Stage | or Intermediate Favorable 3-4%

)
Adapted from (3)

In 2014, WHO officially recognized the classification of EOC subtypes into two
broad categories: Type | and Type Il. The Type | neoplasms are genomically stable and
develop in a step-wise progression from pre-cancerous lesions. Genetically, these tumors

exhibit wild-type p53 and display frequent oncogenic alterations in pathways such as



RAS-MAPK and PI3K-AKT. Clinically, Type | neoplasms and confined to the ovary and
have excellent prognosis. In contrast, Type |l neoplasms are more aggressive, have poor
prognosis and are characterized by high genomic instability and TP53 alterations. Type
Il tumors are predominantly HGSOC. These carcinomas have large, hyperchromatic and

pleomorphic nuclei along with prominent eosinophilic nucleoli (8, 9).

Numerous studies have identified genetic alterations in the tumor suppressor gene
TP53 to be the most prevalent mutation in HGSOC (approximately 96% of cases). The
most common oncogenic alterations of p53 are the hotspot mutations at the codons R175,
R273 and R248, comprising 19.7% of all TP53 alterations in HGSOC (10-12). p53 protein
functions as a tetramer and these hotspot mutations inhibit tetramerization even in the
presence of wild type p53 protein, by forming dominant-negative mutants. These
oncogenic mutant proteins scarcely retain the normal p53 activity and are also far more
stable than their wild-type counterparts due to lack of interaction with their negative
regulator, mdm2 (11-14). Apart from TP53, much lower frequency of alterations in few
other genes such as BRCA1 (12.5% - both germline and somatic), BRCAZ2 (11.5% - both
germline and somatic), CSMD3 (6%), NF1 (4% - somatic), CDK12 (3% - somatic),
GABRAG6 (2% - somatic) and RB1 (2% - somatic) have been observed in HGSOC
samples (9, 15). In contrast, HGSOC is characterized by high genomic instability including
increased frequency of copy number alterations, highly abnormal karyotypes and
structural variants. The most frequently amplified genes include CCNE1 (Cyclin E1), MYC
(c-myc) and MECOM. These three genes are amplified in more than 20% of cases (15-

20) (Table 1.2).



Table 1.2: Genetic alterations present in epithelial ovarian carcinomas subtypes

Subtypes Germline variants Somatic variants
(descending order of frequency of

genetic alterations)

High-grade serous BRCA1, BRCA2, TP53, BRCA1, BRCA2, CCNE1, MYC,
ovarian carcinoma RAD51C, RAD51D MECOM, CSMD3, NF1, CDK12,

GABRAG6, RB1
Low-grade serous KRAS, NRAS, BRAF, USP9X, MACF1,
ovarian carcinoma ARID1A, NF2, DOT1L, ASH1L
Ovarian MLH1, MSH2, CTNNB1, TP53 (only in high grade
endometrioid MSH6, PSM2 ovarian EC), PTEN, PIK3CA, AKT,
carcinoma KDR, PPP2R1A, POLE
Clear cell carcinoma ARID1A, PIK3CA, PTEN, TERT
Mucinous carcinoma CDKNZ2A, KRAS, TP53, HER2

Adapted from (5, 9, 20-28)

A method integrating copy number alterations, mutational frequency and changes
in gene expression revealed defective homologous recombination DNA repair pathway in
51% of the cases, including germline and somatic mutations in BRCA71 and BRCAZ2 in
20% of the cases (15). An additional 11% of the cases had silenced BRCA1 gene due to
promoter hypermethylation (15). In addition, women carrying an allele with germline
pathogenic variants in BRCA1 and BRCAZ2 have increased risk of developing HGSOC,

and the other allele is frequently lost in tumors (9, 20).

Previously, the tissue of origin for HGSOC was thought to be the ovarian surface
epithelium (OSE). At that time, it had been difficult to locate precancerous lesions for
HGSOC, and thus, to identify a site of origin (29, 30). Additionally, it was thought that
during ovulation, certain parts of OSE could invaginate and get trapped under the surface
of the ovary forming cortical inclusion cysts (CICs). CICs were thought to be susceptible

to become cancerous due to exposure to various hormones present in the ovary that are



capable of promoting proliferation and differentiation (31). Nevertheless, OSE as the site
of origin for HGSOC remained questionable mainly because, histologically, HGSOC

resembles Mullerian epithelium (32, 33).

Studies have shown that a majority of the HGSOC arise from epithelium of distal
fallopian tube (34). An early observation identifying fallopian tube as the site of origin
came from a study wherein high-risk patients with inherited BRCA mutations exhibited
dysplastic lesions in the epithelium of their surgically removed fallopian tubes (35).
Additionally, the identification of precursor serous tubal intraepithelial carcinoma (STIC),
an early noninvasive tumor lesion preferentially formed in the fallopian tube epithelium,
changed the traditional view of OSE as the only site of origin for HGSOC (36-38). These
precancerous lesions are histologically similar to HGSOC exhibiting enlarged nuclei,
coarse chromatin aggregates and hyperchromasia (33). Further studies showed the STIC
lesions, similar to HGSOC, also display high proliferative activity, loss of polarity, genomic
instability and presence of a ‘p53 signature’ (39-43). The ‘p53 signature’ refers to
secretory cells in the distal fallopian tube (fimbria) which have a high frequency of
alterations in p53 and stain positive for y-H2AX (marker for DNA damage) but are benign
in appearance and have minimal proliferative capacity (39, 44-46). Both features, ‘p53
signature’ and STIC, have been identified in HGSOC patients (39, 47). A genomic
analysis study comparing primary fallopian tube lesions (‘p53 signature’ and STICs),
fallopian tube carcinomas, ovarian cancers, and metastases from the same patients
suggested an evolutionary relationship placing ‘p53 signature’ lesions as the earliest
event followed by development of STICs and subsequent progression to HGSOC.

Evolutionary analysis also suggested a 7-year window between acquisition of STIC



lesions and initiation of HGSOC (43). Another study, using mathematical models, showed
that development of STIC lesions from a p53 alteration take a prolonged time (in decades)

followed by a relatively short time-span (6 years) for initiation of HGSOC from STICs (41).

Other potential sites of origin for HGSOC include the ovarian hilum (junction
between the ovary and the fallopian tube) and the secondary Mullerian system consisting
of endometrium-like tissue outside the uterus (endometriosis), fallopian tube-like
epithelium on the peritoneal surface (endosalpingiosis) and the Mdllerian epithelium-
resembling tubular structures near the ovarian hilum (rete ovarii) (48-51). Studies in
mouse models have shown that genetically modified mouse ovarian surface epithelial
cells (mOSE) are capable of transforming into carcinoma resembling human HGSOC
histopathologically; although, unlike inherently aggressive human HGSOC, they exhibit
weak metastatic capability (52, 53). It is crucial to determine the precise cells of origin of
HGSOC as it would improve early-detection and prevention rates and also offer insights

into developing effective treatment.

Low-grade serous ovarian carcinoma: LGSOC accounts for approximately 3%
of all ovarian carcinoma cases and the median age of diagnosis is at 43 years,
approximately a decade lower than HGSOC. LGSOC patients are diagnosed at both early
and advanced stages (Table 1.1). Diagnosis at early stages is associated with excellent
prognosis, while late-stage LGSOC have poor prognosis (3, 21). LGSOC tumors are
classified as Type | ovarian carcinoma and are distinct from HGSOC in having mild to
moderate nuclear atypia, fewer mitosis and necrosis events, low proliferation index and

presence of wild-type p53 (21, 22). Concentric lamellated calcified structures known as
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Psammoma bodies are frequently observed in LGSOC. Ascites is rarely present, which
is in contrast to HGSOC, where ascites is common (3, 21, 54). Additionally, unlike
HGSOC, LGSOC is not associated with germline BRCA1/2 mutations and lacks

chromosomal instability (23).

The most common molecular alterations (Table 1.2) in LGSOC include mutations
in key RAS/RAF pathway genes such as KRAS, NRAS, and BRAF. More than half of the
cases have alterations in genes linked to the RAS/RAF pathway (23, 55, 56). A recent
genomic study identified ubiquitin-specific protease 9X (USP9X), an X-linked
deubiquitinase, as another frequently altered gene (~27%) (23). USP9X plays a major
role in tissue homoeostasis and is dysregulated in multiple cancers. Evolutionary analysis
suggested that alterations in these genes could be early events in LGSOC pathogenesis
(22, 23). Mutations were also observed in other genes including MACF1 (11%), ARID1A
(9%), NF2 (4%), DOT1L (6%), and ASH1L (4%) (Table 1.2). Apart from RAS/RAF
pathway, other top altered pathways included: FGFR signaling (15%), MAPK signaling
(15%), ErbB4 signaling (13%), chromatin organization (10%), and ubiquitination (10%).
Immunohistochemistry analysis revealed frequent estrogen receptor (ER) and

progesterone receptor (PR) positivity (22, 23).

The site of origin for LGSOC is thought to be the cortical inclusion cysts (CICs),
which develops from invaginated OSE and transforms into serous borderline tumors and
serous cystadenomas/adenofibromas. It is rare for LGSOC to develop into HGSOC and
it is associated with longer overall survival and progression-free survival compared with

HGSOC (5, 22, 57).



Ovarian endometrioid carcinoma: Ovarian endometrioid carcinoma (ovarian
EC) is the second most common ovarian carcinoma histotype accounting for 10-15% of
all cases (Table 1.1) and has a median age of diagnosis at 51 years. Most ovarian EC
cases are diagnosed at early stages and are frequently associated with endometriosis.
About 40% of cases have atypical endometriosis as precursor lesions. Common
molecular alterations have been found in both tumor and adjacent endometrial site.
Endometrial epithelium is usually considered as the site of origin for ovarian EC (20, 58-
60). EC tumors are classified under Type | ovarian carcinoma and are generally low-grade
cancers having mostly well differentiated with occasional moderately/poorly differentiated
carcinomas. A useful diagnostic feature is squamous differentiation, which is frequently
observed in ovarian EC tumors (3, 8). Similar to LGSOC, ovarian EC stain positive for
estrogen receptor (ER) and progesterone receptor (PR) and have wild-type p53
expression. In contrast to low grade EC, high grade EC usually show alterations in p53

(3, 22).

The molecular profile of ovarian EC (Table 1.2) is generally similar to its adjacent
endometrial tissue. EC are heterogeneous and have been classified into four molecular
subtypes: 3% POLE ultramutated, 19% microsatellite instability hypermutated, 17% copy-
number high (serous-like TP53 mutated) and 61% copy-number low (endometrioid-like)
(3, 24, 61). POLE, a gene coding for DNA Polymerase Epsilon Catalytic Subunit A, is a
gene involved in DNA replication and studies have shown that mutations in its
exonuclease domain led to defective proof-reading during replication of the DNA and

ultimately resulted in neoplastic transformation (61, 62).



POLE ultramutated ovarian EC mostly have excellent prognosis (22, 62, 63).
Microsatellite instability hypermutated ovarian EC have alterations in mismatch repair
proteins (MMR) such as MLH1, PMS2, MSHZ2, and MSH6; the most common alteration
being the hypermethylation of MLH1 promoter. Mutations in genes coding for MMR
proteins are usually germline and follow the ‘two-hit’ hypothesis to become cancerous.
On the other hand, epigenetic alterations such as hypermethylation of MLH1 promoter
leads to sporadic development of ovarian EC (64-69). The third ovarian EC molecular
subtype, copy number high, is characterized by high TP53 alterations, higher genomic
complexity, diagnosis at advanced stages and have poor prognosis. This subtype closely
resembles HGSOC (25). The fourth ovarian EC subtype, copy-number low, is
characterized by low genomic complexity, excellent prognosis, diagnosis at early stages
and presence of CTNNB1 (B-catenin) mutations, which are mutually exclusive with TP53
alterations (70). A recent study comparing endometriosis patients and patients with
ovarian EC demonstrated common mutated genes (PIK3CA, AKT, KDR and PTEN),
signaling pathways (angiogenesis, apoptosis, PI3 kinase, EGF signaling, VEGF and TGF

signaling), biological processes and molecular functions in both groups (67).

Ovarian EC has many histological and molecular alterations similar to endometrial
endometrioid carcinoma (endometrial EC), mainly because of common endometrial
epithelial precursor cell of origin. While endometrial EC is the most frequent subtype of
endometrial carcinoma, accounting for 70-80% of endometrial carcinoma cases; ovarian
EC make up only 10-15% of ovarian carcinoma cases. Both ovarian EC and endometrial
EC have mutations in PTEN, PIK3CA, PPP2R1A, and CTNNB1 (B-catenin) genes (71,

72). However, the difference between the two is mostly in the frequency of these
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alterations, specifically PTEN and CTNNB1. Approximately 53-60% of ovarian EC have
CTNNB1 mutations compared with 27% of endometrial EC; while PTEN mutations are

more frequent in endometrial EC (67.0%) compared to ovarian EC (16.6%) (73).

Clear cell carcinoma: Clear cell carcinomas (CCC) are similar to the ovarian EC
subtype as they are associated with endometriosis and are most often diagnosed at low-
stages (3). CCC is classified under Type | ovarian carcinoma and accounts for 10% of
ovarian carcinoma cases (Table 1.1) (8). Early stage CCC have favorable outcome,
whereas advanced stage CCC have poor prognosis that is even worse than HGSOC.
This could be due to low sensitivity to standard chemotherapy. However, CCC associated
with MMR deficiency had better prognosis and long survival even at advanced stages,

possibly due to high tumor immunogenicity and PD-1/PD-L1 expression (3, 22, 74).

The molecular profile of ovarian CCC (Table 1.2) is characterized by frequent
mutations in ARID1A (a gene coding for SWI/SNF chromatin remodeling complex protein)
and PIK3CA; both of which appear to co-exist in approximately half of the cases (26).
Other alterations include loss of PTEN by mutations or loss of heterozygosity (LOH) and
mutations in promoter of telomerase reverse transcriptase (TERT) gene. A study in 2014
showed that mutations in TERT promoter were found in ~16% of the ovarian CCC cases,
while other gynecological cancers had wild-type TERT. Additionally, TERT mutations
appeared to be mutually exclusive with ARID1A and PIK3CA mutations in ovarian CCC

(68). Finally, less than 10% of ovarian CCC have alterations in MMR proteins (75).
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Mucinous carcinoma: Mucinous carcinoma (MC) is rare, accounting for only 3-
4% of total ovarian carcinoma cases (Table 1.1) and the site of origin for these tumors is
unknown. Although a subgroup of MC may derive from ovarian teratomas; in most cases,
no teratoma have been observed (3, 22, 27). Morphologically, MC is heterogeneous and
displays a mixture of benign, borderline carcinomatous and carcinoma components.
Immunohistochemistry profile of MCs show high positivity for cytokeratin 7 (CK7) in more
than 80% cases and are weakly positive for CK20. In contrast, teratoma-derived MCs are
frequently CK7 negative/CK20 positive (3, 22). At the molecular level (Table 1.2), the
most common alteration in MC is the loss of CDKNZ2A gene in 76% of the cases. This is
followed by alterations in KRAS (64%), TP53 (64%) and HERZ2 (26%) genes (28, 76). A
recent genomic analysis study showed that both KRAS and CDKNZ2A were early events
that led to initiation of benign mucinous tumors (BMT). The development of mucinous
borderline tumors (MBT) from BMT likely had additional copy number alterations. Finally,
progression from MBT to MC appeared to be associated with more copy number
alterations and TP53 alterations. TP53 alterations were also strongly associated with
genomic instability (28). Another study showed that TP53 alterations were higher in MC
(~60%) compared to MBT (~11%) suggesting that p53 modifications occur later in MC
development (76). This is in contrast to HGSOC where TP53 alterations are the earliest

genetic changes (41, 43).

Signs and Symptoms:

Over the years, ovarian cancer has been considered to be a ‘silent killer’ as the

symptoms associated with the early stages of ovarian cancer are not specific to the
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disease. Although more than 80% of patients have symptoms during the early stages,
most of these symptoms are similar to other common illnesses such as many
gastrointestinal and genitourinary pathologies, and are hence disregarded by the patients.
Consequently, early diagnosis of ovarian cancer has remained difficult (77, 78). The
common symptoms of early-stage ovarian cancer include abdominal bloating or swelling,
frequent urination, discomfort in the pelvis area and early satiety. Over the past decade,
evidence has shown that when these symptoms are of recent onset and occur more than
12 times in a month, then ovarian cancer could be a possibility and should be included in
diagnosis (79, 80). As the disease progresses, the symptoms become more apparent and
severe such as increased pain, diarrhea, weight loss, fatigue and obstruction of the
urinary tract/intestines. Unfortunately, diagnosis at advanced stages is associated with

poor prognosis (77, 79, 80).

Diagnosis:

More than 75% of ovarian carcinoma cases are diagnosed at advanced stages
(Stage lll and V), mostly because of non-specificity of symptoms during early-stages of
the disease. Additionally, approximately 60% of patients have metastasis at the time of
diagnosis (77, 81). Different methods such as physical examination, imaging and
laboratory testing are used to detect ovarian cancer. Physical examination includes a
rectovaginal examination with empty bladder to evaluate for abdominal and pelvic
masses. This technique has limited accuracy as a mass could easily be missed or, if
detected, could be caused by other conditions (81, 82). Imaging using transvaginal

ultrasonography is another method used for detecting ovarian cancer. This technique is
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beneficial as it can assess ovarian architecture and vascularity, differentiate between
cystic and solid masses, as well as detect ascites (81, 83, 84). A third method used to
detect ovarian cancer is testing for serum cancer antigen 125 (CA125). While CA125 is
upregulated in 80% of epithelial ovarian cancer cases overall, less than 50% of early-
stage ovarian carcinomas have elevated CA125. Additionally, benign conditions such as
endometriosis and fibroids also have higher CA125 levels (85, 86). Another serum
biomarker used for detection is human epididymis protein 4 (HE4). This glycoprotein is
expressed in ovarian cancers lacking CA125 expression. HE4 is mainly used to assess

disease progression and recurrence (86).

The current conventional diagnostic tools used for detection of epithelial ovarian
carcinoma — transvaginal ultrasonography, CA125 and HE4 - are not sensitive and
specific enough to diagnose the disease in early stages (86-88). Additionally, these
techniques also have a high rate of false-positive results leading to unnecessary surgery
in cancer-free women and they are not recommended in the general population (87-91).
Hence, there is a need for developing new diagnostic and screening methods, and

identifying new biomarkers.

A promising new noninvasive method is liquid biopsy and research focused on
identifying new molecular biomarkers in circulating tumor cells, circulating cell-free DNA
and small noncoding RNAs is ongoing (92). In addition, it is also important to be able to
successfully classify diagnosed patients into the different epithelial ovarian carcinoma
subtypes: HGSOC, LGSOC, ovarian EC, CCC and MC. This is because these subtypes
have distinct clinicopathological features and their prognosis, histopathology and

treatments. While the TP53 alteration status can be considered a reliable marker for a
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diagnosis of HGSOC cases, which comprise majority of the ovarian carcinoma cases and
have poor prognosis, there are few important caveats: 1) 2-4% of HGSOC cases have
wild-type TP53 and 2) approximately 20% of high-grade ovarian ECs have TP53
alterations. Additional criteria such as association with STIC and mutation of CCNET,

BRCA1/2, and MDM2 amplification can support a diagnosis of HGSOC (3, 22, 93).

Treatment:

Treatment for ovarian carcinoma depends on the stage at which the disease is
diagnosed. Patients with Stage | ovarian cancer are generally treated with surgery and
their 5-year disease free survival rate is over 90% (94). Depending on the extent of
spread, surgery can be the removal of 1) both ovaries and fallopian tubes, 2) the uterus,
3) the omentum (fatty tissue covering the intestine) and 4) nearby lymph nodes.
Treatment after surgery depends on the sub-stage and it usually involves 3 cycles of
chemotherapy such as paclitaxel or carboplatin (94). Alternatively, cisplatin can be used
instead of carboplatin, and paclitaxel can be replaced with docetaxel. Stage Il ovarian
cancer is first treated with surgery followed by adjuvant chemotherapy for 3-6 cycles and
results in a five-year survival rate of 80% (94). Unfortunately, only around 25% of the
patients are diagnosed at early stages and have good prognosis. The remaining 75% of
the diagnosed cases have usually advanced to Stage Il or IV. The treatment regimen for
Stage Ill and IV ovarian cancer patients is similar to Stage Il. First, a cytoreductive surgery
is performed and is followed by at least 6 cycles of combination chemotherapy of
paclitaxel and carboplatin (or cisplatin) (77, 95, 96). Additionally, targeted therapy such

as angiogenesis inhibitor bevacizumab, can also be co-administered with chemotherapy.
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Another option is neoadjuvant therapy where first chemotherapy is administered, then
surgery is performed followed by additional chemotherapy (94, 97). Neoadjuvant
chemotherapy is used in cases of bulky unresectable tumors to decrease tumor load (98).
While randomized clinical trials have shown that neoadjuvant chemotherapy lead to
improved quality of life of patients, there are still some problems associated with this
treatment strategy (99, 100). These include loss of opportunity for debulking surgery for
patients with significant side effects due to chemotherapy and lack of certainty of visual

assessment of tumor dissemination following neoadjuvant chemotherapy (98-100).

The prognosis of Stage Il and IV patients depends on the extent of residual
disease remaining after debulking surgery. The long-term overall survival rate for
optimally debulked patients (residual tumor < 1cm) is 25%. Patients with sub-optimally
debulked disease have worse prognosis (77). Several studies have shown that
chemotherapy increases survival in women with optimally or sub-optimally debulked
advanced stage ovarian carcinoma and thus, it has remained the standard treatment to
date (77, 95, 96, 101-103). Unfortunately, despite advances in chemotherapy and
surgery, recurrence occurs in 90% of women diagnosed with advanced stage ovarian
carcinoma, leading to high mortality rate. Recurrence can be either platinum-sensitive or
platinum-resistant. A common observation for platinum-sensitive recurrence is increased
response to retreatment with platinum-based chemotherapy (cisplatin or carboplatin),
thus making it the standard of care. Most patients with recurrent ovarian carcinoma,

including platinum-sensitive recurrence, eventually become platinum-resistant (77).

Targeted therapies have been the major focus clinical trials for the treatment of

recurrent ovarian cancer in the past decade. Some successes include the use of agents
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targeting the vascular endothelial growth factor (VEGF) pathway such as bevacizumab,
pazopanib, nintedanib and cediranib (97). Bevacizumab, a humanized anti-VEGF
antibody, is the first targeted therapy to be approved in the US in 2014 for treating
platinum-resistant ovarian carcinoma based on a positive randomized clinical trial.
Additionally, in Europe the drug has also been approved for ‘frontline plus maintenance’
therapy as well as treating platinum-sensitive ovarian carcinoma  (104-107).
Unfortunately, bevacizumab is associated with toxicity and adverse effects such as bowel
perforation, renal dysfunction, and hypertension (104, 105). Additionally, only a subset of
patients was shown to benefit from this drug (97, 108). Other agents targeting VEGF
pathway include receptor Tyrosine Kinase inhibitors (TKIs) such as pazopanib, nintedanib
and cediranib. Targets of these TKIls include vascular endothelial growth factor receptor
(VEGFR), fibroblast growth factor receptor (FGFR) and platelet-derived growth factor
receptor (PDGFR). Although appealing since they have multiple target engagement,

these TKls are also associated with increased toxicity compared to bevacizumab (97).

PARP inhibitors: Poly-(ADP)-ribose polymerase (PARP) inhibitors are a class of
oral anticancer drugs, which are used as a targeted therapy to mostly arrest growth in
cancer cells harboring BRCA1 or BRCAZ2 inactivating mutations (109). PARPs are
polymerases that belong to a family of related enzymes which have the ability to transfer
ADP-ribose to target proteins. These proteins play an important role in many cellular
functions such as transcription, replication and recombination (110). Of particular interest
is the role of PARPs in DNA repair, wherein certain cancers with homologous

recombination deficiency (HRD) rely on PARP-mediated DNA repair for survival and
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become sensitive to its inhibition resulting in ‘synthetic lethality’ (110). The most common
causes of HRD are somatic and germline pathogenic variants in BRCA1 and BRCA2
genes, both of which function in homologous recombination (HR) DNA repair process that
uses the undamaged sister chromatid to carry out error-free repair of DNA double-strand
breaks (DSBs) (110). Additionally, mutations in other genes involved in HR repair
pathway can also cause HRD (111). In HRD cancer cells, PARPs play an essential role
in repairing damaged DNA through alternate processes such as base excision repair
(BER) and nucleotide excision repair (NER), thus preventing accumulation of excessive
DNA damage and apoptosis (112). Additionally, PARP proteins, specifically PARP1, have
also been shown to regulate classical non-homologous end-joining (cNHEJ), alternative

non-homologous end joining (aNHEJ) and maintain replication fork stability (113-115).

PARP inhibitors (PARPis) are small molecule NAD+ mimetics that inhibit
PARYylation by binding to the NAD+ site in the catalytic domain of PARP. This results in
‘PARP-trapping’ as PARPs are required to self-PARylate in order to release themselves
from DNA. Trapped PARP-DNA complexes were found to be more cytotoxic than
unrepaired damaged DNA caused by PARP inactivation, thus stimulating intense
research in developing PARPis as targeted therapy in various cancers (116, 117).
Olaparib was the first PARPI to be approved in 2014 for use as monotherapy in advanced
ovarian cancer patients having germline BRCA1/2 pathogenic variants (118). This was
followed by approval of PARPis niraparib and rucaparib for maintenance treatment of

BRCA1/2-mutated ovarian cancer (119).

Recently, several clinical trials have focused on the use of PARPIis at various

stages of treatment of newly diagnosed advanced stage ovarian cancer patients and
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irrespective of BRCA1/2 status (118, 120-123). In the PAOLA-1 trial, it was shown that in
patients receiving chemotherapy with bevacizumab as first-line standard therapy, the
addition of bevacizumab with olaparib as maintenance therapy provided a progression-
free survival rate of 22.1 months in olaparib treated patients compared with 16.2 months
progression-free survival of the placebo group. While patients with BRCA1/2 inactivating
mutations had the greatest survival benefit from olaparib with median progression free
survival of 37.2 months, those with BRCA 1/2 wild-type and some measure of HRD had a
better survival benefit (28.1 months) than the overall group (22.1 months). Conversely,
HR proficient BRCA1/2 wild-type had the least survival benefit of 16.6 months (120). The
ENGOT-OV16/NOVA trial showed that irrespective of the BRCA1/2 or HRD status,
patients with platinum-sensitive recurrent ovarian carcinoma had longer progression free
survival with niraparib (21 months) compared to placebo (5.5 months) (121). Other clinical
trials have also shown that the maximum benefit of PARPI therapy is seen in patients with
BRCA1/2 inactivating variants, followed by patients with BRCA1/2 wild-type and some
measure of HRD and finally, in patients with platinum-sensitive recurrent ovarian
carcinoma (122, 123). This currently active field of investigation focuses on exploring
various combinations of ovarian carcinoma treatment approaches (chemotherapy,
bevacizumab and PARP inhibition) as well as understanding the mechanisms by which

de novo or acquired resistance to PARPis develop (118, 120-123).

Risk and Protective Factors:

Increased risk for ovarian cancer incidence has been associated with factors such

as early menarche, late menopause and nulliparity; all of which increase the number of
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lifetime ovulations (124). Additionally, various studies have demonstrated, though not
consistently, the association of diabetes mellitus, high body mass index (BMI), stress,
alcohol and tobacco use with increased risk for specific subtypes of ovarian cancer (125-
130). Apart from aforementioned lifestyle risk factors, several studies have identified a
range of genetic susceptibility alleles for ovarian carcinoma (131). Familial studies
identified BRCA1 and BRCAZ as highly penetrant genes responsible for increased familial
risk for ovarian carcinoma (132). Germline pathogenic variants in several other genes
coding for proteins involved in the HR pathway such as RAD51C, RAD51D, BRIP1 and
PALB?2 have recently been shown to be associated with a moderate increase (Relative
Risk ~ 7) in ovarian carcinoma risk (133-135). Germline pathogenic variants in mismatch
repair genes such as MLH1, MSH2, MSH6 and PSM2 were also associated with a
moderate increase (Cumulative Absolute Risk = 10%-13%) in ovarian carcinoma risk
(136). Different ovarian carcinoma subtypes have varying frequencies of pathogenic
variants in these genes. For instance, increased risk for HGSOC is frequently associated
with germline pathogenic variants in genes involved in HR pathway (Table 1.2) (9, 15, 19,
136). On the other hand, frequent association of pathogenic variants in mismatch repair

genes with increased ovarian EC risk has been demonstrated (Table 1.2) (25, 66, 136).

Several factors have also been associated with reduced risk for ovarian cancer
and have been hypothesized to confer a protective effect by reducing the number of
lifetime ovulations. These factors include parity, lactation, use of oral contraceptives, and
certain surgeries such removal of the ovaries and fallopian tubes. Several studies have
shown that use of oral contraceptives is associated with a 40-50% lower risk of developing

ovarian cancer and that a greater benefit is observed with prolonged use, which can last
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for about 15 years even after discontinuation (137, 138). A recent study showed that even
in BRCA1 heterozygotes, a greater reduction in ovarian cancer risk is associated with
longer usage of oral contraceptives compared to shorter duration (139). In addition, no
significant difference was observed in risk reduction between different ovarian carcinoma
subtypes, suggesting that the protective effect of oral contraceptive is uniform across
different subtypes (58, 140, 141). Tubal ligations have also been associated with a 34%
overall risk reduction of ovarian carcinoma in women at average risk for ovarian cancer
(142). In women at high risk for ovarian carcinoma, such as those carrying BRCA1/2

germline pathogenic variants, bilateral tubal ligation leads to a risk reduction of 57% (143).

Summary:

In conclusion, ovarian carcinoma, specifically the most common subtype HGSOC,
remains one of the most lethal gynecological cancer and several factors contribute to it:
1) diagnosis at advanced stages, 2) poor prognosis, 3) lack of effective screening
modalities to detect cancer at early stages and 4) resistance to current standard of care.
Hence, a better understanding of the disease is critical, especially for developing
strategies for early detection and prevention. Unravelling mechanisms leading to initiation

of HGSOC would help identify novel biomarkers that can aid early diagnosis.
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Stress and Cancer

Human Nervous System:

The human nervous system is a complex system that transmits signals to different
parts of the body and is required for response to external stimuli and maintenance of
internal homeostasis (144, 145). Structurally, it can be divided into two components: the
central nervous system (CNS) and the peripheral nervous system (PNS). The CNS
comprises of the brain and spinal cord, and is responsible for receiving, processing, and
responding to sensory information. While most of these functions are responsibilities of
the brain, the spinal cord acts as a messenger that relays information from the sensory

organs to the brain and then sends motor commands from the brain to the peripheral

body to bring about an adequate response (Figure 1.1) (144, 145).

Human Nervous
system
Perlpheral Nervous
System (PNS)

[
Central Nervous

System (CNS)

B Splnal Somatic Nervous Autonomlc Nervous
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Nervous System Nervous System

Figure 1.1. Subdivisions of the human nervous system. Adapted from (144-146)
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The PNS refers to parts of the nervous system outside the brain and spinal cord
and comprises of cranial nerves, spinal nerves, peripheral nerves, and neuromuscular
junctions. The main function of the PNS is to transmit signals to and from the central
nervous system and can be divided into somatic nervous system and autonomic nervous
system (Figure 1.1). While the somatic arm of the PNS is responsible for the voluntary
control of the body movements, the autonomic arm regulates involuntary physiologic
processes such as respiration, digestion, heart rate and blood pressure (145, 146).
Autonomic nervous system has two anatomically distinct divisions: sympathetic and
parasympathetic (Figure 1.1) (145). Activation of the sympathetic nervous system (SNS)
is triggered by perceived stress and leads to the “fight or flight” response, which is a state
of overall elevated activity. In this state, there is an increase in blood pressure and heart
rate, induction of glycogenolysis and cessation of gastrointestinal peristalsis. The SNS
innervates almost every tissue in the body. Conversely, the parasympathetic nervous
system (PSNS) maintains body homeostasis and promotes the “rest and digest”
processes. PSNS only innervates the head, viscera, and external genitalia; making it a

significantly smaller system than the SNS (147, 148).

Catecholamines:

Activation of SNS by an external stimulus that triggers stress response leads to
release of neurotransmitter acetylcholine (Ach) from the preganglionic sympathetic
splanchnic nerves, which binds to nicotinic receptors present on chromaffin cell
membranes in the adrenal medulla (149). The chromaffin cells make up the parenchyma

of the adrenal medulla and are modified postganglionic sympathetic neurons. After
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activation by Ach, these cells produce and secrete chemicals called ‘catecholamines’ into
the blood stream (150). The released catecholamines act at sites distant from the site of
secretion and prepares the body for ‘fight or flight' (149, 150). In addition to activating
adrenal medulla, the postganglionic nerves of SNS can themselves produce
catecholamines and release them directly to the target tissues via synaptic cleft and

trigger ‘fight or flight’ stress response (149).

Catecholamines are physiologically active organic compounds that have a
benzene ring with two hydroxyl side groups next to each other, known as catechol, and a
side chain amine. These compounds can either act as neurotransmitters when they are
released by the synaptic cleft of SNS postganglionic nerves, or they can act as hormones
when released into the bloodstream by the adrenal medulla. Dopamine, norepinephrine

and epinephrine make up the catecholamine family (149).

Dopamine: Dopamine is the predominant neurotransmitter found in the brain and
is involved in many neurological and psychiatric disorders such as aromatic I-amino acid
decarboxylase (AADC) deficiency and Parkinson's disease. It modulates the output of
neurons in regions of the brain involved in voluntary motor movements (151). The majority
of dopamine production in the body occurs in the anterior pituitary gland at the base of
the brain and is a major part of CNS and its synthesis is independent of SNS activation

(152, 153).

On the other hand, while the stress-induced activation of SNS leads to some

synthesis and release of dopamine in the adrenal medulla and the postganglionic
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sympathetic nerve endings, most of it acts as precursors for norepinephrine and
epinephrine. Hydroxylation of amino acid tyrosine results in the production of DOPA,
which then undergoes decarboxylation to form dopamine. Dopamine then undergoes
further hydroxylation to form norepinephrine. Methylation of norepinephrine results in the
production of epinephrine (149). The molecular structure of all three catecholamines in

shown in Figure 1.2.

NH, NH, HNT
HO HO
HO HO HO
OH OH OH
DOPAMINE NOREPINEPHRINE EPINEPHRINE

Figure 1.2. Structure of catecholamines (Adapted from (154))

Norepinephrine: The release of noradrenaline or norepinephrine (NE) via
sympathetic arm of the nervous system leads to the following effects: increased heart
rate, increased constriction of the arterial blood vessels, increased production of glucose
by liver, increased lipolysis in adipose tissue and multiple effects on the immune system
(155-159). The majority of NE molecules present in the body is primarily synthesized in
and released by SNS postganglionic nerve endings directly to the target tissue, with only

some amount being synthesized released into the blood circulation by adrenal medulla.
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Norepinephrine acts on adrenergic receptors to bring about its effects (149, 150).
Adrenergic receptors are transmembrane receptors belonging to the G protein—coupled
receptor (GPCR) superfamily that activate heterotrimeric G proteins. These receptors
were originally divided into a- and B-adrenergic receptors and then subdivided into three
a1-adrenergic receptors (a1A, a1B, and a1D), three a2- adrenergic receptors (a2A, a2B,

and a2C), and three [3- adrenergic receptors (81, B2, and $3) (149, 160).

a1 adrenergic receptors are expressed mainly in non-striated smooth muscles,
which are found in the walls of blood vessels, lymph vessels and hollow organs such as
stomach, intestines, bladder and uterus (147, 148, 161). Activated a1 adrenergic
receptors signal through G protein induction of phospholipase C leading to activation of
calcium flux and protein kinase C (PKC). a2 adrenergic receptors are expressed on
smooth muscles and platelets, as well as on presynaptic neurons where they inhibit NE
release by negative feedback loop by coupling to inhibitory G proteins. Other actions
include decreased insulin and increased glucagon release from pancreas, increased

platelet aggregation and contraction of sphincters of gastrointestinal tract (160, 161).

B1 adrenergic receptors (ADRB1) signal through G protein-mediated activation of
cyclic 3'-5" adenosine monophosphate (cAMP), which stimulates the serine-threonine
protein kinase A (PKA) and mitogen-activated protein kinases (MAPK). These receptors
are predominantly found in the smooth muscles of heart and kidney, and in fat cells (160,
162). Like ADRB1, B2 adrenergic receptors (ADRB2) also signal through activation of
cAMP and corresponding stimulation of PKA and MAPK signaling. ADRB2 receptors are
expressed on a plethora of different cell types such as epithelial cells, mast cells, airway

smooth muscle cells, vascular endothelial cells, eosinophils, lymphocytes and skeletal
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muscle cells (160, 163). B3 adrenergic receptors (ADRB3) are predominately expressed
in adipose tissue, and like ADRB1 and ADRB2, signal through G protein/cAMP

stimulation of PKA and MAPK (160).

Epinephrine: Unlike NE, which is primarily synthesized in the postganglionic
nerves of SNS and released at target site, adrenaline or epinephrine (Epi) is mostly
synthesized in the chromaffin cells of the adrenal medulla and then released into to blood
circulation to be distributed to distant sites (160, 164). Like NE, Epi also acts on different
adrenergic receptors to bring about its effects. In small doses, it has greater affinity for
beta receptors; while in large doses, it selectively binds to a receptors. Through its action
on a1 adrenergic receptors, Epi induces increased vascular smooth muscle contraction
and intestinal sphincter muscle contraction. It also increases heart rate and myocardial

contractility by acting on ADRB1. Action of Epi on ADRB2 produces bronchodilation (165).

Acute and Chronic SNS activation:

The perception of acute threat mediated by CNS can activate SNS in two ways: 1)
activation of the sympathetic splanchnic nerves, which release acetylcholine to stimulate
the nicotinic receptors on chromaffin cells of the adrenal medulla, and 2) activation of the
postganglionic sympathetic nerve fibers directly innervating most of the body’s organ
systems. Adrenal medulla rapidly releases Epi (with lesser amount of NE) into blood
circulation to be distributed to distant sites, causing Epi levels in the plasma to spike more

than 10-fold, which then typically returns to baseline levels within 20—60 minutes after
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abatement of perceived threat (160, 166). On the other hand, activation of the
postganglionic sympathetic nerve fibers directly regulates organ function by p-molar
concentrations of NE released from nerve terminals. NE can also in enter the blood
circulation by spilling over from sympathetic innervation of smooth muscles that surrounds
blood vessels. The rapid release of Epi and NE brings about physiological alterations
associated with ‘fight or flight' response such as increased heart rate, increased
respiratory rate and mobilization of energy by activation of ADRB2 and ADRB3 receptors

in adipose tissue and liver (160, 166).

Chronic or repetitive SNS activation upregulates NE levels more strongly than Epi
levels and is commonly observed in people suffering from post-traumatic stress disorder
(PTSD) or who have been exposed to adverse social environments for a prolonged period
(160, 167). Studies in animal models have also shown that chronic social stress can also
lead to neo-innervation, which is an increase the growth and branching of sympathetic
nerve fibers in target tissues, thereby upregulating basal activity of adrenergic receptors
(168, 169). Chronic SNS activation has also been found to play a major part in modulating
constitutive gene expression in a wide range of target tissues. For example, within the
bone marrow, chronic SNS signaling transcriptionally stimulates the development of
myeloid lineage immune cells such as monocytes and granulocytes at the expense of
erythroid and lymphoid lineages, resulting in a pro-inflammatory shift in the circulating
leukocyte pool (170, 171). Chronic SNS signaling has also been shown to act on innate
immune cells such as macrophages, monocytes and natural killer (NK) cells to upregulate
transcription of pro-inflammatory cytokines, chemokines and prostaglandin synthesis

enzymes (170, 172-174). Although SNS-mediated transcriptional activation is required to
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adequately respond to threatening environments and might have been an evolutionarily
adaptive process, it has also enabled chronic stimulation of biological and molecular

processes that can enable the development and progression of cancer (160, 175).

SNS Regulation of Cancer:

Analyses of SNS effects in animal models have shown that behavioral stress can
accelerate the progression of different cancers such as neuroblastomas, leukaemia,
pancreatic, prostate, breast and ovarian carcinomas; and these biological effects could
be efficiently blocked using B-adrenergic antagonists (176-183). Various cellular and
molecular processes mediating the effects of SNS activation by chronic stress include
DNA damage and repair, angiogenesis, oncogene activation, survival and apoptosis and

inflammation and immune response (160).

Several studies in animal models have shown that chronic stress can induce DNA
damage and inhibit DNA repair, which can in turn promote tumorigenesis (160, 184, 185).
Molecular pathways implicated in inhibition of DNA damage repair by catecholamines
include stimulation of B-arrestin-induced AKT pathway and ataxia-telangiectasia and
Rad3-related (ATR) pathway by activated ADRB2 receptors, which in turn stimulate
degradation of p53 protein via murine double minute 2 (MDMZ2). This inhibits p53-
mediated DNA damage response such as apoptosis and cell cycle arrest and leads to

accumulation of damaged DNA (184-186).

Several oncogenic pathways were also shown to be stimulated by SNS-induced

adrenergic signaling. For example, Src protein was shown to be phosphorylated at
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residue Y419 by protein kinase A (PKA), a downstream component of adrenergic
signaling. This resulted in activation of a complex signaling network that aid tumor growth,
migration and invasion in animal models (187). Catecholamines were also shown to
prominently stimulate Her2 promoter activity and mRNA expression via activation of

STATS3, leading to increased aggressiveness of breast cancer cells (188, 189).

Chronic stress can also regulate a wide variety of growth and survival processes
such as protection of tumor cells from anoikis (programmed cell death induced by cells
detaching from the neighboring cells and extracellular matrix) through activation of focal
adhesion kinase (FAK), and protection of tumor cells from apoptosis by inactivating

proapoptotic protein BAD (190, 191).

In addition to acting on tumor cells directly, catecholamines can also act on other
cells of the tumor microenvironment such as stromal cells and immune cells (160). For
example, activation of SNS-induced adrenergic signaling has been shown to increase
proliferation of cancer associated fibroblast, recruit circulating stromal cells precursors to
tumor sites and play a role in differentiating these precursor cells into different lineages
favoring inflammation and malignancy (192, 193). Emerging data also suggests that
chronic stress can modulate pro-metastatic processes by promoting the expression of
mesenchymal gene expression programs through activation of SNAIL transcription factor
family, thereby leading to epithelial-mesenchymal transition (EMT) (160, 194, 195). SNS-
induced adrenergic signaling has also been shown to catalyze the development of blood
vessels by upregulating the expression of angiogenic growth factors such as VEGF and
IL-6; and increase tumor invasiveness by stimulating the expression of matrix

metalloproteinase (MMP)-2, and MMP-9 (196-198).
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Several studies in mouse models have shown that SNS activation can stimulate
inflammatory signaling to enhance tumor progression and metastasis. SNS-induced
adrenergic signaling has been shown to stimulate production of chemotactic factors such
as CSF1 and MPC1 in tumor cells and enhance macrophage recruitment to tumor site.
Activated adrenergic signaling in macrophages can also stimulate expression of genes
that promote tumor progression, such as TGFB, VEGF, MMP9 and IL6 (177, 199).
Additionally, adrenergic signaling can also inhibit the transcription of the Type | and Type
Il interferons and suppress the cytotoxic function of T lymphocytes and NK cells, thereby
attenuating cell-mediated immune responses against cancers and increasing cancer cell

dissemination during surgery (177, 200-203).

While all these studies show how SNS-induced adrenergic signaling can aid tumor
growth, survival and progression, it is yet to be determined if effects of SNS signaling are

sufficient to induce tumor initiation.

Tumor innervation: Over the years, there has been intense research on how SNS
catecholamines access tumor sites. One possible channel is via the vasculature that
infiltrates into tumors. However, it is still unclear if circulating NE or Epi can readily
penetrate the solid tumor parenchyma (160). Another possible channel is direct
innervation of solid tumors by SNS. The most common innervation pattern involves entry
of sympathetic nerve fibers into tumor parenchyma in association with blood vessels or
from surrounding healthy tissue (164, 204, 205). Tumor cells can also express
neurotrophic factors such as nerve growth factor (NGF), brain-derived neurotrophic factor

(BDNF) and netrins actively promote neurogenesis and growth and branching of nerve
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fibers (164, 204, 206). Tumor innervation by SNS seems to be the main channel through
which most of catecholamines reach tumor site because catecholamine levels within
tumor parenchyma are generally higher than the catecholamine levels in blood circulation

(207).

Norepinephrine and Ovary:

Catecholamines present in the mammalian ovary and are involved in regulation of
various functions such as steroidogenesis and initial follicular development (208). In rat
ovaries, these functions were found to be predominantly regulated by NE by acting on
ADRB2 receptors present in granulosa cells and stimulating the production of
progesterone and androgens (208-210). Additionally, NE was found to be the most
abundant catecholamine in the ovary and 90% of its synthesis and release was by
sympathetic nerve endings (209, 211, 212). Experiments in monkeys showed that NE
could also be synthesized by oocytes, which have membrane dopamine transporters that
take up dopamine and hydroxylate it to form NE via dopamine B-hydroxylase (213).
Studies in rats showed that ovarian nonneuronal granulosa cells can store NE and
release them in a regulated way, thus acting as intraovarian NE-storing compartment
(210). In aging rats, progressively reduced ovulatory capacity was associated with an
increase in ovarian NE concentration. Additionally, acute denervation lead to an increase
in healthy follicles (214). Experiments in mice also demonstrated a spontaneous increase
in SNS activity in aging mice, which lead to increased NE levels and development of a

polycystic condition (215).
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SNS activation was also observed in polycystic ovary syndrome (PCOS), a
common hormonal disorder that leads to formation of numerous cysts in the ovary of
women of reproductive age as well as excess production of male hormone androgen
(216). A study demonstrated that women with PCOS had increased sympathetic drive,
which was measured using multi-unit muscle SNS activity (MSNA) (217). In rodents,
PCOS models have shown elevated levels of NGF, a sympathetic neurotrophin,
accompanying increased ovarian sympathetic outflow along with a range of metabolic
abnormalities associated with increased SNS activity such as insulin resistance and
impaired lipid metabolism (218-220). The NE levels were also found to be higher in PCOS
animal models compared to control, suggesting a role for NE in maintaining this condition
(216, 218). Recently, it has been hypothesized that increased SNS activity and NE levels
may interconnect PCOS and ovarian cancer because: 1) women with PCOS have SNS
hyperactivity and have higher cancer incidence and 2) SNS activation has a stimulatory

effect on tumor growth and progression (221).

Norepinephrine and Ovarian Cancer Progression:

Several epidemiological studies have reported that PTSD, depression, and social
isolation, conditions which cause chronic SNS activation, are associated with a higher risk
of developing ovarian cancer (129, 130, 222-224). Additionally, higher tumor NE and
ascites NE levels were observed in ovarian carcinoma patients lacking social support and
living in isolation (207). Tumor NE levels also varied depending on the stage of the
disease with high-grade advanced stage tumors having higher NE levels compared to

early-stage low grade tumors (207). Population-based studies demonstrated a strong
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association of psychosocial factors, such as anxiety and depression, with ADRB2-positive
ovarian tumors (224). In contrast, increased eudaimonic well-being, where well-being is
seen as the realization and promoting growth of full human potential, was associated with
lower levels of tumor NE in ovarian cancer patients (225, 226). These studies suggest
that in presence of chronic stress, levels of tumor NE gradually increases, which in turn
acts on ADRB2 receptors to regulate different cellular processes leading to ovarian

cancer progression.

The monthly process of ovulation has also been hypothesized to be a physical
stressor mediating effects similar to chronic SNS responses. This is because during
ovulation, plasma NE levels were found to be significantly elevated (227, 228). In addition,
ovaries and surrounding tissues are exposed to high NE concentrations during ovulation
through direct sympathetic neural innervation of the ovary (207, 229). This correlates with
data demonstrating that processes involved in reducing the number of lifetime ovulation
cycles, such as parity and use of oral contraceptives, are associated with reduced risk for

ovarian cancer (137, 138).

Elevated NE levels can increase ovarian cancer cell growth, survival, metastasis
and angiogenesis by acting on ADRB2 receptors present on the ovarian cancer cells as
well as on surrounding stromal cells (160). Abnormal activation of the Src protein by
elevated NE in ovarian carcinoma cells leads to enhanced proliferation and migration
(187, 197). Abnormal activation of STAT3 by NE leads to increased MMP2 and MMP9
production that leads invasive potential of ovarian cancer cell lies (230). Additionally, NE
can impair the responsiveness of ovarian carcinoma cells to paclitaxel chemotherapy by

inducing the expression of DUSP1 (231, 232). Norepinephrine can also increase the
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metastatic capability of ovarian carcinoma cells through prostaglandin E2 (PGEZ2)
synthesis by upregulating prostaglandin E synthase gene (PTGES) via the ADRB2-Nf-kB
axis (233). NE was also shown to induce DNA double-strand breaks, which could be
abrogated by treatment with ADRB2 blocker propranolol. Interestingly, NE reduced
cisplatin-induced DNA damage in receptor independent manner, suggesting that NE can
modulate cisplatin resistance and affect DNA integrity in ovarian carcinoma cells (234).
Other mechanisms induced by NE to promote ovarian carcinoma progression includes 1)
evasion of anoikis through phosphorylation of FAK, 2) increased angiogenesis driven by
elevated expression of VEGF, IL-6 and IL-8, and 3) increased EMT through upregulation
of transcription factors Slug, Snai1 and Snai2 (176, 191, 235-237). A recent study showed
that elevated NE levels can also lead to increased innervation of tumor tissue by acting
on ADRB3 receptor instead of ADRB2 and inducing neurotrophic factor BDNF. This
initiates a feed-forward loop wherein SNS activation leads to increased NE levels, which

then increases innervation causing more SNS activity (238).

Norepinephrine and Ovarian Cancer Initiation:

As described in previous sections, the majority of research has focused on testing
the association of chronic stress with ovarian cancer progression and on identifying
various molecular mechanisms through which NE promotes tumor growth, survival and
metastasis. In contrast, molecular mechanisms through which stress might affect ovarian
cancer initiation remains largely unknown. Only in cancers with viral etiology, such as
cervical carcinoma, a more prominent role of chronic stress in cancer initiation has been

demonstrated (239). Early work showed that presence of glucocorticoid stress hormone
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dexamethasone was required for oncogenic transformation of primary cervical cells
containing viral glucocorticoid-responsive element in HPV-16 DNA and Ras oncogene
(240). Steroid hormones upregulated E6 and E7 HPV 16 oncogenes, which degraded

p53 by binding to the protein, resulting in apoptotic failure and cancer initiation (241).

Although there is no experimental evidence yet, most of the mechanisms disrupted
by NE to promote cancer progression can also potentially cause tumor initiation. For
example, dysregulation of DNA damage repair pathways and oncogene activation are

key processes involved in cancer initiation (242). This raises the possibility that chronic

SNS activation might lead to tumor initiation.
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CHAPTER TWO

EFFECTS OF SHORT-TERM NOREPINEPHRINE TREATMENT

Note to reader:

Portions of this chapter have been previously published in Sci Rep. 2018 May
29;8(1):8291. doi: 10.1038/s41598-018-26670-4 and Sci Rep. 2021 Jul 12;11(1):14334.

doi: 10.1038/s41598-021-93506-z; and have been reproduced with permission.

Introduction

Since the mechanisms through which stress affects ovarian cancer initiation
remains mostly unknown, the main objective of this study is to determine the role of stress
in normal cells likely to give rise to ovarian cancer in order to understand how stress
regulates tumor initiation. As mentioned previously, NE is the most abundant stress
hormone present in the ovary and elevated NE levels are associated with development
of PCOS and increased risk of ovarian cancer (207, 210, 214-217, 222-224). Therefore,

we chose NE as our stress hormone of interest.
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Since HGSOC is the most common ovarian carcinoma subtype and recent
evidences have shown that they mainly arise from fallopian tube cells (29, 38, 40, 41, 43),
we chose normal TERT-immortalized fallopian tube secretory epithelial cells, iIFTSEC283,
as our model for precursor cells for ovarian cancer in addition to normal TERT-
immortalized ovarian surface epithelial cells, IOSE11 (243-246). Because TP53
alterations are highly prevalent and happen early in the development of HGSOC (11-13,
15), we also evaluated exposure to NE in fallopian tube and ovarian epithelial isogenic

cell derivatives expressing a dominant-negative TP53 mutant p.(R175H).

Materials and Methods

Cell lines:

We used immortalized fallopian tube secretory epithelial cell lines, iIFTSEC283,
iIFTSEC282r53R175H and immortalized ovarian surface epithelial cells, iOSE11 (provided
by Simon Gayther; Cedars Sinai, CA). These cells have been extensively characterized
and are considered cell line models of precursor cells of HGSOC (243-246). We also used
iIFTSEC283P53R175H gnd iOSE11P53R175H derivative cell lines, which overexpress mutant

p53, generated in the laboratory (see below).

NOSE-CM medium consisting of MCDB105 and Medium 199 (Sigma-Aldrich) (1:1)
supplemented with 15% fetal bovine serum (Sigma-Aldrich), 0.5 mg/ml hydrocortisone
(Sigma-Aldrich), 10 ng/ml epidermal growth factor (Thermo Fisher Scientific), 5 mg/ml
insulin (Sigma-Aldrich), and 34 mg protein/ml bovine pituitary extract (Thermo Fisher
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Scientific) was used to culture iIFTSEC283, iIFTSEC282p53R175H jFTSEC283P53R175H,
iIOSE11 and iOSE11P33R175H cells. Ovarian cancer cell line, OVCARS8, was cultured in
DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Sigma-
Aldrich). Another ovarian cancer cell line SKOV3 was cultured in McCoy’s 5A (ATCC)
supplemented with 10% fetal bovine serum (Sigma-Aldrich). Cell lines were periodically
tested for mycoplasma. iIFTSEC283, iIFTSEC283P53R173H iOSE11 and iOSE11p53R175H

cells were authenticated using short tandem repeat (STR) analysis.
Lentivirus transduction for p53R175H overexpression:

A V5 tagged pLenti6/V5-p53 R175H (Addgene plasmid 22,936, Junk Lab) plasmid
was used to overexpress the dominant-negative mutant TP53 p.(R175H) in iFTSEC283
and iOSE11 cells. The p53R175H mutation in the plasmid was confirmed by Sanger
sequencing. pLP1, pLP2, and pLP/VSVG ViraPower (Thermo Fisher) viral packaging
vectors were used along with pLenti6/V5-p53 R175H to make virus particles in
HEK293FT cells. Virus particles were used to transduce iFTSEC283 and iOSE11 cells,
followed by blasticidin (2.5 pg/ml) selection. Single cells were then plated in 96 well plates
to obtain single-cell clones. Expression of the TP53 p.(R175H) mutant was confirmed by

western blot using V5-tag Rabbit antibody (D3H8Q; Cell Signaling).
RNA isolation:

iIFTSEC283 and iOSE11 cells were plated on 100 mm plates and cultured for 24 h
after plating to reach 80% confluency. Cells were then briefly washed with PBS (Thermo
Fisher Scientific) and fresh medium containing 10 uM norepinephrine (Sigma-Aldrich) or

vehicle (H20) and incubated for 15 min, 1h and 4h (Figure. 2.1A). Cells were harvested
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immediately after treatment and processed for total RNA extraction using the RNeasy
Mini Kit (Qiagen, Hilde, Germany) following manufacturer’s protocol, including the
optional “on-column DNase digestion” step using freshly prepared DNase. Quality and
purity of the RNA samples was tested by Nanodrop (ratio of absorbance at 260/230 was
=2). Reverse transcription was performed using the QuantiTect Reverse Transcription kit

(Qiagen). RNA samples were used for sequencing and for verification of gene expression

by gPCR.
A
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2 / / a M M / / 2
I 7/ //
) 4 f
Plate C?(;?ngio Extract
cells media + xtrac R
uM NE or rRNa > RNA-Seq
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Figure 2.1. Early transcriptional response to norepinephrine (NE). (A) Experimental
timeline (B) Schematic of analysis performed after RNA-sequencing

Library preparation and RNA sequencing:

Total RNA was collected for each cell line and each treatment condition in three
independent replicates. 100ng of total RNA was used for library preparation using

Ovation Human FFPERNA-seq multiplex system (NUGEN Technologies, San Carlos,

40



CA). Sequencing was performed on an lllumina NextSeq500 instrument with 75 bp paired
end reads. On average, 23 million pairs of reads were generated for each sample. The

average alignment rate was 92.5% with Q302=94%. (Library Preparation and RNA-

sequencing was performed by the Molecular Genomics Core at Moffitt Cancer Center).

RNA-Seq analysis:

Following initial quality assessment and adaptor trimming, sequencing reads were
aligned with Tophat v2.0.13 against human reference genome hs37d5 (247).
Quantification of read counts aligned to the region associated with each gene was
performed using HTSeq v0.6.1 based on National Center for Biotechnology information
(NCBI) RefSeq gene model (248). Read counts of all samples were normalized using the
median-of-ratios method implemented in R/Bioconductor package DESeq2 v1.6.3 (249).
Differential expression analysis between the two groups was performed by serial
dispersion estimation and statistical model fitting procedures implemented in DESeq2.
Genes with a p-value (adjusted for multiple testing with the Benjamini-Hochberg
correction) of less than 0.1 (and/or a fold change of 2 and above) were determined to be

significantly differentially expressed (Figure 2.1B). (RNA-sequencing data analysis was

performed by Dr. Ling Cen from the Department of Biostatistics and Bioinformatics at

Moffitt Cancer Center).

Over-representation analysis of regulatory motif:

oPOSSUM (250) single site analysis was applied with the following options: 0.40
conservation cutoff, 85% matrix match threshold, sequences of —5,000 to 5,000 bp from

the transcription start site, and all genes in the oPOSSUM database. Shared common
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genes with a p-value <0.1 from the differential analysis in the iOSE11 and iIFTSEC283
cell lines were used as an input to be searched against the Jaspar database. Enriched of
transcription factor binding sites (TFBSs) were identified through computing two
complementary statistical measures, Fisher exact test and Z-score. Fisher scores which
are based on a one-tailed Fisher exact probability assess the number of genes with the
TFBS motifs in the foreground set vs. the background set. Z-scores are based on normal
approximation to the binomial distribution that measures the change in the relative

number of TFBS motifs in the foreground gene set compared with the background set.

qPCR:

cDNA was synthesized from isolated RNA using Qiagen QuantiTect Reverse
Transcription Kit with genomic DNA removal. PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific) was used for performing gene expression analysis of the
following genes: ADRBZ2 and HOXAS with ACTB (B-actin) as an internal control. Analysis
was performed on two independent replicates and each had three technical replicates
(total n =6). Expression for each gene of interest was calculated as a relative expression
ratio normalized to ACTB expression levels. The A-Act method was used for calculating

the relative expression of genes compared to mock-treated cells.

Western blotting:

NE and mock-treated cells were cultured up to 80% confluence in 100 mm plates.
Cells were harvested by scraping followed by extraction of the cytoplasmic fraction by
incubation for 2 min on ice in lysis buffer A [20 mM Tris pH 7.4, 10% glycerol, 10 mM

KCL, 0.2% NP-40, 1 mM EDTA, 0.6 mM B-mercaptoethanol] supplemented with
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1 x protease inhibitor cocktail (Roche, Basel, Switzerland) and 1 mM PMSF. Following
centrifugation (12,000 rpm) at 4 °C, the supernatant containing the cytoplasmic fraction
was collected and the pellets were re-suspended in nuclear extract buffer B [20 mM Tris
(pH 7.4), 20% glycerol, 10 mM KCL, 04 M NaCl, 1 mM EDTA, 0.6 mM -
mercaptoethanol, 1 mM PMSF and 1 x protease inhibitor cocktail]. Resuspended cells
were incubated for 30 min on ice. Bradford Assay (Bio-Rad Laboratories, Hercules,
California) was used to determine protein concentration. Whole cell lysates containing 50
ug of both cytoplasmic and nuclear fractions were resolved in 10% polyacrylamide gels
and transferred to methanol-activated PVDF using the TransBlot Turbo system (Bio-Rad
Laboratories, Hercules, California). Antibodies: V5-tag Rabbit antibody (D3H8Q; Cell

Signaling) and HoxA5 (Santa Cruz).

HOXAS induction time course study (QPCR):

iIFTSEC283, iIFTSEC283r53R175H  jFTSEC282P%3R175H - iOSE11, iOSE11Po3R17SH
SKOV3 and OVCARS cells having 80% confluency were treated with vehicle control
(H20) or NE for 15 min, 45 min, 1h, 1.5h, 2h, 3h and 4h. Cells were harvested immediately
after treatment and processed for total RNA extraction using the RNeasy Mini Kit (Qiagen,
Hilde, Germany) followed by cDNA synthesis from isolated RNA using QuantiTect
Reverse Transcription Kit (Qiagen, Hilde, Germany) and gPCR using PowerUp™

SYBR™ Green Master Mix (Thermo Fisher Scientific) and A-Act method.

HOXAS luciferase reporter assay:

Three experimentally validated promoters for HOXAS were identified using

Eukaryotic Promoter Database (EPD) (251) (Figure 2.2). An approximately 2500 bp
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region including these promoters as well as a part of HOXAS coding region was cloned
into pGL3 enhancer vector (Promega) (Figure 2.2). 8000 iFTSEC283 and 10000 iOSE11
cells each were plated in 96 well plates in 8 technical replicates. After overnight
incubation, they were transfected with pGL3 vector containing the HOXAS promoter (50
ng per well) (Promega) and pRL Renilla luciferase vector (20 ng per well) (Promega),
which was used as internal control. pGL3 control vector (50 ng per well) (Promega) was
used as positive control for the assay. Cells with the transfection medium containing Opti-
MEM (Gibco), FUGENE HD (Promega) and the vectors were centrifuged for 30 min at
1000 rpm before incubating for 48 h. Following incubation, the cells were treated with 10
MM norepinephrine (Sigma-Aldrich) or vehicle (H20) control containing fresh medium and
incubated for 15 min, 45 min, 1 h, 1.5 h, 2 h, 3 h or 4 h. After treatment, Dual-Glo®
Luciferase Assay System (Promega) was used to measure luciferase activity following
manufacturer’s protocol. SpectraMax L microplate reader was used for reading the output

and luciferase/renilla ratio was calculated.

HOXAS gene exon 1

1 kb} { he3s
27,143,500| 27,144, 000 27, 144,500| 27,145, 000|
GENCODE v32 Comprehensive Transcript Set (only Basic displayed by default) (filter acrtivated)
bt i v ]
Your Sequence from Blat Search
L _____ ___ . |
Human promoters from EPDnew version 0906 (filter acrivated)
=
==
=

I t ' Whole region ~ 2500kb

3 HOXAS promoters
from EPD database

Figure 2.2. Luciferase reporter assay. HOXA5 promoter region construct design. This
construct was cloned into pGL3 enhancer vector (Promega)
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HoxA5 ChIP-Seq:

iIFTSEC283 cells were plated on 150 mm plates and cultured for 48 h until they
reached 80% confluency. They were then briefly washed with PBS (Thermo Fisher
Scientific) and treated with 10 uM NE (Sigma-Aldrich) or vehicle (H20) containing fresh
medium and incubated for 15 mins, 1 h or 4 h. After treatment, the cells were immediately
fixed with formaldehyde (Sigma-Aldrich) for 15 min. Cells were scraped and suspended
in Shearing Buffer (Active Motif) and chromatin was sheared to 200-700 bp using M220
Focused-ultrasonicator (Covaris). Chromatin immunoprecipitation was performed using
the ChIP-IT High Sensitivity Kit (Active Motif) following manufacturer’s protocol with
validated HoxA5 antibody (Santa Cruz). HoxAS antibody was validated using mass
spectrometry (Figure 2.3). In addition, the HoxA5 antibody was also validated by western
blotting following silencing of the HOXAS gene using siRNA (Figure 2.11D). Three
independent replicates for each condition were used for sequencing with input DNA for
each condition as control. Library preparation was performed using TruSeq ChIP Library
Preparation Kits (lllumina) followed by sequencing on an lllumina NextSeq500 instrument

with 75 bp paired end reads. (Library Preparation and ChIP-sequencing was performed

by the Molecular Genomics Core at Moffitt Cancer Center).
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Figure 2.3. Antibody validation. HoxA5 Cluster: Probability of peptide from each protein
of HoxA5 cluster

HoxA5 ChIP-Seq analysis:

Galaxy tool, MACS2 call peak (252), was used to identify peaks using input as
control and a g-value of less than 0.05. The HoxA5 ChlIP-seq peaks were correlated with
RNA-seq genes. Those genes which had HoxA5 ChIP-seq peaks and were differentially
expressed in RNA-seq were subjected to MEME and FIMO analysis to look for HoxA5

binding motif.

HoxAS5 siRNA silencing:

50000 iFTSEC283 cells were seeded in 6 well plate. The next day these cells were
transfected with 12 yl of 10 uM siControl (Dharmacon) and 12ul of 10 yM siHoxAS
(Dharmacon) in 6.6 pl of Lipofectamine™ RNAIMAX Transfection Reagent (Thermo
Fisher Scientific) in Opti-MEM media (Gibco) following manufacturer’s protocol. After
transfection, the plate was centrifuged for 30 min at 1000 rpm. After 72 h, cells were
collected for confirmation of silencing by qPCR and western blots. In addition, after 72 h

following first round of transfection, a second round of transfection was performed using
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the same protocol and cells were incubated for additional 24, 48 and 72 h following the

first round of transfection with 72 h incubation.

Results

Differentially expressed genes identified by RNA-Seq:

To explore the effect of NE on cells postulated to be the precursors of epithelial
ovarian cancer, we compared the transcriptome of immortalized ovarian surface epithelial
and fallopian tube secretory epithelial cells (iOSE11 and iIFTSEC283) mock-treated or
treated with 10 uM NE for 15 min, 1 h and 4 h (Figure 2.4A and B). At 15 min time point,
we did not find any significant differentially regulated genes in response to NE treatment.
In contrast, we identified a total of 53 and 234 differentially (False Discovery Rate <0.1)
expressed genes in IOSE11 and iIFTSEC283 cells, respectively, upon 10 uM NE
treatment for 1 h (Tables 2.1 and 2.2). Forty-five of these genes were significantly
(FDR <0.1) differentially expressed and in the same direction (34 up and 11 down-

regulated) in both cell lines (Figure 2.4A).
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Figure 2.4. Early transcriptional response to NE. Venn diagram showing genes
differentially expressed in response to norepinephrine (NE) treatment in iOSE11 and
iIFTSEC283 cells at (A) 1 h time point (adapted from (253)) and (B) 4 h time point.
Upregulated and downregulated genes are depicted in blue and red fonts, respectively.
Underlined genes are common to both cell lines at both time points.

Table 2.1: Differentially expressed genes in iOSE11 cells (1 h - mock versus 10 pM

NE treated)
SIK1 1.21220746
PDE4B 0.98328472
PTGS2 0.76471814
RASD1 0.76312992
NR4A3 0.75591465
NFIL3 0.74311316
DUSP5 0.70052814
CEBPB 0.63514461
ARRDC3 0.63275582
DMBT1 0.62296336
CHMP1B 0.61857907
ZNF331 0.61629145
NR4A2 0.58192864
DUSP1 0.55979815

3.64E-42 3.75E-38
1.03E-29 5.31E-26
9.81E-20 2.02E-16
2.90E-21 7.47E-18
1.98E-21 6.82E-18
1.10E-17 1.61E-14
1.93E-18 3.32E-15
1.93E-13 1.66E-10
9.00E-13 6.63E-10
1.47E-12 1.01E-09
1.01E-14 1.30E-11
2.81E-12 1.70E-09
5.08E-14 5.24E-11
1.48E-13 1.39E-10
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Table 2.1 (continued)

RGS2
DUSP10
PDE4D
ID3
AVPI1
TBX3
CEBPD
ITPRIP
THBD
HOXA5
MAFB
TGIF1
RHOB
SNAI2
HOXA3
SGK1
PPP1R3B
KLF9
DUSP4
ETS2
SOWAHC
PER1
VEGFA
FAM46A
BCL3
BTG1
HAS1
DDIT4
IER3
CTGF
ZNF93
PCF11
PLK2
ZNF281

0.55536132
0.53391708
0.51800154
0.51733626
0.50439297
0.50200657
0.47494877
0.46696773
0.45848117
0.45317918
0.44105817
0.43583761
0.42324558
0.40161762

0.3929196
0.39039705
0.38687999
0.37242948
0.36223074
0.35657672
0.35153508
0.32992079
0.31631637
0.31198635
0.30996563
0.29711909
0.28535756
0.25704244
-0.2766351
-0.2850368
-0.2947416
-0.3125827
-0.3597374
-0.3913146

3.72E-13
1.90E-09
2.63E-09
3.17E-10
6.33E-09
9.01E-09
5.38E-08
2.43E-08
1.84E-07
3.66E-07
7.62E-09
1.00E-06
1.97E-06
4.42E-07
8.58E-06
3.54E-06
1.41E-05
8.32E-06
1.14E-05
5.19E-05
7.34E-05
0.00011843
4.22E-05
0.00046009
0.00041405
0.00034977
7.54E-05
0.00043554
0.0002268
0.00042111
0.0004863
0.00039771
1.08E-05
1.58E-06

2.95E-10
9.30E-07
1.18E-06
1.72€-07
2.72E-06
3.57E-06
1.98E-05
9.27E-06
6.55E-05
0.0001256
3.14E-06
0.0003226
0.0005975
0.0001468
0.0023902
0.001042
0.0036327
0.0023815
0.003014
0.0127424
0.0175872
0.0271204
0.0105958
0.0911782
0.0867902
0.0766889
0.0176649
0.0880045
0.0508077
0.0867902
0.0945534
0.085384
0.0029218
0.0004927
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Table 2.1 (continued)

JUN
FILIP1L
CYR61
GADD45A
DUSP6

-0.479222
-0.5342485
-0.5346815
-0.5833515
-0.5950225

1.99E-09
7.89E-10
3.55E-14
2.41E-12
1.58E-11

9.30E-07
4.07E-07
4.07E-11
1.55E-09
9.03E-09

Table 2.2: Differentially expressed genes in iFTSEC283 cells (1 h - mock versus 10

MM NE treated)

HAS1
SIK1
NR4A2
DMBT1
CHMP1B
RGS2
DDIT4
CEBPB
AVPI1
IL11
DUSP5
NFIL3
RHOB
T5C22D3
LINCO0473
DUSP1
PPAP2B
TGIF1
TBX3
PPP1R3B
PRDM1
HEXIM1

2.900319
2.6854741
2.6465167
2.2506773
2.0716141
1.9957328
1.8981113
1.6675739
1.6245957
1.5178151
1.4110911
1.3890883
1.3237344
1.3041029
1.2809875
1.2593277
1.1851065
1.1525237
1.1043658
1.0963492
1.0919267
1.0575094

4.19E-177
2.72E-164
2.21E-111
6.16E-91
3.38E-139
1.08E-62
1.99E-82
1.65E-74
2.12E-47
4.27E-42
1.93E-89
6.37E-48
1.23E-43
2.75E-36
2.51E-29
2.59E-67
1.21E-30
7.78E-26
1.85E-48
3.14E-24
2.41E-22
1.22E-31

5.29E-173
1.72E-160
7.00E-108
1.30E-87
1.42E-135
1.25E-59
3.15E-79
2.32E-71
1.92E-44
3.37E-39
3.49E-86
6.19E-45
1.04E-40
1.93E-33
1.38E-26
3.28E-64
6.96E-28
3.64E-23
1.95E-45
1.32E-21
9.51E-20
7.37E-29



Table 2.2 (continued)

DUSP10 1.0494288 3.08E-33 1.95E-30
IER5L 1.0395233 5.95E-35 3.96E-32
ID2 1.0103278 7.17E-21 2.67E-18
PER1 0.9831064 2.11E-26 1.07E-23
ID3 0.9830162 3.00E-29 1.58E-26
MAFK 0.9815906 1.24€-19 4.25E-17
ID1 0.9601098 2.24E-22 9.15E-20
ARRDC3 0.9591987 9.22E-17 2.84E-14
PDE4D 0.9539821 1.86E-15 5.22E-13
SNAI1 0.9396428 2.32E-16 6.97E-14
SGK1 0.8580679 2.06E-21 7.89E-19
TNS4 0.8203659 9.45E-13 2.34E-10
SH2D2A 0.7970015 4.39E-13 1.11E-10
REL 0.7883187 3.97E-11 8.36E-09
ITPRIP 0.7779744 8.32E-21 2.92E-18
METRNL 0.7760654 8.32E-17 2.63E-14
CD200 0.7715012 9.07E-11 1.76E-08
PTGS2 0.7382926 5.88E-10 1.09€-07
CRISPLD2 0.7091045 1.32E-11 2.92E-09
SIM2 0.7046947 1.05E-15 3.09E-13
CPEB4 0.7029461 3.84E-15 1.06E-12
CLK1 0.6948822 7.84E-11 1.55E-08
Clorf63 0.6911563 7.11E-10 1.28E-07
ATOHS 0.6833275 2.59E-09 4.25E-07
CEBPD 0.6789227 6.17E-09 9.51E-07
GZF1 0.6704045 4.14E-11 8.58E-09
SNAI2 0.6643754 1.40E-18 4.53E-16
BDNF 0.6594385 2.18E-11 4.67E-09
ARID3B 0.6572524 5.00E-09 7.80E-07
VAMP1 0.6492821 6.25E-08 8.32E-06
FAM167A 0.6443373 1.84E-14 4.85E-12
Cl12orf44 0.6400114 2.21E-10 4.18E-08
KLF9 0.637445 4.99E-15 1.34E-12
CTH 0.6216777 1.99E-07 2.47E-05
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Table 2.2 (continued)

SMOC1
IRAK2
CD55
KLF4
HOXA3
AKAP12
GAS1
AREG
GPCPD1
FOX01

MIRLET7BHG

TOB1
TCF21
GATA2
EDN1
FOXF1
TMA4SF1
PDE4B
ZFP36
IRS2
CAMKK1
C13o0rf33
ETS2
ARRDC2
FST
WDR91
INSIG1
BHLHE40
MN1
NEAT1
TUBB2A
NUAK2
IRF2BP2
GADD45B

0.6157067
0.6156758
0.6148516
0.6127613
0.6106769

0.606582
0.6010344
0.6006386
0.5905623
0.5902658
0.5901622
0.5838902
0.5830134
0.5767454
0.5631947
0.5543941
0.5541799
0.5521835

0.547249
0.5470725

0.545766
0.5423618
0.5416942
0.5391679
0.5384358
0.5297365
0.5282283
0.5275175
0.5264201
0.5153852
0.5149091
0.5115665
0.5091569
0.4985766

2.34E-07
8.54E-08
7.02E-10
2.64E-07
1.29E-07
1.04E-12
1.20E-07
2.61E-08
5.32E-07
4.28E-08
2.16E-07
1.32E-08
3.46E-09
3.45E-09
1.17E-07
2.52E-06
1.95E-10
4.23E-06
5.62E-08
1.00E-09
5.10E-06
8.35E-09
9.67E-09
7.06E-06
5.87E-06
5.19E-06
2.70E-08
1.58E-08
6.62E-06
7.81E-06
1.28E-09
3.21E-07
1.16E-09
3.46E-07

2.84E-05
1.13E-05
1.28E-07
3.18E-05
1.65E-05
2.54E-10
1.54E-05
3.76E-06
6.05E-05
5.88E-06
2.65E-05
1.95E-06
5.53E-07
5.53E-07
1.52E-05
0.00027022
3.73E-08
0.00043464
7.55E-06
1.76E-07
0.00051573
1.27E-06
1.46E-06
0.00068658
0.00058406
0.00052073
3.84E-06
2.29E-06
0.00065418
0.00074832
2.16E-07
3.76E-05
1.98E-07
4.01E-05
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Table 2.2 (continued)

KLF15
GEM
SLC19A2
BCL3
PLAT
STC1
TSPYL2
SSTR1
RAB3A
OSGIN1
FOSL2
TNFRSF1B
FLVCR2
LINC00085
BCOR
JOSD1
NPTX1
INHBA
ADAMTS4
PCDH9
CLCN2
RASD1
HOXA5
ZC3H12C
TRAF4
SNHG12
VEGFA
C19orf26
DLX2
MAP3K8
SYTL2
LOC642852
CBX8
ARL4D

0.4914478
0.4903549
0.4898012
0.4891517
0.4875634
0.4787462
0.4692723
0.4690885
0.4657725
0.4642161
0.4642081
0.4565888
0.4537692
0.4496213
0.4434309
0.4421268
0.4383807
0.4369085
0.4337598
0.4323805
0.4279573
0.4261694
0.4233995
0.4178567
0.4168094
0.4157281
0.4102453
0.4093799
0.4080821
0.4067646
0.4055885

0.403033

0.401747

0.401364

2.88E-06
3.93E-05
1.50E-05
7.05E-06
4.10E-08
6.48E-05
5.05E-06
3.34E-05
5.98E-05
9.70E-05
1.36E-09
7.78E-06
4.77E-05
8.29E-05
1.57E-07
5.21E-08
3.81E-05
2.96E-08
0.00015592
0.00019724
0.00027191
3.10E-07
0.00013317
3.79E-05
0.00029694
0.00033937
4.31E-09
0.00055373
0.00052594
0.00050329
0.00072377
0.00014096
0.00073437
0.00082694

0.00030332
0.00344987
0.00140205
0.00068658
5.69E-06
0.00535622
0.00051452
0.00299209
0.00497473
0.00771317
2.26E-07
0.00074832
0.00410053
0.00680717
1.99E-05
7.08E-06
0.0033689
4.15E-06
0.01159321
0.01432822
0.01930874
3.66E-05
0.01007964
0.0033689
0.02073641
0.02344084
6.81E-07
0.03552834
0.0340919
0.03283599
0.04419538
0.01054285
0.04462705
0.04964231
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Table 2.2 (continued)

FOSB
SAT1
GABARAPL1
BAG1
SLC7A5
GRAMD1B
PTPRN
SIK2
PPP1R3C
IL24
MIR614
S0CS3
JUND
GTF2IRD1
MEF2D
SOCS5
ARC
CPEB2
CYP1B1
CXCL2
SHC4
SNHG1
Cllorf96
UGCG
CDK17
RRAD
ZFP36L2
RBM39
USP36
PTP4A1
HERPUD1
TOB2
HYMAI
SYNPO

0.4009077
0.3998881
0.3997573
0.3950007
0.3924564
0.3918603
0.3918461
0.3844193
0.3830166
0.3815462

0.374167
0.3719633
0.3644705
0.3548459
0.3506495
0.3489442
0.3478326
0.3439302

0.338931
0.3378742
0.3324083
0.3316155
0.3299062
0.3286272
0.3206274
0.3203394
0.3172371

0.315007
0.3053598
0.3039009
0.3026682
0.2968797
0.2928214
0.2917082

0.00083198
0.00027543
0.00068591
0.0006334
4.39E-07
0.00083261
0.00027071
4.46E-05
0.00137452
0.00070697
0.00010159
0.00012656
0.00045124
0.00178437
0.00012101
0.00029114
0.00010995
0.00040647
0.00088843
0.00180665
0.00063361
0.00043636
2.34E-05
4.93E-05
0.00158276
8.73E-05
0.00016266
8.41E-05
0.00017526
0.00011521
0.00124311
0.00060909
0.0014124
0.00180478

0.04964231
0.01944904
0.04229203
0.03945246
5.04E-05
0.04964231
0.01930874
0.00388593
0.07826101
0.04337885
0.0079758
0.00969533
0.03017842
0.09759002
0.00932621
0.02044414
0.00857889
0.02747477
0.05247534
0.09759002
0.03945246
0.02933788
0.00213157
0.00417941
0.0885227
0.00707102
0.01202312
0.00685618
0.01287933
0.00893383
0.07174855
0.03830309
0.07969996
0.09759002
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Table 2.2 (continued)

ARID5B
B4GALT1
KLF6
CSNK1E
OXTR
PRR15
PPP1R18
ARSJ
TRIM8
THBS1
XIRP1
ZNF24
ADM
FOSL1
C5o0rf30
PLIN2
RIN2
ETS1
CHAMP1
FBX030
GLIS2
BIRC3
PHF23
AMIGO2
FOXL1
IER5
RGOMTD1
CDC42EP3
CYR61
RGMB
KLF7
PHF13
TXNIP
PPP1R15A

0.2723919
0.2674636
0.2548192
0.2348346
-0.226869

-0.23747
-0.278695
-0.282168

-0.28571

-0.28595
-0.297075
-0.298966

-0.29915
-0.300289
-0.309251
-0.310542
-0.321483
-0.322689

-0.32447
-0.327388
-0.328569
-0.330591

-0.34754

-0.34892
-0.349088
-0.352689
-0.357794
-0.363692
-0.364016
-0.364334
-0.365837
-0.369555
-0.375506
-0.381222

0.00033238
0.0005957
0.00048292
0.00169421
0.00139918
0.00109262
0.0005644
0.0018059
0.00125679
0.00066033
0.00048394
0.0005898
0.00019888
2.49E-05
0.00148815
0.00036489
0.00019692
0.00013797
5.66E-05
0.00050397
0.00084559
0.00172252
0.00176938
0.00125703
0.00023162
0.00053067
0.00037753
1.80E-07
5.67E-07
1.37E-05
9.15E-05
0.00169544
0.0003904
1.51E-05

0.02308397
0.03764795
0.03185903
0.09399276
0.07930783
0.06393852
0.03603027
0.09759002
0.07189549
0.0409143
0.03185903
0.03746269
0.01436479
0.00224878
0.08360095
0.0250665
0.01432822
0.01038076
0.00473553
0.03283599
0.05017961
0.09507723
0.09723903
0.07189549
0.01663462
0.03422282
0.02579464
2.26E-05
6.37E-05
0.0012925
0.00736812
0.09399276
0.02653068
0.00140441
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Table 2.2 (continued)

SPOCD1
ST3GAL1
MIR221
HYLS1
MARS2
CSF3
SiX4
FOXD1
HJURP
TNFAIP3
TRIB2
EIF1AD
PLK2
CCDC71L
SNX18
HOXD8
F3

FGF5
RGS3
IER2
FILIP1L
PCF11
ZNF93
KRTAP2-1
ENC1
ZNF281
ZNF217
ZNF175
ANGPTL4
CTGF
SPRY2
ANKRD1
IER3
JUN

-0.381756
-0.386105
-0.387096
-0.387808
-0.389304
-0.395721
-0.400409
-0.40587
-0.408481
-0.415641
-0.419599
-0.421747
-0.429033
-0.431548
-0.444565
-0.459236
-0.460388
-0.469252
-0.479204
-0.482954
-0.491787
-0.508379
-0.52265
-0.568911
-0.579784
-0.606005
-0.609253
-0.666675
-0.673017
-0.678708
-0.679476
-0.6813
-0.68395
-0.688935

5.04E-05
1.15E-05
0.00117102
0.00097782
0.00117319
0.00082187
4.84E-05
9.37E-07
3.58E-06
9.66E-05
0.00045864
1.87E-05
1.15E-06
9.93E-05
2.15E-06
4.68E-05
2.95E-07
1.12E-09
2.19E-05
5.70E-07
1.05E-08
2.78E-06
3.32E-06
9.97E-07
8.60E-10
9.81E-12
1.72E-11
4.82E-11
1.61E-12
1.47E-15
9.59E-12
8.21E-21
2.92E-14
1.52E-12

0.00424855
0.00109184
0.06802344
0.05748674
0.06802344
0.04964231
0.0041332
0.00010384
0.00037125
0.00771317
0.03051171
0.00172388
0.00012489
0.00784316
0.000232
0.00404771
3.51E-05
1.94€-07
0.00200226
6.37E-05
1.57E-06
0.00029537
0.0003472
0.00010958
1.53E-07
2.21E-09
3.75E-09
9.67E-09
3.78E-10
4.21E-13
2.20E-09
2.92E-18
7.54E-12
3.63E-10
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Table 2.2 (continued)

EGR3 -0.700971 4.36E-11 8.89E-09
SPRY4 -0.744724 1.45E-25 6.55E-23
RGS4 -0.793161 4.76E-19 1.58E-16
TRIB1 -1.133809 5.36E-25 2.34E-22
GADD45A -1.191898 8.02E-42 5.96E-39
EGR1 -1.265036 4.07E-26 1.98E-23
DUSP6 -2.279744 9.42E-93 2.38E-89

After 4 h of 10 yM NE treatment, we identified a total of 34 and 313 differentially
(False Discovery Rate<0.1) expressed genes in iOSE11 and iFTSEC283 cells,
respectively (Tables 2.3 and 2.4). Twenty-two of these genes were significantly
(FDR <0.1) differentially expressed and in the same direction (13 up and 9 down-
regulated) in both cell lines (Figure 2.4B). Four genes — HAS1, CHMP1B, PDE4D and
DMBT1 — were upregulated in both IOSE11 and iIFTSEC283 cell lines at both 1 h and 4
h time point (Figure 2.4A and B). In iFTSEC283 cells, a total of seventy-one genes
overlapped between 1 h and 4 h time points; while in iOSE11 cells, only four genes

overlapped between the two time points.

Table 2.3: Differentially expressed genes in iOSE11 cells (4 h - mock versus 10 pM
NE treated)

Gene log2FoldChange p-value p-value adjusted
FGF5 -0.4644153 4.50E-14 2.43E-10
GRAMD1B 0.52369169 4.92E-14 2.43E-10
HDAC9 -0.4349691 1.17E-09 2.88E-06
IL11 0.4110791 1.03E-09 2.88E-06
HAS1 0.41871266 3.85E-09 7.59E-06
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Table 2.3 (continued)

Gene
CHMP1B
VEGFC
GPRC5A
PID1
NAV3
DMBT1
LOC730755
HTR1F
RGS4
PDE4D
CSGALNACT1
TANC2
FAM167A
MAML3
HBEGF
RGMB
SH3RF2
CDC42EP3
ATP8B1
ADAMTS1
GLI2
SMOC1
MTRNR2L8
FRMD6
PPP1R10
0SBP2
SMOX
C5o0rf30
CD55

log2FoldChange

0.38167512
-0.3134824
0.36634679
0.35263466
-0.285688
0.3519153
-0.3246544
-0.3317504
-0.3078421
0.3213635
0.3308013
0.28240556
0.28763709
0.31162106
-0.2893537
-0.27074
-0.2809901
-0.2151988
-0.2644104
-0.2651088
0.2260765
0.27299091
-0.2873377
-0.2405342
0.23498592
0.27267933
0.26942628
-0.2594622
0.26514027

p-value

7.01E-09
3.31E-08
4.81E-08
2.57E-07
5.99E-07
5.58E-07
1.11E-06
3.18E-06
3.27E-06
3.92E-06
3.78E-06
8.13E-06
9.64E-06
9.75E-06
1.38E-05
1.88E-05
2.25E-05
2.24E-05
2.54E-05
4.23E-05
4.54E-05
5.26E-05
5.50E-05
7.24E-05
0.000105
0.000119
0.000134
0.000148
0.000144

p-value adjusted

1.15E-05
4.66E-05
5.93E-05
0.000282
0.000537
0.000537
0.000913
0.002302
0.002302
0.002417
0.002417
0.004717
0.00506
0.00506
0.006828
0.008818
0.009634
0.009634
0.010421
0.016677
0.017227
0.019227
0.019376
0.024613
0.034508
0.037978
0.041368
0.043016
0.043016
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Table 2.4: Differentially expressed genes in iFTSEC283 cells (4 h - mock versus 10
MM NE treated)

NPTX1 1.62239815 5.66E-47 7.51E-43
PPAP2B 1.03250566 3.86E-24 2.56E-20
CD55 1.0402481 1.99E-23 8.81E-20
NHS 1.09327047 3.99E-21 1.32E-17
TANC2 0.75044353 1.20E-16 3.19E-13
DMBT1 0.93778809 2.95E-16 6.53E-13
PDE4D 0.67694424 3.98E-16 7.55E-13
STAMBPL1 0.81803811 2.52E-15 4.18E-12
MAML3 0.88039798 8.05E-15 1.19E-11
SH2B3 -0.5486988 9.21E-15 1.22E-11
MN1 0.71894431 1.11E-14 1.34E-11
C5o0rf30 -0.7445767 6.50E-14 7.19E-11
MICALCL -0.8077031 8.35E-14 8.52E-11
SIK2 0.54272395 1.07E-13 1.02E-10
TBX2 -0.629735 1.85E-12 1.60E-09
XIRP1 -0.8110571 1.93E-12 1.60E-09
GRAMD1B 0.69236509 2.12E-12 1.66E-09
FGF5 -0.666655 3.27E-12 2.41E-09
MIR614 0.75629265 5.45E-12 3.80E-09
FGF7 0.78469861 7.20E-12 4.77E-09
POU2F2 -0.7738673 8.19E-12 5.17E-09
ENC1 -0.5490963 1.05E-11 6.31E-09
IRX3 -0.6175892 3.02E-11 1.74E-08
PDE7B 0.76251988 5.13E-11 2.84E-08
FRMDA4A -0.3963176 7.40E-11 3.92E-08
FAM167A 0.55408378 1.05E-10 5.38E-08
HMGA2 -0.4788033 1.31E-10 6.45E-08
SYTL2 0.6804168 2.92E-10 1.38E-07
MAFK 0.55973334 3.96E-10 1.81E-07
AKAP12 0.50867954 6.00E-10 2.65E-07
FHOD3 0.60047986 6.73E-10 2.88E-07
GALNTL2 0.71435881 7.74E-10 3.19E-07
HIC1 -0.4743062 7.93E-10 3.19E-07
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Table 2.4 (continued)

PID1
T7SC22D1
TMA4SF1
0SBP2
NAV3
KRT80
ATOH8
EIF2AK3
B4GALT1
Clorf198
EBF3
FGF2
MAP2K3
GPCPD1
CD274
TNFSF4
PRR5L
MBNL2
KRTAP1-5
FHL3
TMEM1208B
TSHZ3
PODXL
PRICKLE1
PGM2L1
SLC20A1
NR2F2
LZTS1
DOTIL
SHC4
IL1R1
VEGFC
SCUBE3
HAS1

0.63460767
-0.457691
0.59833447
0.70320616
-0.5771783
0.69226211
0.64366996
0.58226759
0.4264213
-0.5032774
0.5256697
0.541923
-0.3857653
0.5657901
-0.5395482
-0.5452859
0.48317321
0.4686396
-0.6307166
-0.4195283
0.4482191
-0.4815422
-0.5550582
-0.6336487
0.61834441
-0.5177062
-0.5173823
-0.5738258
-0.3481552
0.58604095
0.41876307
-0.4277081
-0.3697239
0.55238694

9.33E-10
9.28E-10
1.23E-09
1.33E-09
1.70E-09
2.32E-09
3.78E-09
4.59E-09
5.98E-09
6.15E-09
6.47E-09
7.57E-09
7.70E-09
9.36E-09
1.32E-08
1.50E-08
1.74E-08
1.92E-08
3.70E-08
3.95E-08
3.90E-08
4.22E-08
5.02E-08
5.06E-08
5.31E-08
5.27E-08
6.38E-08
8.03E-08
8.43E-08
8.86E-08
9.20E-08
9.34E-08
9.73E-08
1.38E-07

3.54E-07
3.54E-07
4.53E-07
4.78E-07
5.92E-07
7.90E-07
1.25E-06
1.48E-06
1.89E-06
1.90E-06
1.95E-06
2.22E-06
2.22E-06
2.64E-06
3.64E-06
4.05E-06
4.61E-06
4.98E-06
9.45E-06
9.70E-06
9.70E-06
1.02E-05
1.18E-05
1.18E-05
1.19E-05
1.19E-05
1.41E-05
1.75E-05
1.80E-05
1.87E-05
1.91E-05
1.91E-05
1.96E-05
2.73E-05
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Table 2.4 (continued)

RGMB
NAB2
CTH
SERPINB2
DUSP7
KLF16
BAZ1A
IGFIR
PLAT

FLI1
ANTXR2
MGEA5
ADAM19
GLIS1
LRRC8A
FAMS59A
NOG
SPRY4
HSD17B2
ANKRD34A
BACH1
ITGA2
TNS4
ELK3

SIK3

KLF6
LOC730755
SMAGP
HDAC4
KLF5
NR4A1
CRISPLD2
ERRFI1
KRTAP2-1

-0.6112987
-0.4717975

0.5859115

-0.548347
-0.3812494
-0.4232716
-0.3912654

0.3809721
0.40855245

-0.375126

-0.319485
0.37965342
-0.3841368
0.46039911
-0.3497898
0.56029897
0.57168209
-0.3521154

0.5476851
-0.4966771
-0.4342828
-0.4607764
0.53230927
-0.3436763
0.37254173
-0.4748284
-0.5196404
-0.3725772
0.48590265
-0.3895797
0.55236245
0.55248858
-0.3006087
-0.4975587

1.42E-07
1.70E-07
2.07E-07
2.64E-07
2.72E-07
3.08E-07
3.25E-07
3.39E-07
3.68E-07
3.91E-07
4.48E-07
5.53E-07
5.86E-07
6.36E-07
6.94E-07
7.19E-07
8.29E-07
9.25E-07
1.01E-06
1.06E-06
1.16E-06
1.23E-06
1.32E-06
1.35E-06
1.37E-06
1.42E-06
1.52E-06
1.53E-06
1.58E-06
1.65E-06
1.68E-06
2.02E-06
2.13E-06
2.30E-06

2.78E-05
3.26E-05
3.93E-05
4.93E-05
5.01E-05
5.59E-05
5.82E-05
5.99E-05
6.42E-05
6.74E-05
7.62E-05
9.28E-05
9.71E-05
0.000104
0.000112
0.000115
0.000131
0.000144
0.000156
0.000162
0.000175
0.000184
0.000195
0.000197
0.000197
0.000202
0.000213
0.000213
0.000218
0.000225
0.000227
0.000271
0.000282
0.000302
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Table 2.4 (continued)

IRS1
KRTAP4-12
PLAUR
ANGPTL4
AVPI1
HTR1F
JAG1
PITPNC1
ETS2
BCAR3
CHMP1B
SEC14L1
CXXC5
GABARAPL1
NAGS
FHOD1
USP36
FOXL1
PTGES
DIXDC1
INHBA
NFKB1
PRKCD
DNMBP
PRKCE
DOCK4
NPR3
MTSS1
TET3
Cl14orf49
NR2F1
FRMD6
ARNTL
ARHGAP24

0.32094524
-0.4572275
-0.350461
-0.470669
0.47520514
-0.4623344
-0.4904631
0.52654519
0.48017746
-0.3978457
0.45139205
-0.2957906
-0.4986749
0.50403801
-0.46971
-0.3453909
-0.3380956
-0.4280046
0.41150329
0.41878131
0.4042113
-0.3970743
-0.348804
0.35118824
0.48498498
0.50315405
0.46021386
-0.4802015
-0.4540875
-0.4844307
-0.310907
-0.3621208
0.44046924
-0.434175

2.45E-06
2.43E-06
2.56E-06
4.15E-06
4.33E-06
4.48E-06
4.44E-06
4.47E-06
4.55E-06
4.62E-06
4.65E-06
4.90E-06
5.10E-06
5.28E-06
5.25E-06
5.42E-06
5.94E-06
6.16E-06
6.83E-06
7.24E-06
7.90E-06
7.95E-06
8.87E-06
9.56E-06
9.57E-06
9.70E-06
1.01E-05
1.05E-05
1.05E-05
1.12E-05
1.13E-05
1.20E-05
1.45E-05
1.49E-05

0.000315
0.000315
0.000327
0.000524
0.000542
0.000545
0.000545
0.000545
0.000548
0.000551
0.000551
0.000575
0.000593
0.000604
0.000604
0.000615
0.000668
0.000687
0.000755
0.000794
0.000858
0.000858
0.000949
0.001008
0.001008
0.001014
0.001049
0.001076
0.001076
0.001131
0.001131
0.001197
0.001433
0.001464
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Table 2.4 (continued)

BNC2
GPR77
TUFT1
IKZF2
SIM2
CUX1
FLNC
RNF103
FAT1
IGFBP3
GPRC5A
MOK
ARHGAP29
PLEKHAZ2
RAP2B
EPHA2
TOP2A
ARHGAP22
TLR4
JOSD1
ITGA3
PTGER4
IL1IRL1
ADAMTS4
CYP1B1
SMURF2
MAST4
SH3BP5L
PNRC1
GCLC
HSF2BP
ADAMTS1
GK

TRIMS

0.38797149
0.45281876
0.49942602
-0.4653355
0.37827456
0.27422497
-0.2735009
0.41601387
0.28244147
-0.3272477
0.372408
-0.3339878
-0.3851793
0.28108714
-0.4007045
-0.3264114
0.27156269
-0.4163651
-0.4196193
0.32742764
-0.2460382
-0.4614309
0.39345806
0.44840579
0.4316373
-0.3729809
-0.3960836
-0.37563
0.37792841
-0.3726937
0.4274597
-0.4248581
0.47540648
-0.288048

1.59E-05
1.61E-05
1.62E-05
1.93E-05
1.95E-05
2.01E-05
2.00E-05
2.04E-05
2.08E-05
2.17E-05
2.19E-05
2.21E-05
2.29E-05
2.61E-05
2.59E-05
2.71E-05
2.70E-05
2.84E-05
2.85E-05
2.92E-05
3.07E-05
3.13E-05
3.26E-05
3.29E-05
3.39E-05
3.45E-05
3.61E-05
3.73E-05
3.76E-05
3.85E-05
3.97E-05
4.21E-05
4.23E-05
4.25E-05

0.001549
0.001559
0.001559
0.001842
0.001849
0.001875
0.001875
0.001889

0.00192
0.001982
0.001994
0.001995
0.002057
0.002305
0.002305
0.002369
0.002369
0.002452
0.002452
0.002499
0.002612
0.002646
0.002741
0.002746
0.002813

0.00284
0.002956
0.003039
0.003044
0.003096
0.003171
0.003338
0.003338
0.003339
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Table 2.4 (continued)

STX6
FLRT3
TOB2
S1PR3
FAM196B
PPARGC1B
CPEB4
SPSB1
FGF18
Foxcz
TPPP
C12o0rf44
SERTAD2
BAIAP2
FARP1
ETS1
LIMD1
PGRMC2
BHLHE40
FAM176A
GCC2
TSC22D3
RASA3
ZEB2
FLVCR2
CMIP
MEIS1
AKAP9
ZBTB16
CHD2
LZTS2
HDAC9
FMN2
LINC00341

-0.3678656
0.442069
-0.2770987
-0.3174857
-0.3887288
-0.4612627
0.27959461
-0.3917078
0.36456185
-0.2915055
0.35885706
0.36383049
-0.3120754
-0.3456873
0.33486663
-0.2855806
-0.3405677
0.27470007
-0.3652746
-0.3733257
0.32227961
0.39488843
-0.2850973
0.29197966
0.40045534
0.32992088
0.30568854
0.29999155
0.44296332
0.2743459
-0.3220394
-0.415717
-0.4046531
-0.4082508

4.35E-05
4.49E-05
4.48E-05
4.85E-05
4.91E-05
5.01E-05
5.16E-05
5.31E-05
5.50E-05
5.61E-05
5.71E-05
5.94E-05
5.92E-05
5.99E-05
6.60E-05
6.76E-05
6.80E-05
6.91E-05
7.06E-05
7.30E-05
7.44E-05
7.42E-05
7.54E-05
7.70E-05
7.89E-05
8.01E-05
8.10E-05
8.16E-05
8.38E-05
8.67E-05
8.77E-05
9.25E-05
9.46E-05
9.92E-05

0.003398
0.003467
0.003467
0.003721
0.003747
0.003795
0.00389
0.003979
0.0041
0.00416
0.004205
0.004332
0.004332
0.004342
0.004758
0.004847
0.00485
0.004901
0.004979
0.005125
0.005168
0.005168
0.00521
0.005296
0.005395
0.005452
0.005485
0.005492
0.005617
0.005783
0.005817
0.006109
0.006212
0.006482
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Table 2.4 (continued)

MYOCD
PAPPA
MEG3
TNRC6B
C3orf52
PDLIMA4
SACS
C5AR1
PRRX2
LOC375295
BDNF

TET1
GPR68
ARHGAP21
NUMA1
CLCN5
SH2D5
CD200
GTF2IRD1
OTUD7B
SEMA7A
ZFHX2
IFFO2
ARHGAP23
APBA1
ATP8B4
LOC284023
OXTR

LOC100507632

EPAS1
PHF20
IPO5
HIVEP3
SPOCD1

0.30903524
0.44894857
0.31913673
0.25478787
-0.4369337
-0.2560523
-0.3060968
0.41176328
0.29297766
-0.3238658
0.33407885
0.42793947
-0.4397626
0.23925116
0.25157272
-0.3697495
-0.4368537
0.39160846
0.34916485
0.29072557
-0.3536705
-0.4337047
-0.3349197
-0.2193544

-0.400359
0.29379233
-0.4015877
-0.3740313
0.41721149

0.2761902
0.28583396
0.25038922
0.32565238
-0.2815809

0.000103
0.000108
0.000108

0.00011
0.000111
0.000118

0.00012
0.000125
0.000129
0.000141
0.000145
0.000145
0.000155
0.000157
0.000157
0.000162
0.000169
0.000181
0.000186

0.00019
0.000192
0.000192
0.000198
0.000204
0.000212
0.000221
0.000225
0.000225
0.000234
0.000248
0.000249
0.000256
0.000261
0.000263

0.006701

0.00697
0.006974
0.007029
0.007068
0.007486
0.007567
0.007845
0.008055
0.008787
0.008967
0.008967
0.009536
0.009563
0.009563
0.009841
0.010188
0.010843
0.011117

0.01128
0.011324
0.011324
0.011608

0.01194
0.012354

0.01279

0.01295

0.01295
0.013386
0.014134
0.014134
0.014446
0.014681
0.014724
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Table 2.4 (continued)

AIM1
LINCO0O473
FOXD1
AGPAT4
HEXIM1
DDIT4
GLIS2
SLC20A2
CDC42EP1
ERF

GAS1
TRIM35
PXN
RAPH1
SLC4A7
TAOK3
S0X12
KIAA1217
ZNF93

LOC100505696

PXDC1
CSK
SH2D2A
TTLL11
TRNP1
BAZ2B
LOXL3
REST
ZEB1
MAGI1
SLA
RAPGEF2
SGK223
C9orf167

-0.3347613
0.24506609
-0.2655639
0.40292645
0.31128408
0.33567364
-0.2967988
-0.3161669
-0.3208319
-0.2859279
0.41552481
-0.3138832
-0.2421989
-0.3186407
-0.3555214
-0.2640564
-0.3113236
0.40529993
0.36858026
0.33588938

-0.296511
-0.2679691
0.25663026

-0.329531
-0.2567182
0.31917705
0.23721177
-0.2327967
-0.3034892
-0.3295738
0.26166377
0.25004105
-0.3711329
-0.2487283

0.000268
0.000283
0.000287
0.000295
0.000304
0.000311
0.000318
0.000318
0.000339
0.000338
0.000344
0.00035
0.00036
0.000359
0.000369
0.000402
0.000415
0.000426
0.000475
0.000491
0.0005
0.000508
0.000512
0.000512
0.000515
0.000556
0.000579
0.00058
0.000596
0.000634
0.000638
0.000642
0.00065
0.000655

0.014946
0.015724
0.015846
0.016261
0.016659
0.016994
0.017228
0.017228
0.018206
0.018206
0.018392

0.01863
0.019023
0.019023
0.019408
0.021073
0.021657
0.022158

0.02461
0.025345
0.025717

0.02601

0.02601

0.02601
0.026081
0.028064
0.029052
0.029052
0.029714
0.031486
0.031602
0.031662
0.031943
0.032072
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Table 2.4 (continued)

NEURL1B
ARHGAP18
AUTS2
KIF18A
RASA1
GABPB1
GATA6
CCNE2
GGNBP2
KRTAP4-8
MET
NAV2
KCNQ10T1
EPC2
CHAMP1
GJC1
METRNL
FZD1
INHBB
PAK1IP1
C170rf70
GK5
LOC100129550
SPRED1
ZNF175
Cl50rf39
ARNT
CNR1
SGK1
SLC37A2
AREG
P4HA3
PPP1R15A
BEND3

0.39282302
-0.3200747
-0.3447091

0.31872369

-0.243031

0.31764707
-0.3874285
-0.3604853

0.24579604
-0.2874816
-0.2554524
-0.1986012

0.30985258

0.3109656
-0.2349291
-0.2582621

0.27177021

0.29322386

0.373923

-0.287679
-0.2648624

0.2565482

0.36322846
-0.2152534

0.30210649
-0.2919551

0.24317271

0.35213512
-0.2818265
-0.2615421

0.37446021

0.37341612
-0.2748914
-0.3755968

0.000659
0.000664
0.000721

0.00072
0.000737
0.000771
0.000802

0.00082
0.000812
0.000815
0.000818

0.00083
0.000844
0.000852
0.000865
0.000868
0.000868
0.000891
0.000895
0.000912
0.000916
0.000949
0.000964
0.000958
0.000962

0.00098
0.000984
0.001031
0.001049
0.001053

0.00106
0.001073
0.001098
0.001109

0.032141
0.032292
0.034776
0.034776
0.035428
0.036945
0.038253
0.038558
0.038558
0.038558
0.038558
0.038908
0.039442
0.039656
0.040006
0.040006
0.040006
0.040908
0.040935
0.041587
0.041626

0.04297
0.043197
0.043197
0.043197
0.043778
0.043786

0.04575
0.046394
0.046409
0.046559
0.046971
0.047901
0.048099
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Table 2.4 (continued)

Gene log2FoldChange p-value p-value adjusted
SATB2 -0.2403532 0.001113 0.048099
ZNF850 0.33383449 0.001112 0.048099
ZNF331 0.33680528 0.001121 0.048286
CHIC2 -0.3244244 0.001132 0.048605
MBD4 0.28664695 0.001142 0.048873
CAPRIN2 -0.2672566 0.001161 0.049512
HEG1 0.23758603 0.001172 0.049833
KLF11 -0.3762246 0.001177 0.049902

Transcription Factor Enrichment Analysis

To infer common gene regulatory mechanisms induced by NE, we explored
enrichment of transcription factor binding sites (TFBSs) in the 5 kb sequence up and
downstream of transcription start sites of the differentially expressed genes identified in
response to 10 yM NE treatment in both cell lines at 1 h and 4 h time points from the
RNA-Seq data. In this analysis, we aimed to identify putative transcription factors that
might play a central and early role in the transcriptional response to NE. This was done
using oPOSSUM, a pre-computed JASPAR database of conserved TFBSs (250). When
potential transcription factor binding sites were ranked by Z-scores, transcription factor
HoxA5 was found to have a Z-score higher than 2 standard deviations above the mean
in iIOSE cells treated with NE for both 1 h and 4 h (Figure 2.5A and B). On the other hand,
only iIFTSEC283 cells treated with NE for 4 h had enriched HoxA5 TFBS with z-score
higher than 2 standard deviations above the mean (Figure 2.5A and B). Although the z-

score for HoxA5 was lower than 2 standard deviations above the mean for iIFTSEC283
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cells treated with NE for 1 h, it was still the 6" most enriched transcription factor (Figure

2.5A).
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Figure 2.5. Identification of enriched transcription factors using oPOSSUM.
Significantly enriched transcription factors identified using Z-score in iOSE11 and
iIFTSEC283 cells at (A) 1 h time point and (B) 4 h time point.

HOXAS induction by NE in normal immortalized cell lines:

Since HoxAS5 transcription factor was shown to be significantly enriched in both

iIOSE11 and iIFTSEC283 at both time points in ‘transcription factor enrichment analysis’
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(Figure 2.5), and HOXA5 mRNA was upregulated at the 1 h time point in both cell lines
in the RNA Seq dataset (Table 2.1 and 2.2) (Figure 2.4), we performed a time course
study to assess HOXAS induction curve upon treatment with NE. iFTSEC283 and iOSE11
cells were treated with vehicle control (H20) or 10uM NE for 15 mins, 45 mins, 1.5 h, 2 h,
3 h and 4 h, following which the cells were harvested for gPCR. The induction of HOXAS5
transcript by NE started around 1 h and peaked at 3 h time point before returning to base-

line levels in both cell lines (Figure 2.6A).

Next, to confirm that HOXAS was induced by NE, we cloned an ~2.5kb region
containing three experimentally validated HOXAS promoters obtained from EPD
database (Figure 2.2) into pGL3-enhancer vector containing firefly luciferase and
constitutively active SV40 promoter (Figure 2.6B) and transfected the construct into
iIFTSEC283 and iOSE11 cell lines. Relative light unit (RLU) was used to measure HOXAS

induction levels by NE at different time points (Figure 2.6C).

Similar to the HOXA5 mRNA time course, luciferase fused to HOXAS promoter
showed increased activity with NE treatment in both cell lines. For iFTSEC283 cells, the
luciferase activity started to significantly increase at 2 h time point, while for iOSE11 cells,
the started to significantly increase at 3 h time point (Figure 2.6C). These assays indicate

that HOXAS induction by NE is modulated via HOXAS promoter.
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Figure 2.6. HOXAS induction by NE. (A) HOXAS induction time course by NE in iOSE11
and iIFTSEC283 cells at transcript level (B) schematic of pGL3 enhancer vector with
HOXAS5 promoter region construct (C) iOSE11 and iFTSEC283 containing pGL3
enhancer vector
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HOXAS induction by NE in partially transformed and cancer cell lines:

Next, we performed a similar time course study on partially transformed cell lines
and ovarian cancer cell line to assess HOXAS induction curve upon treatment with NE.
To obtain partially transformed cell lines, we generated iFTSEC283 and iOSE11 cells that
overexpressed a dominant-negative TP53 mutant (p.R175H), because p53 alterations
are the earliest and most prevalent in HGSOC. Cells were transduced with a V5-tagged
p53R175H cDNA, and single-cell clones were selected. Expression of mutant p53 was

confirmed by western blotting (Figure 2.7).
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Figure 2.7. Generation of partially transformed cells. Selection of iIFTSEC283 and
iIOSE11 clones stably expressing V5-tagged p53 (p.R175H). Clones used for subsequent
experiments are denoted by red font. (Adapted from (254))

Similar to the HOXA5 mRNA time course curve in the normal immortalized cells,
partially transformed iIFTSEC283P53R175H  iFTSEC282 PS3R175H gnd iOSE11 PS3R175H cells
also showed increased HOXAS induction by NE (Figure 2.8A). In contrast, in the ovarian
cancer cell lines, OVCARS8 and SKOV3, the induction of HOXAS transcript by NE was
abrogated (Figure 2.8B). Next, in order to verify if the loss of HOXAS induction in the
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cancer cells was due to reduced ADRB2 receptor levels, we performed western blots with
anti-ADRB2 antibody and found that the receptor levels in ovarian cancer cell lines were
similar to normal and partially transformed cell lines (Figure 2.8C). This suggests a
difference in NE signaling in the cancer cells when compared with normal or partially

transformed cell lines.
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Figure 2.8. HOXAS induction. HOXAS induction time course by NE in iOSE11 and
iIFTSEC283 cells at transcript level in (A) p53 (p.R175H) overexpressing partially
transformed cell lines and (B) ovarian cancer cell lines. (C) ADRB2 receptor protein levels
in normal, partially transformed and ovarian cancer cell lines
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HoxAS target genes identification:

Since HOXAS induction by NE was confirmed in the normal immortalized cell lines
at transcript level through qPCR (Figure 2.6A) and promoter level through luciferase
reporter assays (Figure 2.6B), we decided to identify the HoxA5 target genes in order to
dissect its role in short-term response to NE treatment. Because recent evidence has
shown fallopian tube to be the main site of origin for HGSOC (32, 33, 36, 38, 40, 41, 43)
and our RNA-Seq data showed that iFTSEC283 cells had more differentially regulated
genes, we chose this cell line for further experiments. First, we performed an in-silico
analysis using oPOSSUM database on differentially regulated RNA-Seq genes to identify
targets containing putative HoxA5 binding sites. Approximately 85% of the differentially
regulated genes at 1 h and 4 h time points had putative HoxA5 binding sites (Figure 2.9).

Fifty-nine genes having putative HoxA5 binding sites were common to both time points.
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Time point-1h Time Point-4 h Common genes between 1h and 4h

Figure 2.9 oPOSSUM analysis of HoxA5 binding sites. Venn diagrams of the genes
containing putative HoxAS5 binding sites that were differentially regulated in iIFTSEC283
cells at 1 h and 4 h time points and those common to both time points.
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Next, we performed ChlIP-Seq to identify genomic sites that bind differentially to
HoxAS in response to NE. To identify target genes differentially regulated by HoxA5 in
response to NE, we combined the data from RNA-Seq, oPPOSSUM analysis and ChIP
seq at 1 h and 4 h time points. Nine genes had ChlP-seq peaks with fold enrichment > 4
and FDR < 0.05 (Table 2.5). These genes were also differentially regulated in the RNA-

Seq analysis and contained putative HoxAS TFBSs in oPPOSSUM analysis (Table 2.5).

Table 2.5: Differentially expressed genes in iFTSEC283 cells (4 h - mock versus 10
MM NE treated)

Genes with ChiP-seq peaks RNA Seq oPPOSSUM
PPAP2B 1h and 4h 1h and 4h
FRMDA4A 4h 4h
CSF3 1h 1h
PRKCE 4h 4h
FHOD3 4h 4h
MAML3 4h 4h
DMBT1 1h and 4h 1h and 4h
NAV3 4h 4h
TSC22D3 1h and 4h 1h and 4h

HoxA5 belongs to Hox family of genes which have conserved DNA binding
domains (255). Although the core binding sequence for Hox proteins is ‘TAAT’, different
Hox proteins display modest differences in DNA binding specificities in the nucleotides
flanking the core TAAT motif (Figure 2.10 A) (255). Hence, we used MEME tool to check
if the HoxA5 binding motif was present in the sequences of ChlP-seq peaks of the nine
genes. MEME is a tool that discovers novel un-gapped motifs in the input sequences
(256). The most significantly enriched motif identified through MEME contained the
CTAATT sequence (Figure 2.10B) that had the core ‘TAAT’ sequence along with flanking

C and T nucleotides preferred by HoxAS5 (Figure 2.10A). Next, we performed Find
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Individual Motif Occurrences (FIMO) analysis and identified that six out of the nine genes

contained the ‘CTAATT maotif in the ChIP-Seq peak sequence (Figure 2.10C).
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HoxB4 A, G>C, T C>G, T>A TAAT T, G>A >C G, A>T, C
HoxA7 A, G>C, T c, G>T, A TAAT T>G, A>C G>A>T, C
HoxC8 A>G>C, T cC, G>T, A TAAT T >A, G>C G, A>T, C
HoxB1 A>G>C, T cC>G>T, A TAAT T>A, G>C G, A>T, C
Motif Found Discovery/Enrichment Program 7 E-value (7|
2
. A A X
TNmevereasagzdozretee|RINRIRR_RNS AR
Reverse Complement =
Motif Found Discovery/Enrichment Program 7| E-value (7|
2
o6 16eaUozcAllg boreac agerlooh =
o A cYc X AR | a&ECAVRE
"N AaTeernag T oTLEEEEERINRINRRRNRS R
Reverse Complement =
Motif Found Discovery/Enrichment Program (7 E-value [7
2
£ A A A IIICAC MEME 3.3e-003
o 9 TA
-8 mewen~woegzzagpaxe
Reverse Complement
Motif ID || AltID [Sequence Name |Strand [Start End | p-value | g-value Matched Sequence
CCACCACGCCYGGCTAATTI‘TTKT\\TI'TTTi MEME-1|[TSC22D3 - [[122 151 A5.796-18"3.94&1{CCACCACGCCCGGCTAATTTTTGTATTTTT‘
CCACCACGCCYGGCTAATTI‘TTKT\\'ITT”ITJ.\/IEME-I FRMD4A - ‘45 _74 A2.06e-17'701c—14‘ CCACCATGCCTGGCTAATTTTTGTATTTTT‘
CCACCACGCCYGGCTAAT’I’I‘TTKT\\TTTI‘Ti MEME-1|(CSF3 - ‘220 ‘249‘5.92—17 ‘l.34e—13_CCACCATGCCTGGCTAATTTTTTTTTATTT‘
CCACCACGCCYGGCTAAT'ITTTKT\\'[TT‘ITJ MEME-1|[PPAP2B | I 1161 '190‘S.Se—17 _1A45e-13‘CCACCACACCCAGCTAATTTTTGTATTTTT
CCACCACGCCYGGCTAATTTTTKTWTTTTT [MEME-1/[PRKCE - ‘154 183 1.08e-l6_‘1.47e-131CCACCACGCCTGGCTAATTTTTTGTATTTT‘
CCACCACGCCYGGCTAAT'ITTTKT\\'[TTTIi MEME-1/[MAML3 + ‘259 ‘ZSS | 1.34e-15_ 1.52e-12 CCACCATGTCTGGCTAATTTTTTTTTTTTT‘

Figure 2.10. HoxAS5 targets. (A) Comparison of preferences for flanking nucleotides
(Adapted from (255)) (B) MEME analysis and (C) FIMO analysis of the nine ChlP-seq
peak sequences.
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HoxAS silencing and ChlIP-seq targets validation:

In order to understand the role of HoxA5 in short-term NE response in normal cells,
we knocked down HoxA5 using siRNA pool. We performed a single transfection with
siHoxA5 followed by 72 h incubation and collected the iIFTSEC283 cells to check the
knockdown efficiency at mRNA and protein levels by qPCR and western blotting
respectively (Figure 2.11A). While the HOXA5 mRNA level showed a significant reduction
of ~85% compared with control (Figure 2.11C); there was no significant reduction at the
protein level (Figure 2.11D). Therefore, we performed two rounds of transfection and

incubated the cells for a total of 96, 120 and 144 h (Figure 2.11B).
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Figure 2.11. HOXAS Silencing in iFTSEC283 cells. Experimental timeline for (A) single
round transient transfection and (B) double round transient transfection with siScramble
and siHOXAS. (C) Transcript levels of HOXAS and (D) protein levels of HoxAS after
knockdown.
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After double transfection and a total of 96, 120 and 144 h incubation, greater than
90% downregulation of HOXA5 mRNA transcripts were observed at all 3 time points
(Figure 2.11C). However, at the protein level, maximum reduction of HoxA5 was observed
at 120 and 144 h (Figure 2.11D). Therefore, we chose 120 h time-point for HOXAS
silencing and further experiments such as validation of the genes identified through ChlIP-

seq. These experiments are currently ongoing.

Summary

In this chapter, we focused on early transcriptional changes induced in normal and
ovarian and fallopian tube surface epithelial cells by stress hormones. We compared the
transcriptome of cells derived from ovarian (IOSE11) and fallopian tube surface
epithelium (IFTSEC283), mock-treated and treated with 10 uM NE for 1 and 4 h. We
identified that homeotic transcription factor HoxA5 was induced in normal ovarian and
fallopian tube epithelial cells in response to short-term NE treatment. Additionally, six
genes — TSC22D3, CSF3, FRMD4A, MAML3, PPAP2B and PRKCE — were identified to
be regulated by HoxA5 in response to NE through combination of ChIP-seq, RNA-Seq,

oPOSSUM, MEME and FIMO analysis.

In the partially transformed iFTSEC283P53R175H  jFTSEC282r53R175H  gnd
IOSE11P33R175H cg|ls, similar HOXA5 mRNA induction curve was observed in response to
short-term NE treatment. In contrast, the ovarian cancer cell lines - OVCARS8 and SKOV3

- showed attenuation of HOXAS induction by NE, in spite of similar ADRB2 receptor
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levels, suggesting that in cancer cells NE may trigger different signaling pathways

compared to normal or partially transformed cells.
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CHAPTER THREE

EFFECTS OF LONG-TERM NOREPINEPHRINE TREATMENT

Note to reader:

Portions of this chapter have been previously published in Sci Rep. 2021 Jul
12;11(1):14334. doi: 10.1038/s41598-021-93506-z and have been reproduced with

permission.

Introduction

The next step focused on understanding the effects of long-term NE treatment on
precursor cells of ovarian cancer. To determine the extent to which stress hormones
influence ovarian cancer initiation, we conducted a long-term (> 3 months; > 40 population
doublings) experiment in which normal immortalized fallopian tube secretory and ovarian
surface epithelial cell lines in tissue culture were continuously exposed to NE.
Additionally, because TP53 alterations are highly prevalent and happen early in the
development of HGSOC (10-13, 17) we also evaluated exposure to continuous NE in

fallopian tube and ovarian epithelial isogenic cell derivatives expressing a dominant-
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negative TP53 mutant (p.R175H). Following long-term NE treatment, these cells were
evaluated for changes in morphology, proliferation, colony-forming ability, number of

chromosomes, transcriptomics and expression of HOXAS.

Materials and Methods

Long-term treatment with NE:

Cell lines iFTSEC283, iFTSEC283P3R175H iFTSEC282P%3R175H " iOSE11 and
IOSE11p93R175H were plated in 12-well plates at density of 10,000 cells per well. Each cell
line had four treatment conditions: 100 nM, 1 uM, 10 uM of NE (Sigma-Aldrich), and
vehicle (H20) control. Each cell line had three independent replicates with different
passage numbers and plated on different days. Cells were treated for 137 consecutive
days (4 %2 months). IFTSEC283, iFTSEC283P3R175H iFTSEC282P%3R175H were re-seeded
at the ratio of 1:6 every seven days and, at the end of treatment, achieved a cumulative
population doubling level (PDL) of 49. iOSE11 and iOSE11P53R175H were re-seeded in the
ratio of 1:5 every seven days and, at the end of treatment, achieved a cumulative PDL of
44. After this treatment, cells were referred to as long-term NE-treated cells (LTNE) or

mock-treated cells (Figure 3.1).
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Figure 3.1. Experimental design of long-term treatment. Diagram of the experimental
design representing each independent replicate and different treatments. Black dots
represent subculturing by trypsinization and re-seeding. (Adapted from (254))

Proliferation assay:

Three independent replicates of LTNE and mock-treated cells were seeded in 6-
well plates at a density of 500 cells per well. Each replicate was seeded on a different day
over a three-day period; therefore, each condition had three biological replicates. For
each independent biological replicate, there were two technical replicates (total n=6).
They were then treated with the same concentration of NE they had been treated during
the long-term treatment (100 nM, 1 uM, or 10 yM NE or vehicle control [H20]) every
alternate day until one of the wells became 90% confluent. Cells were then trypsinized

and counted using Trypan blue and hemocytometer.
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Colony forming assay:

Three independent replicates of LTNE and mock-treated cells were seeded in 6-
well plates at a density of 200 cells per well. For each independent biological replicate,
there were two technical replicates (total n =6). Each replicate was seeded on a different
day over a three-day period. They were then treated with 100 nM, 1 yuM, and 10 uM NE
or vehicle control (H20) every alternate day for 11 days. Colonies of cells were fixed in
methanol for 20 min. After removing methanol, 0.5% crystal violet solution made in 20%
methanol was added to the plates and incubated for 30 min. Plates were then rinsed with

dd H20 until the color no longer came off during rinsing and dried overnight.
Karyotyping:

LTNE (10 uM) iFTSEC283 and iIFTSEC283P53R175H cells and their respective mock-
treated cells were split at a 1:10 ratio two days prior to karyotyping. Colchicine (0.02 pg/mi;
Sigma-Aldrich) was added to the cells and incubated at 37 °C for 3 h. Cells were scraped
and washed with PBS, followed by gentle addition of hypotonic solution (0.075 M KClI in
H20). After 15 min of incubation at 37 °C, cells were centrifuged (1200 rpm), and the
pellet was re-suspended in fixative (3:1 methanol:glacial acetic acid). This step was
repeated three times. Next, cells were placed onto clean slides and air-dried in a
humidifying chamber to enable optimal spreading. The metaphase spreads were imaged
at 900 x magnification in an inverted microscope, and chromosomes in each spread were

manually counted.
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RNA isolation:

LTNE (10 uM) iFTSEC283 and iFTSEC283r53R17%H cells and their respective mock-
treated control cells were grown to reach 80% confluence on a 100 mm plate. Cells were
harvested and processed for total RNA extraction using the RNeasy Plus Mini Kit
(Qiagen, Hilde, Germany) following the manufacturer’s protocol, which includes removal
of genomic DNA by gDNA Eliminator columns. The samples' ratio of absorbance at both
260/280 and 260/230 was =2 as measured by Nanodrop. The isolated RNA samples

were used for sequencing.
Library preparation and sequencing:

Total RNA (100 ng) was isolated from three independent replicates for each
condition: LTNE (10 upM) iFTSEC283 and iFTSEC283p53R175H cells and their
respective mock-treated control cells. Twelve libraries were prepared using the Nugen
Universal RNA Seq Kit (NUGEN Technologies, San Carlos, CA). lllumina NextSeq500
instrument was used for sequencing with 75 bp paired-end reads. Approximately 28
million pairs of reads for each sample were generated on average, and the average

alignment rate was =294.2% (Table 3.1). (Library Preparation and RNA-sequencing was

performed by the Molecular Genomics Core at Moffitt Cancer Center).
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Table 3.1: Total number of reads and alignment rate per RNA-Seq library

Sample Sample Name Total number of reads

Number (FASTQ file) (RNA-Seq) Alignment rate (%)
1 283 s1_10uM 35,439,694 95.42
2 283 s2_10uM 30,212,959 94.21
3 283 _s3_10uM 42,520,26 97.04
4 283 s1_UT 21,303,36 96.73
5 283 s2 UT 34,278,75 97.29
6 283 s3_UT 38,732,244 97.11
7 283 p53 s1 _10uM 46,855,034 97.02
8 283 p53 s2 10uM 35,025,454 97.1
9 283 p53 s3 _10uM 22,064,244 96.59
10 283 p53 s1 UT 23,599,444 96.92
11 283 p53 s2 UT 28,033,555 97.22
12 283 p53 s3 UT 35,205,768 97.08

RNA-sequencing analysis:

Sequencing reads were aligned against human reference genome hs37d5 using
TopHat2. HTSeq with Gencode v19 was used to determine gene-level quantification by
summation of raw counts of reads aligned to the region associated with each gene.
DESeqg2 was used for library size normalization and differential expression analysis.
Sequencing depth, gene length, and RNA composition were considered for normalization
and differential expression analysis. iIFTSEC283 and iFTSEC283P53R175H cells were
normalized separately, and differential expression analysis was performed on NE-treated
vs. mock-treated cells for the two cell lines. Significantly differentially expressed genes
were determined using padj (p-value adjusted for multiple testing with the Benjamini—
Hochberg correction) of less than 0.1. Data for the RNA-Seq experiments described here

are available through NCBI Gene Expression Omnibus (GSE168097). (RNA-sequencing

data analysis was performed by Ling Cen from the Department of Biostatistics and

Bioinformatics at Moffitt Cancer Center).
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Regulatory motif enrichment analysis:

oPOSSUM single-site analysis was applied to identify transcription factor binding
sites enriched in our input gene set: differentially expressed genes (FDR <0.1) obtained
from RNA sequencing analysis in iFTSEC283 and iFTSEC283r53R175H el lines. We used
‘Single Site Analysis’ to identify transcription factor binding sites (TFBS) enriched in 5 kb
sequence upstream and downstream of the transcription start site. We ranked the
enriched TFBS using two complementary statistical models: Fisher test, a one-tailed
probability test comparing the proportion of the target gene set containing a TFBS to

background (http://opossum.cisreg.ca/oPOSSUM3/help.html#fisher), and Z-score, a two-

tailed analysis that uses the normal approximation to the binomial distribution to compare
the rate of occurrence of a TFBS in the target gene set to the expected rate estimated

from the background set (http://opossum.cisreq.ca/oPOSSUM3/help.html#zscore). The

following options were used for oPOSSUM analysis: 85% matrix match threshold,
sequences of — 5,000 to + 5,000 bp from the transcription start site, 0.40 conservation

cutoff, and all genes in the o0POSSUM database.

Gene ontology and pathway analysis:

Gene Ontology (GO) enrichment analysis was performed using PANTHER
(Version 15.0 released 2020-02-14) Statistical Overrepresentation Test. Binomial test

type and False Discovery Rate correction (FDR < 0.05) were applied.

Western blotting:

LTNE and mock-treated cells were cultured up to 80% confluence in 100 mm

plates. Cells were harvested by scraping followed by extraction of the cytoplasmic fraction
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by incubation for 2 min on ice in lysis buffer A [20 mM Tris pH 7.4, 10% glycerol, 10 mM
KCL, 0.2% NP-40, 1 mM EDTA, 0.6 mM B-mercaptoethanol] supplemented with
1 x protease inhibitor cocktail (Roche, Basel, Switzerland) and 1 mM PMSF. Following
centrifugation (12,000 rpm) at 4 °C, the supernatant containing the cytoplasmic fraction
was collected and the pellets were re-suspended in nuclear extract buffer B [20 mM Tris
(pH 7.4), 20% glycerol, 10 mM KCL, 0.4 M NaCl, 1 mM EDTA, 0.6 mM -
mercaptoethanol, 1 mM PMSF and 1 x protease inhibitor cocktail]. Resuspended cells
were incubated for 30 min on ice. Bradford Assay (Bio-Rad Laboratories, Hercules,
California) was used to determine protein concentration. Whole cell lysates containing 50
ug of both cytoplasmic and nuclear fractions were resolved in 10% polyacrylamide gels
and transferred to methanol-activated PVDF using the TransBlot Turbo system (Bio-Rad
Laboratories, Hercules, California). Antibodies: Anti-ADRB2 (Thermo Fisher Scientific;

dilution 1:1000).

qPCR:

cDNA was synthesized from isolated RNA using Qiagen QuantiTect Reverse
Transcription Kit with genomic DNA removal. PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific) was used for performing gene expression analysis of the
following genes: ADRB2, CDKNA1, PUMA, APOBEC3C, TP5313, NPTX1, SCD, PTGES,
MCAM, PLAU, PLACS8, DSP, ABI3BP, POSTN, BGN, MAPK13, LRRC17, RCAN2 and
HOXAS with B-actin as an internal control. Analysis was done on two independent
replicates and each had three technical replicates (total n =6). Expression for each gene

of interest was calculated as a relative expression ratio normalized to ACTB (B-actin)
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expression levels. The A-Act method was used for calculating the relative expression of

genes compared to mock-treated cells.

Results

Long-term treatment with norepinephrine:

Five cell lines (IFTSEC283, iFTSEC283P%3R175H iFTSEC282r53R175H iOSE11 and
IOSE11P93R175H) were continuously cultured with either vehicle control (H20) or three
concentrations of NE (100 nM, 1 uM or 10 uM) for 137 days (Figure 3.1). NE represents
the largest fraction of ovarian catecholamines and concentrations increase markedly in
pre-ovulatory follicles (257). NE can reach local levels up to 45 ng/ml in the vesicular
fraction in the ovaries of experimental models (258). Additionally, tumor NE levels were
observed to reach yM concentrations in ovarian carcinoma patients (207). We thus
assessed the effects of NE at three concentrations representing the higher end of

concentrations (i.e. 100 nM, 1 uM, 10 uM) that ovarian cells might be exposed.

To our knowledge, there is no available information about the stability of NE in
tissue culture. Studies of stability of epinephrine and NE solution in storage conditions
suggest that NE is stable (defined as 90% of the drug) for 28 days at room temperature
when protected from light; and approximately 90% of the initial concentration remains
after seven days at 26.6 °C (259). We therefore chose to replace medium with fresh media
containing either vehicle control or the three concentrations of NE were added to the cells
(after removing old media) every two days. After 137 days, there was no significant
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difference in the Beta-2 Adrenergic (ADRB2) receptor at mRNA transcript and protein
levels (Figure 3.2A and B). Additionally, no change in cell morphology was observed in

any cell lines, even at the highest concentration of NE (Figure 3.3).
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Figure 3.2. Receptor levels. Expression levels for Adrenergic beta-2 receptor (A)
transcripts (ADRB2) (Adapted from (254)) and (B) protein (ADRB2) in mock and long-
term norepinephrine exposure treated cells.
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Figure 3.3. Effect of long-term exposure to NE on cell morphology. Phase contrast
microscopy showing cell morphology under phase contrast microscopy at the end of the
treatment period. (Adapted from (254))

Long-term NE treatment leads to increased proliferation and colony

formation in fallopian tube cell lines:

All three fallopian tube cell lines (IFTSEC283, iIFTSEC283P53R175H  gnd
iIFTSEC282r53R175H) showed an increase in proliferation after four months of treatment
with 1 uM or 10 yuM NE compared to vehicle control, but only two cell lines (iIFTSEC283
and iFTSEC282r53R175H) displayed increased proliferation at 100 nM NE (Figure 3.4A). In
contrast, the ovarian surface epithelial cells, iOSE11 and iOSE11P33R175H = showed

decreased proliferation when treated with 10 uM NE for four months compared to vehicle
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control, but no difference in the proliferation capacity was observed between control-

treated cells vs. cells exposed to 1 uM or 100 nM NE (Figure 3.4B).
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Figure 3.4. Effect of long-term exposure to NE on cell survival. (A) Proliferation and
(B) colony forming assays capacity of cells treated with NE (100 nM, 1 pM, 10 uM) or
mock treated for 4 months. Short-term proliferation and colony forming assays were
conducted with the same concentrations (or mock treatment) as the long-term treatment.
Statistical significance (p value) in a paired t-test in relation to control is indicated. ns, not
significant. (Adapted from (254))
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Consistent with the proliferation patterns, the three fallopian tube cell-lines showed
increase capacity for colony formation after chronic exposure to NE at 1 yM or 10 uM NE
compared to vehicle control, but only two cell-lines (IFTSEC283 and iFTSEC282p53R175H)
displayed increased colony forming ability at 100 nM NE (Figure 3.4A). In contrast, the
two ovarian surface epithelial cell lines demonstrated no significant difference in colony-

forming capacity in treated vs. vehicle control (Figure 3.4B).

Decreased fraction of diploid metaphases in p53R175H-overexpressing

fallopian tube cells:

Because fallopian tube cell lines displayed increased proliferation rates, we used
these cells for further experiments. Since chronic exposure to NE is shown to induce DNA
damage and inhibit repair in different cancer models (160), we hypothesized that long-
term treatment could cause genomic instability. We performed karyotyping using solid
Giemsa stain to assess chromosomal structural and number abnormalities in long-term
treated (10 uM NE) and mock-treated fallopian tube iFTSEC283 and iFTSEC283r33R175H

cells.

Mock-treated iIFTSEC283 and iFTSEC283P53R175H cells displayed ~65% [range
61-67%] of diploid metaphases (n=46) (Figure 3.5). Long-term treatment (10 uM NE)
did not affect the fraction of diploid metaphases (63—64%) in iIFTSEC283. In contrast,
long-term treatment iIFTSEC283P%3R175H cells displayed a decrease in the fraction of

diploid metaphases (~ 33%; range 22—44%) with a corresponding increase in the fraction
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of sub-diploid metaphases (Figure 3.5). No gross abnormalities (e.g., tri-radials, quadri-

radials, chromosome fusions) were observed.
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Figure 3.5. Effect of long-term exposure to NE on chromosome number. (A)
Percentage of metaphase containing the indicated number of chromosomes in 10 uM NE
(red bars) and mock-treated (blue bars) iIFTSEC283 cells. (B) Percentage of metaphase
containing the indicated number of chromosomes in 10 uM NE (red bars) and mock-
treated (blue bars) IFTSEC283p53R175H cells. Absolute number of metaphases
assessed in each condition is also shown. (Adapted from (254))

Transcriptomic profile generated by RNA-Seq:

Next, we performed transcriptomic analysis following RNA sequencing on
iIFTSEC283 and iFTSEC283P53R175H cel| lines long-term treated with 10 uM NE or mock-
treated to identify genes that are differentially expressed by long-term NE treatment in
p53+ and in p53- backgrounds (Figure 3.6A).
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In IFTSEC283 cells, 123 genes were differentially expressed in cells treated for
long term with 10 yM NE when compared to mock-treated cells (FDR <0.1) (Figure 3.6B)
(Table 3.2). Four known p53 target genes were differentially regulated in iFTSEC283 cells
compared to mock-treated cells, but not in their p53-mutant counterpart, after long-term

10 uM NE treatment (https://p53.iarc.fr/TargetGenes.aspx). CDKN1A (p21), BBC3

(PUMA), and APOBEC3C were downregulated, and TP53/3 was upregulated in response

to LTNE treatment in iFTSEC283 cells compared to mock-treated cells (Table 3.2).

In iIFTSEC283P33R17%H cells, 23 genes were differentially expressed in cells treated
long-term with 10 uM NE versus mock-treated cells. Five upregulated (PLAC8, MCAM,
MAPK13, COBLL1 and LRRC17) and 4 downregulated (RCAN2, POSTN, ABI3BP and
BGN) genes had = twofold change in expression (Table 3.3) (Figure 3.6C). Consistent
with the ectopic overexpression of mutant p53, TP53 levels were 18X higher in
iIFTSEC283P53R175H cells in both treatment conditions than in iFTSEC283 cells of the same
condition and the p53 target genes (found to be differentially regulated in iIFTSEC283
cells compared to mock-treated cells) were not differentially expressed, after long-term

10 uM NE treatment in the iIFTSEC283P53R175H cells.
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Figure 3.6. Transcriptomic profile. (A) Schematic of analysis performed after RNA-
sequencing (B) Volcano plots of genes differentially expressed in iFTSEC283 (B)
iIFTSEC283P53R175H cells (mock versus 10 uM NE treatment). (C) Venn diagram showing

differentially expressed genes in response to chronic norepinephrine (NE) treatment in
iIFTSEC283 and iFTSEC283r53R175H cg|ls.(Adapted from (254))
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Table 3.2: Differentially expressed genes in iFTSEC283 cells (mock versus 10uM

NE treated)

EPB41L3
PTGES
Y _RNA

RP11-327P2.5
CTD-2286N8.2

PLACS
OSBP2
RN7SL471P
HSD17B2
NPTX1
CNR1

SViIL

PLAU
LIMS2
KIAA1199
PLCB4
PLEKHA7Y
KRT7
MCAM
KRT80
ARL10

TES

GATA3
FHOD3
EDN1

ID1
HIST1H3J
HIST1H2BE
CD55
ATOHS8
HIST1H2BB
ID2
DNAJB9

7.30461943
6.67662196
6.18430746
6.13992595
4.36773298
3.61445629
3.45987021
3.19142093
2.90826454
2.52180443
2.46072236
2.02382596
1.94859803
1.85042122
1.82769226
1.63900569
1.57422358
1.51452333

1.5093055
1.50333893

1.3624982
1.22025845
1.21084967

1.1785617

1.1601579
1.12457985
1.09394105
0.98189819
0.96511524
0.93825563
0.87894788
0.87593446
0.86740438

2.06E-07
3.93E-05
0.0007156
0.000727
0.0001921
1.27E-08
3.48E-09
1.76E-13
1.27E-08
7.31E-31
5.45E-05
0.0004855
3.37E-08
1.64E-08
4.28E-07
0.0005389
6.19E-08
0.0002148
2.23E-10
0.0008563
3.81E-05
5.61E-07
1.28E-05
7.46E-05
1.29E-09
6.91E-09
6.30E-05
0.0001488
4.05E-06
3.14E-06
0.0008365
0.0005676
5.18E-05

0.0001299
0.0106956
0.0899189
0.090094
0.0370271
1.18E-05
4.03E-06
8.12E-10
1.18E-05
5.07E-27
0.0134952
0.0687571
2.75E-05
1.42E-05
0.0002582
0.0747981
4.53E-05
0.040834
3.88E-07
0.0990472
0.010564
0.0003245
0.0045664
0.016968
1.63E-06
7.38E-06
0.0150733
0.0312932
0.0019955
0.0016408
0.0990472
0.0764851
0.0131675
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Table 3.2 (continued)

NEDDA4L
PCDH9
IL7TR
HIST1H2AL
ID3
HIST1H2AH
BTN2A1
ANGPT1
RCAN1
RN7SL3
ATFS5

MUL1
HSD17B10
STC2
MYL6
TPM2
FAM167A
TP53I3
SERPINE1
PVRL3
CSRP1
CTPS1
IRF2BP2
TRHDE
LIX1L
PDGFRA
FADS1
FDFT1
VEGFB
RP11-572C15.6
MAN1A1
APOBEC3C
SPATS2
GFPT2

0.84856636

0.8321394
0.82725475

0.8264469
0.76552468
0.70582122
0.70048327
0.68454895
0.68228442
0.66097992
0.65655309
0.63623583
0.62522671
0.62223913
0.61387674
0.59120187
0.56678193
0.55026238
0.47463274
0.45146847
0.41972259
0.41677408
-0.4029449
-0.4531721
-0.4545487
-0.4952167
-0.4953983
-0.5110106
-0.5142936
-0.5168015

-0.519105
-0.5307312
-0.5323444

-0.537678

0.0001067
5.22E-05
2.64E-05
0.000175
3.19E-06

0.0007082

0.0002521
8.99E-05
6.87E-05
4.17E-06
0.000155
9.85E-05

0.0001537

0.0003595
7.40E-05

0.0001588
2.18E-05
0.000338

0.0005623

0.0007772

0.0003851

0.0005812

0.0007875

0.0006375

0.0008658

0.0005745

0.0008496

0.0004578
0.000831

0.0002817

0.0004358

0.0002419

0.0002779
2.06E-05

0.022792
0.0131675
0.00823
0.0346964
0.0016408
0.0899189
0.0454322
0.020121
0.0161579
0.0019955
0.0316446
0.0217047
0.0316446
0.0573579
0.016968
0.0319464
0.0073705
0.0551869
0.0764851
0.0954568
0.0600564
0.0768271
0.0958769
0.0819184
0.0993126
0.0766648
0.0990472
0.0668758
0.0990472
0.0494833
0.064343
0.0447591
0.0494451
0.0071591
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Table 3.2 (continued)

CD109
FAM189B
EEF2K
KIF3C
TRIMbS
THBS2
CDKN1A
TGFB1
NFIX
KCNG1
SLC6A6
NMNAT2
TTC3
TFPI2
GPR161
FGD1
RNF150
SIX4
HSPB6
IVNS1ABP
MSMO1
F2RL2
PPARA
LDLR
LTBP4
SREBF2
MEG3
MFHAS1
NPAS2
BHLHEA41
TNC
VATI1L
LIF
MALAT1

-0.5463987
-0.5540821
-0.5654756
-0.5780892
-0.6024296
-0.6051078
-0.6067381
-0.6085283
-0.6188309
-0.6228066
-0.6246664
-0.6368735
-0.6377572
-0.6529236
-0.6882034
-0.6988613
-0.7007533
-0.7330108
-0.7391023
-0.7399765
-0.7498656
-0.7633603
-0.7763945
-0.8247569
-0.8263947
-0.8320374
-0.8425737
-0.9000153
-0.9192279
-0.9308066
-0.9323526
-0.9464952
-1.0750089
-1.0822371

2.67E-05
0.0007191
0.0003739
0.0008849
0.0006321
2.31E-05
3.68E-05
5.68E-05
3.34E-05
0.00059
9.41E-06
0.0003337
2.32E-05
2.34E-06
0.0003064
0.0003907
1.14E-05
0.0002975
7.26E-06
7.09E-06
0.000348
3.13E-05
0.0001919
1.43E-07
0.0004773
4.38E-06
5.65E-06
0.0008415
0.0004092
0.0002214
1.22E-11
7.95E-08
0.0004714
9.40E-10

0.00823
0.0899189
0.0589765
0.0998476
0.0819184
0.0074949
0.0104341

0.01382

0.009661
0.0772569
0.0035295
0.0551366
0.0074949
0.0012964
0.0525071
0.0602532

0.00416
0.0516057
0.0028792
0.0028792
0.0561646
0.0094566
0.0370271

9.46E-05
0.0683004

0.002027
0.0024505
0.0990472
0.0624077
0.0415338

4.23E-08
5.52E-05
0.0681573
1.31E-06
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Table 3.2 (continued)

Gene
TMEM154
INSIG1
UST
MMP1
TMEMS8B
AC112721.2
BBC3
STARD4
SEPT5
AC112721.1
KCNJ2
ABCC9
FBXL16
C1orf54
CTD-2207P18.2
SCD
C120rf79
ABCG2
SOBP
PLAC1
1ZUMO4
CCDC110

log2FoldChange

-1.088146
-1.1668164
-1.2501833
-1.2713844

-1.326543
-1.3626301

-1.393831
-1.4835531
-1.5425287
-1.8757975
-2.0518147
-2.1538068
-2.3563701
-2.8042485

-2.919004
-3.5739387
-4.1835466
-4.5385054
-4.6621109
-5.8067114
-5.8514736

-6.364799

p-value

6.87E-06
8.72E-10
3.31E-05
1.75E-11
0.0004168
4.53E-05
0.0007661
1.27E-10
0.0008816
0.0001014
6.20E-08
3.44E-11
4.23E-05
8.70E-06
0.0004986
2.85E-39
0.0004342
0.0008564
0.0005617
0.0003316
0.0002507
0.0003222

p-value adjusted

0.0028792
1.31E-06
0.009661
4.86E-08
0.0628749
0.011868
0.0708123
2.52E-07
0.0998476
0.0219815
4.53E-05
7.95E-08
0.0112974
0.0033552
0.0699026
3.95E-35
0.064343
0.0990472
0.0764851
0.0551366
0.0454322
0.0545353

Table 3.3: Differentially expressed genes in iFTSEC283P53R175H cells (mock versus

10uM NE treated)

Gene
PLACS8
MCAM
MAPK13
COBLL1
LRRC17
PLAU

log2FoldChange

1.976572
1.613428
1.515934
1.471578
1.097049
0.936077

p-value

6.14E-05
8.66E-11
4.46E-06
7.92E-10
3.07E-13
4.32E-08

p-value adjusted

0.038343
2.16E-07
0.005067
1.65E-06
9.57E-10
7.72E-05
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Table 3.3 (continued)

Gene log2FoldChange p-value p-value adjusted
MCAM 1.613428 8.66E-11 2.16E-07
MAPK13 1.515934 4.46E-06 0.005067
COBLL1 1.471578 7.92E-10 1.65E-06
LRRC17 1.097049 3.07E-13 9.57E-10
PLAU 0.936077 4.32E-08 7.72E-05
KYNU 0.645658 9.85E-06 0.008787
KRT18 0.436963 7.80E-06 8.12E-03
ITGA2 0.382147 8.60E-06 0.008261
HIST1H2AJ 0.351522 3.21E-05 0.022289
LOX -0.31901 1.34E-05 1.05E-02
CITED2 -0.3223 3.87E-05 2.54E-02
FBLN5 -0.35133 1.78E-04 0.096886
CYR61 -0.35471 1.74E-04 0.096886
EGR1 -0.47226 2.03E-06 0.002534
DUSP1 -0.50799 1.29E-07 2.02E-04
AHNAK2 -0.60377 1.50E-07 0.000208
SCARAS3 -0.60971 1.22E-05 0.010166
DSP -0.73793 8.40E-15 3.50E-11
BGN -1.03539 3.15E-20 1.96E-16
ABI3BP -1.20989 6.81E-05 0.040497
POSTN -1.86558 2.24E-30 2.80E-26
RCAN2 -3.07217 2.29E-05 0.016851

Three genes were differentially expressed in cells treated with 10 yM NE
independent of p53 background (i.e., they were differentially expressed in long-term NE
treated iIFTSEC283 and iFTSEC283r%3R145H when compared to their mock-treated
controls): PLAC8, PLAU, and MCAM. All three genes were upregulated and were among
the most highly differentially expressed genes in relation to mock-treated cells (Figure

3.6D). The Ilow number of overlapping genes between IFTSEC283 and
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IFTSEC283r53R145H gyggests that p53 status is a critical determinant of the cellular

response to NE.

Gene ontology and pathway analysis:

Panther database was used to perform Gene Ontology analysis on differentially
expressed genes identified by RNA-seq in iFTSEC283 and iFTSEC283P33R175H cells when

comparing mock- to long-term 10 yM NE treatment.

In iFTSEC283 cells, GO Biological Process analysis of the upregulated genes in
NE treated cells showed enrichment of 36 biological processes (Table 3.4). The most
significantly enriched processes (Fold enrichment=3) were regulation of apoptotic
process (GO:0,042,981) and regulation of programmed cell death (GO:0,043,067). GO
Cellular Component analysis revealed ‘nucleosome (GO:0,000,786) and ‘DNA
packaging complex (GO:0,044,815) to be significantly overrepresented (Table 3.5), and
the only Panther Protein Class to be significantly enriched (Table 3.6) was the histone
(PC00118) class with a 28.61-fold enrichment. Interestingly, five histone transcripts were
upregulated in response to NE in iFTSEC283 cells: HIST1H3J, HIST1H2BE,
HIST1H2BB, HIST1H2AL and HIST1H2AH (Table 3.2). In addition, the most significantly
overrepresented Reactome Pathway was HDACs deacetylate histones (R-HSA-
3214815) (Table 3.7). These results suggest that long-term NE treatment modulates the
epigenetic state of iIFTSEC283 cells. GO biological process and Reactome Pathway

analysis of the downregulated genes in IFTSEC283 cells showed overrepresentation of
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processes and pathways involved in lipid metabolism and steroid biosynthesis (Tables

3.8 and 3.9).

Table 3.4: Panther GO biological process analysis of upregulated genes in

IFTSEC283 cells (mock versus 10 uM NE treated)

GO biological process complete

anatomical structure development (GO:0048856)
regulation of apoptotic process (G0:0042981)
system development (GO:0048731)

regulation of programmed cell death (GO:0043067)

anatomical structure formation involved in morphogenesis
(G0O:0048646)
developmental process (G0O:0032502)

cellular developmental process (GO:0048869)

cell differentiation (GO:0030154)

multicellular organism development (GO:0007275)
muscle tissue development (GO:0060537)
circulatory system development (GO:0072359)
regulation of developmental process (GO:0050793)
regulation of cell death (GO:0010941)

anatomical structure morphogenesis (GO:0009653)
actin filament-based process (G0O:0030029)

regulation of smooth muscle cell-matrix adhesion
(G0O:2000097)
positive regulation of cell differentiation (GO:0045597)

circadian rhythm (G0:0007623)

cell development (GO:0048468)

regulation of cell population proliferation (G0:0042127)
tube morphogenesis (GO:0035239)

positive regulation of cell migration (G0O:0030335)
regulation of cell differentiation (G0O:0045595)

negative regulation of endothelial cell apoptotic process
(G0:2000352)
regulation of multicellular organismal process (GO:0051239)

negative regulation of transcription, DNA-templated
(G0O:0045892)
positive regulation of cell motility (GO:2000147)

Fold
Enrichment
2.15

3.78
2.44
3.73
5.25

2.05
2.56
2.5
2.15
9.15
4.92
2.8
3.44
3.04
5.83
>100

4.28
13.38
3.33
3.3
5.29
5.98
3.13
39.34

2.43
3.64

5.71

Raw p-
value
3.15E-06

5.21E-06
6.59E-07
6.17E-06
2.10E-06

5.14E-06
1.65E-06
5.02E-06
8.93E-06
1.13E-05
1.11E-05
1.62E-05
1.60E-05
1.88E-05
2.08E-05
2.84E-05

3.95E-05
3.77E-05
4.85E-05
5.32E-05
4.44E-05
5.28E-05
4.82E-05
6.61E-05

7.30E-05
8.09E-05

7.29E-05

FDR

1.00E-02
1.03E-02
1.05E-02
1.09E-02
1.11E-02

1.17E-02
1.31E-02
1.33E-02
1.42E-02
1.49E-02
1.61E-02
1.84E-02
1.96E-02
1.99E-02
2.07E-02
2.65E-02

3.31E-02
3.33E-02
3.50E-02
3.52E-02
3.53E-02
3.65E-02
3.65E-02
4.04E-02

4.14E-02
4.28E-02

4.29E-02
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Table 3.4 (continued)

GO biological process complete Fold Raw p- FDR
Enrichment value

positive regulation of cellular component movement 554  8.99E-05 4.33E-02
(G0O:0051272)

striated muscle tissue development (GO:0014706) 8.25 | 8.80E-05 | 4.37E-02
animal organ development (GO:0048513) 2.41 8.08E-05  4.43E-02
positive regulation of locomotion (GO:0040017) 556  8.78E-05 | 4.50E-02
negative regulation of RNA biosynthetic process 3.52 1.12E-04  4.94E-02
(G0O:1902679)

tissue development (GO:0009888) 3.09 1.07E-04 = 4.98E-02
negative regulation of nucleic acid-templated transcription 3.52 1.10E-04 5.01E-02
(G0O:1903507)

negative regulation of biological process (G0:0048519) 1.96 | 5.76E-05 3.66E-02
multicellular organismal process (G0O:0032501) 1.93  2.34E-06 9.29E-03

Table 3.5: Panther GO cellular component analysis of upregulated genes in
iFTSEC283 cells (mock versus 10 uM NE treated)

GO cellular component complete Fold Raw p- FDR
Enrichment value

nucleosome (GO:0000786) 25.88 1.60E-06 = 3.20E-03

DNA packaging complex (G0O:0044815) 23.42 2.59E-06 @ 2.60E-03

protein-DNA complex (GO:0032993) 10.99 9.50E-05 4.76E-02

anchoring junction (GO:0070161) 4.71 4.25E-05 | 2.84E-02

Table 3.6: Panther GO cellular component analysis of upregulated genes in
iFTSEC283 cells (mock versus 10 uM NE treated)

PANTHER Protein Class Fold Raw p- FDR
Enrichment value
histone (PC00118) 28.61 1.28E-05  0.00249

Table 3.7: Panther Reactome pathways analysis of upregulated genes in
iFTSEC283 cells (mock versus 10 uM NE treated)

Reactome pathways Fold Raw p- FDR
Enrichment value

Dissolution of Fibrin Clot (R-HSA-75205) 60.53 5.24E-04 4.61E-02

RNA Polymerase | Promoter Opening (R-HSA-73728) 36.88 7.99E-05 | 2.03E-02

DNA methylation (R-HSA-5334118) 34.71 9.56E-05 2.18E-02
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Table 3.7 (continued)

Reactome pathways Fold Raw p- FDR
Enrichment value
Activated PKN1 stimulates transcription of AR (androgen 32.78 1.13E-04 | 2.35E-
receptor) regulated genes KLK2 and KLK3 (R-HSA-5625886) 02
HDACs deacetylate histones (R-HSA-3214815) 32.78 5.05E-07 = 1.15E-
03
SIRT1 negatively regulates rRNA expression (R-HSA- 31.9 1.22E-04 | 2.15E-
427359) 02
PRC2 methylates histones and DNA (R-HSA-212300) 28.1 1.78E-04 | 2.90E-
02
Condensation of Prophase Chromosomes (R-HSA-2299718) 28.1 1.78E-04 2.70E-
02
ERCC6 (CSB) and EHMT2 (G9a) positively regulate rRNA 26.23 217E-04  3.10E-
expression (R-HSA-427389) 02
RHO GTPases activate PKNs (R-HSA-5625740) 24.98 217E-05 7.07E-
03
HCMV Late Events (R-HSA-9610379) 24.9 1.93E-06 | 2.20E-
03
RMTs methylate histone arginines (R-HSA-3214858) 24.09 2.78E-04 @ 3.53E-
02
Meiotic recombination (R-HSA-912446) 21.08 4.10E-04 | 4.46E-
02
Transcriptional regulation of granulopoiesis (R-HSA- 20.35 4 .54E-04 @ 4.72E-
9616222) 02
B-WICH complex positively regulates rRNA expression (R- 20.35 4.54E-04 @ 4.51E-
HSA-5250924) 02
RNA Polymerase | Promoter Escape (R-HSA-73772) 20 4.77E-04  4.54E-
02
Formation of the beta-catenin:TCF transactivating complex 19.67 5.01E-04  4.58E-
(R-HSA-201722) 02
HCMV Early Events (R-HSA-9609690) 19.67 6.01E-06  4.58E-
03
Pre-NOTCH Transcription and Translation (R-HSA-1912408) 19.04 5.51E-04 | 4.66E-
02
HATSs acetylate histones (R-HSA-3214847) 18.21 8.70E-06  4.97E-
03
RUNX1 regulates transcription of genes involved in 16.06 1.19E-04 | 2.26E-
differentiation of HSCs (R-HSA-8939236) 02
HCMV Infection (R-HSA-9609646) 15.86 1.68E-05 6.41E-
03
Estrogen-dependent gene expression (R-HSA-9018519) 13.34 2.41E-04 | 3.23E-
02
Ub-specific processing proteases (R-HSA-5689880) 11.57 1.36E-05 | 6.20E-
03
Deubiquitination (R-HSA-5688426) 8.4 7.99E-05  2.28E-
02
Chromatin modifying enzymes (R-HSA-3247509) 8.2 3.66E-04 = 4.40E-
02
Chromatin organization (R-HSA-4839726) 8.2 3.66E-04 | 4.18E-
02
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Table 3.8: Panther GO biological process analysis of downregulated genes in
iFTSEC283 cells (mock versus 10 uM NE treated)

GO biological process complete Fold Raw p-value FDR
Enrichment

regulation of steroid biosynthetic process 18.68 7.90E-06 3.13E-02
(G0O:0050810)

positive regulation of lipid metabolic process 12.69 8.38E-06 2.66E-02
(G0O:0045834)

regulation of steroid metabolic process 16.54 1.86E-06 1.48E-02
(G0O:0019218)

regulation of lipid biosynthetic process 11.95 2.10E-06 1.11E-02
(G0O:0046890)

regulation of lipid metabolic process (G0:0019216) 9.04 3.34E-08 5.30E-04

Table 3.9: Panther Reactome pathways analysis of downregulated genes in
iFTSEC283 cells (mock versus 10 uM NE treated)

Reactome pathways Fold Raw p-value FDR
Enrichment

BMAL1:CLOCK,NPAS2 activates circadian gene 37.37 7.76E-05 2.95E-02

expression (R-HSA-1368108)

Activation of gene expression by SREBF (SREBP) 33.63 6.91E-06 5.26E-03

(R-HSA-2426168)

Regulation of cholesterol biosynthesis by SREBP 31.73 6.09E-07 6.95E-04

(SREBF) (R-HSA-1655829)

Metabolism of steroids (R-HSA-8957322) 15.91 3.17E-07 7.24E-04

PPARA activates gene expression (R-HSA- 14.75 2.44E-05 1.39E-02

1989781)

Regulation of lipid metabolism by PPARalpha (R- 14.62 2.54E-05 1.16E-02

HSA-400206)

In iIFTSEC283P53R175H cells, analysis of the 23 differentially expressed genes
according to GO biological process, molecular function, and cellular component revealed
processes involved in extracellular structure and matrix organization to be significantly
overrepresented (Table 3.10-3.12). Many of the genes involved in these processes were
downregulated in response to long-term treatment with 10 uM NE, including intercellular
tight junction component desmoplakin (DSP), collagen interacting proteoglycan biglycan

(BGN), extracellular matrix protein ABI3 binding protein (ABI3BP), and integrin binding
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protein periostin (POSTN) (Table 3.3). Analysis of only the upregulated genes did not

show any significantly overrepresented process or pathway.

Table 3.10: Panther GO biological process analysis of differentially expressed
genes in iIFTSEC283P53R175H cells (mock versus 10 uM NE treated)

GO biological process complete Fold Enrichment Raw p-value FDR

extracellular matrix organization (GO:0030198) 16.08 1.77E-07  2.81E-03
extracellular structure organization (GO:0043062) 16.04 1.80E-07 1.43E-03
wound healing (GO:0042060) 13.18 6.71E-07  3.55E-03
response to wounding (GO:0009611) 10.73 2.61E-06 8.29E-03
tissue development (GO:0009888) 5.2 2.29E-06  9.06E-03
response to stress (GO:0006950) 3.19 1.67E-05 | 4.43E-02

Table 3.11: Panther GO molecular function analysis of differentially expressed
genes in iIFTSEC283P53R175H cells (mock versus 10 uM NE treated)

GO molecular function complete Fold Enrichment Raw p-value FDR
extracellular matrix structural constituent 29.61 4.40E-08 2.10E-04
(G0O:0005201)

cell adhesion molecule binding (GO:0050839) 10.77 2.55E-06 = 4.06E-03
structural molecule activity (GO:0005198) 9.4 1.16E-06  2.77E-03

Table 3.12: Panther GO cellular component analysis of differentially expressed
genes in iIFTSEC283P53R175H cells (mock versus 10 uM NE treated)

GO cellular component complete Fold Enrichment Raw p-value FDR
extracellular space (GO:0005615) 3.2 0.0000409 0.0205
collagen-containing extracellular matrix 11.8 0.00000898 0.006
(G0:0062023)

extracellular region (GO:0005576) 3.03 0.0000043 0.00431
extracellular matrix (GO:0031012) 13.26 | 0.000000011 2.21E-05

Validation of differentially expressed genes:

To validate the pattern of differentially expressed genes upon long-term NE
treatment with an alternative method, we tested gene expression in mock-treated and
long-term [10 uM] NE treated iIFTSEC283 and iFTSEC283r53R175H cells by qPCR for

several genes. First, we assessed the seven genes differentially expressed (FDR <0.1)
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in iIFTSEC283 cells, including PTGES and NPTX1 (among the 10 most upregulated
genes), SCD (a top downregulated gene), and four p53 target genes (CDKN1A, BBC3,
APOBEC3C and TP5313). Second, we assessed the three genes (PLAU, MCAM, PLACS8)
differentially regulated (FDR < 0.1) irrespective of p53 status (Figure 3.7), and third, seven
of the top 5 most up- or downregulated genes (FDR < 0.1, MAPK13, LRRC17, DSP, BGN,
ABI3BP, POSTN, RCAN2) in iFTSEC283P53R175H cells. We considered a gene to be
differentially regulated when levels of expression in mock-treated cells were significantly
(p <0.05) different from long-term NE treated cells and the Log2 fold change was < -1

or>1.

Overall, 13/17 (76%) of the genes chosen for validation were consistent across
gPCR and RNA-Seq results. Consistent with the RNA-seq results, PTGES and NPTX1
were upregulated and CDKN1A (coding for p21), BBC3 (coding for p53-upregulated
modulator of apoptosis (PUMA)), APOBEC3C and SCD were downregulated in long-term
[10 uM] NE treated iIFTSEC283 cells compared with control in independent replicates
using qPCR (Figure 3.7, black bars); while in NE treated iFTSEC283P53R175H ith the
exception of PTGES, the expression of these genes remained unaltered compared with
mock-treated controls (Figure 3.7, black bars). Expression levels of p53 target genes
(CDKN1A, BBC3 and APOBEC3C) were significantly lower in mock treated
iIFTSEC283r53R175H compared to mock treated iIFTSEC283 cells and treatment with NE
did not further alter their levels (Figure 3.8). Results for TP53/3 were inconsistent with the
RNA-Seq data, with gPCR expression levels being unaltered in IFTSEC283 cells (Figure
3.7, black bars). The three genes differentially regulated irrespective of p53 status,

MCAM, PLAC8 and PLAU, were shown to be significantly upregulated in iFTSEC283 and
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iIFTSEC283r53R175H in hoth replicates (Figure 3.7, red bars) consistent with RNA-Seq data.
Differential gene expression for DSP, BGN, ABI3BP, POSTN, MAPK13 and LRRC17 was
also consistent with the RNA-seq data (Figure 3.7, blue bars). Results for RCAN2 which
was downregulated in iIFTSEC283P33R175H cells and in one replicate of iIFTSEC283 cells
were inconsistent with the RNA-Seq results (Figure 3.7, blue bars). Additionally, PTGES

was found to be upregulated in iIFTSEC283P53R175H cells in qPCR, but not in RNA-Seq.
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Figure 3.7. qPCR validation of RNA-Seq data. Genes considered to be differentially
(- 1>Log2FoldChange > 1; p <0.05) up and down regulated are denoted by blue and red
font, respectively. Bars are colored according to (a) genes differentially expressed
(FDR<0.1) in iIFTSEC283 cells (black bars); (b) the three genes differentially regulated
(FDR <0.1) irrespective of p53 status (red bars); and (c) and seven genes differentially
expressed (FDR <0.1) in iFTSEC283P53R175H cells (blue bars). (Adapted from (254))
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Figure 3.8. Comparative expression of TP53 target genes. CDKN1A, BBC3, and
APOBECS3. Gene expression is plotted in reference to the iFTSEC283 control (no NE)
(Adapted from (254))

Finally, to explore how robust these changes were across different cell lines, we
performed gPCR gene expression analysis on iFTSEC282r%3R175H cells. Six out of the
seven genes differentially expressed in iIFTSEC283 cells only showed no significant
change in expression in either p53R175H cell lines (Figure 3.7; compare black bars).
However, the three genes differentially regulated irrespective of p53 status in the
iIFTSEC283 cells were not regulated in iIFTSEC282P53R173H (Figure 3.7; compare red
bars). Finally, the seven genes differentially expressed in iIFTSEC283P33R175H cells

behaved similarly in iIFTSEC282P53R175H (Figure 3.7; compare blue bars). Although limited
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to a few select genes, the data suggest a strong similarity (13/17 genes tested) between

the p53 mutant expressing cells but not with p53 wild type cells.

Regulatory motif enrichment analysis:

To identify gene regulatory mechanisms induced by long-term exposure to NE, we
performed transcription factor enrichment analysis on the 123 and 23 genes differentially
expressed in iIFTSEC283 and iFTSEC283r53R175H cells, respectively, compared to mock-

treated cells using the oPOSSUM database (250).

In iIFTSEC283 cells, we identified four transcription factors having enriched binding
sites in our dataset with a Z-score higher than two standard deviations above the mean:
MZF1_1-4, Pax4, Myc, and KIf4 (Figure 3.9A). When ranked by Fisher scores, 17
transcription factors had a score higher than one standard deviation above the mean, with

transcription factors Myc and Kilf4 also being identified (Figure 3.9B).

In iIFTSEC283P33R175H cgls, we identified transcription factor FoxA1 among the top
three enriched transcription factors when ranked by both z-score and Fisher Score
(Figure 3.9A). In addition, when the transcription factor enrichment was ranked based on
Fisher-score, Myc::Max heterodimer was among the 19 transcription factors that had a

Fisher score higher than one standard deviation above the mean (Figure 3.9B).
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Figure 3.9. Regulatory motif enrichment analysis. Significantly enriched transcription
factors identified using oPOSSUM by (A) Z-score and (B) Fisher score (Adapted from

The only commonality between the two cell lines was the enrichment of genes with

Myc binding sites in their promoters in IFTSEC283 cells and with Myc::Max in

iIFTSEC283P53R175H A total of 68 differentially expressed genes in iIFTSEC283 cells
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contain predicted Myc binding sites, including CDKN1A, HIST1H2BB, MEG3 and PLAU.
In iIFTSEC283r53R175H  eight differentially expressed genes contain predicted Myc::Max
binding sites (PLAU, CITED2, CYR61, EGR1, SCARAS3, DSP, ABI3BP and LRRC17).
Reflecting the low overlap between the two isogenic cell lines in differentially expressed
genes upon NE treatment, enriched transcription factors were also largely distinct and
support the notion that p53 status is an important determinant of the cellular response to
NE. Additionally, in contrast to short-term NE treatment, HoxA5 was not among the

significantly enriched transcription factors.

Suppression of HOXAS induction after short-term NE treatment following

long-term NE exposure:

Since LTNE cells did not show HoxA5 transcription factor enrichment, we
performed short-term NE treatment time course study on long-term mock vs LTNE treated
normal and partially transformed fallopian tube cells. We treated 137 days mock and
10uM NE treated cells with H20 or 10uM NE for 15 mins, 1 h, 2 h, 3 h and 4 h. The long-
term mock treated cells showed induction of HOXAS transcript in response to short-term
NE treatment (Figure 3.10A). This HOXAS induction curve was similar to the one
observed during short-term NE treatment in normal and partially transformed cells (Figure
2.6A and Figure 2.8A). In contrast, 10uM LTNE cells displayed abrogation of HOXAS5
induction in response to short-term NE treatment (Figure 3.10B). This was similar to the
one observed during short-term NE treatment in ovarian cancer cells (Figure 2.8B). These
results show that after long-term treatment with NE, the induction of HOXAS transcript

observed during short-term NE treatment is abrogated.
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Figure 3.10. HOXAS induction. Short-term HOXAS induction time course by 10uM NE
in (A) Long-term mock treated and (B) Long-term 10uM NE treated normal and partially
transformed fallopian tube cells.

Summary

In this chapter, we evaluated the long-term in vitro effects of norepinephrine (NE)
treatment in cells postulated to be the precursors of ovarian cancer — the fallopian tube
epithelial cells (iIFTSEC283) and ovarian surface epithelial cells (iOSE11), and isogenic
cell lines with oncogenic dominant-negative mutant p53 p.R175H to assess the extent to
which TP53 status influences transcriptional responses after long-term exposure to NE.
Overall, we observed no morphological changes in iIFTSEC283, iFTSEC283p53R175H
iIFTSEC282r53R175H iOSE11 and iOSE11P33R175H cells, although long-term treatment with
1 uM and 10 yM NE increased proliferation and colony-forming capacity of the fallopian
tube epithelial cells with and without p53 mutation. In contrast, ovarian surface epithelial

cells showed reduced proliferation and colony-forming capability, even in the p53 mutant
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background. This suggests that fallopian tube cells may be more susceptible to oncogenic

effects of NE than ovarian surface epithelial cells.

Interestingly, a decrease in the percentage of metaphase spreads containing 46
chromosomes was observed after chronic 10 uM NE treatment only in fallopian tube cells
expressing mutant p53. These results suggest that NE and oncogenic p53 alterations can
act in combination to promote chromosomal number changes. Additionally, transcriptomic
profiling of 10 uM LTNE in iFTSEC283 and iFTSEC283r53R175H cells revealed very low
overlap in gene expression compared to mock-treated controls between the two cell lines,
with only three genes differentially expressed (PLACS8, PLAU, MCAM), suggesting that

p53 status is a critical determinant of the response to NE.

Transcription factor enrichment analysis by oPOSSUM revealed enrichment of
distinct transcription factors in p53 wild type and p53R175H overexpressing cells. In
contrast to short-term NE treatment, none of the long-term NE treated fallopian tube cell
lines showed enrichment of the transcription factor HoxA5. Additionally, when LT 10uM
NE treated cells were exposed to short-term 10uM NE treatment time course, the
induction of HOXAS transcript was attenuated. This was similar to the induction time
course observed in ovarian cancer cells. In contrast, LT mock treated cells displayed
similar HOXAS induction curve as was observed in short-term 10uM NE treatment of
normal and partially transformed cells. Additionally, the ADRB2 receptor levels remained
unaltered with LTNE treatment. These results suggest that NE signaling is altered after

LT 10uM NE treatment.
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CHAPTER FOUR

REGULATION OF HOXAS5 BY NOREPINEPHRINE

Note to reader:

A manuscript (Dash et al) containing portions of this section is in preparation.

Introduction

Since long-term NE treated fallopian tube cells showed attenuated HOXAS
induction curve following acute NE treatment when compared with short-term NE treated
cells, and that this attenuation was similar to the ones observed in ovarian cancer cells,
we decided to study the mechanism by which NE regulates HOXAS induction. HOXAS
gene belongs to a large family of genes known as homeotic genes that play essential

roles during embryo morphogenesis and organogenesis.
Homeotic Genes:

Homeotic genes are evolutionarily conserved genes that code for Hox transcription
factors and contribute to development of bilaterian organisms (260, 261). The Hox genes
were first discovered in the third chromosome of fruit fly Drosophila melanogaster through
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a series of genetic crossings (262). These genes were found to be clustered in two
complexes, Antennapedia complex (ANT-C) and Bithorax complex (BX-C), with each
complex being approximately 300kb in length (261, 263). Both complexes were named
after phenotypes obtained for different alleles and the genomic arrangement of Hox genes
followed an order of spatial collinearity with activity along the body axis from anterior to
posterior direction (261, 263, 264). Subsequently, the presence of Hox genes was
discovered in all bilaterian organisms (265). These genes coded for Hox proteins, which
are transcription factors containing a conserved helix-turn-helix motif capable of binding
to specific DNA sequences (265, 266). This DNA binding domain was termed
‘homeodomain’ and in addition to its presence in all Hox transcription factors, it was also
subsequently discovered in other transcription factors (267, 268). The complex interplay
between Hox transcription factors with other homeodomain containing proteins is

hypothesized to contribute to diversity in bilaterian organisms (267, 269).

In humans, there are thirty-nine HOX genes that are organized in four clusters in
different chromosome (270). HOXA family is located on chromosome 7, HOXB family is
on chromosome 17, HOXC family is present on chromosome 12 and HOXD family on
chromosome 2 (270). Hox proteins can either bind to DNA as monomers or homodimers,
or they can partner with other cofactors such as TALE (three amino acids loop extension)
homeodomain transcription factors and bind to DNA as heterodimers or heterotrimers
(271, 272). Among TALE transcription factors subfamily, Pre-B-cell Leukemia Homeobox
(PBX) partners preferentially with Hox proteins 1-11, while Myeloid Eco-tropic Viral
Integration Site 1 Homolog (MEIS) proteins bind to Hox proteins 9-13 (271, 272). These

cofactors can influence various transcriptional events such as the recruitment of RNA
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polymerases to promote transcription of target genes, or they can also repress
transcription by recruitment of transcriptional inhibitors such as histone deacetylases

(HDACs) (271, 272).

Alterations in HOX family of genes are associated with several developmental
disorders such as hand-foot-genital syndrome (HFGS), Charcot—Marie—tooth disease
(CMT) and synpolydactyly (SPD) (273-275). Apart from playing a role in development,
HOX family of genes are also expressed in adulthood and they regulate pathways in many
different cellular processes such as stem cell renewal and cellular identity in tissues (276-
279). Different HOX genes have also been shown to be deregulated in various cancers
(280-282). The different mechanisms by which HOX genes can become deregulated
include: loss of spatiotemporal expression control, gene dominance and epigenetic

alterations (283).

HOX genes in ovarian cancer:

HOX genes have been implicated in the oncogenesis of various hematological and
solid cancers (281). Broadly classified, HOXA family of genes are frequently altered in
breast and ovarian cancers, HOXB family in colon cancer, HOXC genes in prostate and

lung cancers, and HOXD family of genes in breast cancers (284).

In the human female reproductive system, HOX genes 9-13 are expressed
uniformly during embryonic development. In adults, the expression of these tandemly
arranged HOX genes become spatially restricted to specific organs: HOXA9 in fallopian
tubes, HOXA10 in uterus, HOXA11 in cervix and HOXA13 in vagina (285). Work by

Cheng et al showed that dysregulated expression of these genes was an early step in
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development of epithelial ovarian neoplasia (286). HOXA9 expression promoted
development of serous ovarian carcinoma, HOXA10 lead to development of ovarian
endometrioid subtype and HOXA11 promoted ovarian mucinous subtype (286). HOXA7
expression was associated with LGSOC, although it was also expressed in HGSOC and
high-grade ovarian endometrioid subtype too (286). Comprehensive analysis of HOX
genes in 73 high grade ovarian carcinoma patients identified a ‘HOX signature’ consisting
of 5 genes — HOXA13, HOXB6, HOXC13, HOXD1 and HOXD13 — to be associated with

poor survival (287).

Different HOX genes have been shown to have a pro-tumorigenic or anti-
tumorigenic role in ovarian cancer. For example, HOXB7 and HOXB13 were shown to
increase tumor growth by upregulating basic fibroblast growth factor and Ras pathway
respectively (288, 289). Similarly, HOXA9 expression was shown to suppresses anti-
tumor immune responses and the presence of HOXD10 resulted in increased migration
and invasion (290-292). On the other hand, HOXAS5 was shown to decrease cell growth

and increase apoptosis, thus acting as a tumor suppressor (293).

HOXAS:

HOXAS gene is located near the middle of the HOXA cluster of genes present on
human chromosome 7 and it encodes a 270 amino acid protein (294). GTEx analysis of
HOXAS expression in various normal tissues showed fallopian tube as the tissue having

highest HOXAS expression (Figure 4.1).
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Figure 4.1. GTEx analysis. HOXA5 mRNA expression in different normal tissues in
human

Several studies have shown HOXAS to play a tumor suppressive role in various
cancers (295). In breast cancer tissues, low HOXAS5 gene expression levels were
significantly correlated with progression to higher-grade carcinomas (296). In colorectal
cancer mouse models, HOXAS expression was shown to prevent tumor progression and
metastasis by inducing loss of the colorectal cancer stem-like cell traits (297). In
osteosarcoma patients, lower HOXAS expression was associated with poor outcome
(298). In 45 women diagnosed with endometrial cancer, higher grade cancers had lower
HOXAS mRNA and protein expression compared to control (299). Upregulation of HOXAS
in acute myeloid leukemia cells and tissue samples induced apoptosis and reduced
proliferation of cancer cells (300). Reduced HOXAS expression was observed in non-
small cell lung cancer (NSCLC) tissues compared with adjacent normal tissues (301).
Finally, downregulation of HOXAS in ovarian cancer tissues lead to increased viability,

faster proliferation and reduction of apoptosis (293). Additionally, although Hoxa5-null
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mice were not prone to development of spontaneous mammary tumors, hyperplasia was
observed in the mammary glands of these mice, suggesting that presence of HoxA5 could

reduce breast cancer predisposition (302).

HOXAS has been shown to mediate tumor suppressive effects through various
mechanisms (295). Several studies in different cancers have shown that HoxA5 protein
can regulate p53 by directly binding to the ‘TAAT’ motif present in the promoter region of
TP53 gene (303-306). Additionally, apart from indirectly regulating p21 through its action
on p53, HoxA5 protein was also shown to directly bind to the promoter region and regulate
p21 in NSCLC, thereby inhibiting cell proliferation (301). Studies have also shown that
HOXAS can regulate other pathways such as Wnt-signaling and p38a MAPK pathway to

bring about its effects (297, 303, 304, 307).

Several studies have shown HOXAS promoter region to be hypermethylated in
various cancers such as triple-negative breast cancer, ductal carcinoma in situ, lung
adenocarcinoma, colorectal cancer and myeloid leukemia (308-312). A study in AML
samples showed that long non-coding RNA (IncRNA), HOTAIR, recruits Dnmt3b to
HOXAS promoter and increases methylation, thereby downregulating HOXAS (300).
Other recently identified regulators of HOXAS include IncRNA GAS5 and microRNAs
miR-196-5p and miR-196a (293, 298). Additionally, transcription factors such as YY1

have also been shown to regulate HOXAS gene (313, 314).

In this chapter, we performed various assays to decipher the mechanism through

which NE regulates HOXAS expression in short-term and long-term treated cells.
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Materials and Methods

HOXAS5 promoter identification:

As described in chapter 2, three experimentally validated promoters for HOXAS
were identified using Eukaryotic Promoter Database (EPD) and an approximately 2500
bp region including these promoters as well as a part of HOXAS coding region was cloned
into pGL3 enhancer vector (Promega) (Figure 2.2). We dissected this segment to six

different regions and cloned them individually into pGL3 enhancer vector (Figure 4.2).

HOXAS gene exon 1

HO»
Human promoters from EFDnew version 906

4mm [£PD promoters

Human ncRNA promoters from EFDnewNC version 861
Your Sequence from Blat Search

I e e e et
R1 E—
1R

\ J

Different regions cloned for
promoter identification

Figure 4.2. Promoter identification. HOXAS regulatory region constructs design (hg38
genome). R1 — Promoter 1 (chr7: 27143643-27143844), R2 - Promoter 2
(chr7:27143311-27143559), R3 — Promoter 3 (chr7:27143065-27143262), R4 — all 3 EPD
promoters (chr7:27143065-27143844), R5 — Without EPD promoters (chr7:27143825-
27145331) and R6 — R1+R5 (chr7: 27143643-27145331). These constructs were cloned
into pGL3 enhancer vector.

Region R1 was 202bp in length and contained Promoter 1. Region R2 was 249bp
in length and contained Promoter 2. Region R3 was 198bp in length and contained
Promoter 3. Region R4 was 780bp in length and contained all three EPD promoters.
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Region R5 was 1507bp in length and contained region without the three EPD promoters.
Finally, Region R6 was 1689bp in length and contained regions R5 and R1. The whole

region was labelled as R7.

Luciferase assay:

8000 iIFTSEC283 cells each were plated in 96 well plates in 8 technical replicates.
After overnight incubation, they were transfected with different HOXAS promoter regions
containing pGL3 vector (50ng per well) (Promega) and pRL renilla luciferase vector (20ng
per well) (Promega), which was used as internal control. pGL3 control vector (50 ng per
well) (Promega) was used as positive control for the assay. Cells with the transfection
medium containing Opti-MEM (Gibco), FUGENE HD (Promega) and the vectors were
centrifuged for 30 mins at 1000 rpm before incubating for 48 hrs. Following incubation,
the cells were treated with 10uM norepinephrine (Sigma-Aldrich) or vehicle (H20) control
containing fresh medium and incubated for 4 h. After treatment, Dual-Glo® Luciferase
Assay System (Promega) was used to measure luciferase activity following
manufacturer’s protocol. SpectraMax L microplate reader was used for reading the output

and firefly luciferase/renilla luciferase ratio was calculated.

Results

Short-term NE treatment showed differential regulation of R6 region of

HOXAS whole segment:
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iIFTSEC283 cells were transfected with pGL3 enhancer vector containing 6
different parts of the HOXAS regulatory region (Figure 4.1) as well as the whole regulatory
region (Figure 2.2) and treated with 10uM NE for 4 h followed by luciferase assay.
Luciferase data suggested that among all three EPD promoters, Promoter 1 contained in
the region R1 region had highest activity in both mock- and NE- treated cells, suggesting
that in this model, Promoter 1 is involved in HOXAS gene regulation and could be
considered as the minimal promoter (Figure 4.3). In contrast, region containing Promoter
2, R2, showed no luciferase activity in either condition, suggesting that this region is not
involved in HOXAS upregulation and rather may contain negative regulators of HOXAS
gene (Figure 4.3). Regions R3, R4 and R5 showed modest luciferase activity without any
difference between mock vs treated cells, suggesting these regions are not regulated in
response to NE (Figure 4.3). We identified R6, which contains R1 and R5 regions, as the
region showing highest luciferase activity among all regions in addition to having an
increased luciferase activity NE treated cells compared with mock-treated cells (Figure
4.3). Since both R1 and RS individually did not show altered luciferase activity in response
to NE, the data suggests that NE induces HOXAS through a minimal promoter region

containing Promoter 1 by acting on an additional regulatory element present in R6.
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Figure 4.3. Luciferase assay for promoter identification. Six different HOXAS5
regulatory region constructs containing pGL3 enhancer vector and the whole region (R7)
containing pGL3 enhancer vector were transfected into iFTSEC283 cells for 48 h followed
by treatment with 10uM NE for 4 h and luciferase assay measurement.

Next, we used the Human Genome Browser database to get an overview on
different regulatory elements that might be present in the R6 region (Figure 4.4). Using
ChlP-seq data from ENCODE track on Human Genome Browser, we identified 74
transcription factors that have binding sites in the R6 region (Figure 4.4). In addition, we
also identified 5 putative cis-regulatory proximal enhancer regions — E2542592/enhP,
E2542593/enhP, E2542594/enhP, E2542595/enhP, E2542596/enhP (Figure 4.4). These
data suggest that the R6 region has several regulatory elements and some of them may

be responsible for the induction of HOXAS by NE.
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Figure 4.4. Human genome browser. R6 region analysis using Human Genome
Browser (GRCh38/hg38) Assembly. ENCODE candidate cis regulatory elements —
enhancers are shown in orange box and promoters in red box. ENCODE Transcription
Factors data - each peak cluster of transcription factor occupancy is enclosed by a gray
box. The darkness of the box is proportional to the maximum signal strength.
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Summary

In this chapter, we identified a minimal promoter region — R1 (202bp) - that
positively regulates HOXAS expression in iFTSEC283 cells irrespective of NE treatment.
We also identified a larger segment containing the minimal promoter region - R6 (1689bp)
- that leads to higher upregulation of HOXAS expression compared with R1, suggesting
that R6 may contain additional regulatory elements such as enhancers. In addition, the
R6 region also showed differential HOXAS upregulation after NE treatment compared to
control-treated cells, suggesting that NE may act on R6 to induce HOXAS. Future work
includes dissecting the R6 region and identifying the regulatory elements used by NE to
induce HOXAS in short-term NE treated cells. Additionally, the attenuation of HOXAS
induction observed after short-term NE treatment in the ‘long-term NE treated’ (LTNE)

cells and in ovarian cancer cells will also be studied.
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CHAPTER FIVE

DISCUSSION AND FUTURE DIRECTION

HGSOC is the most common ovarian cancer subtype and is associated with poor
prognosis (2, 5, 9). Most of the HGSOC cases are detected at advanced stages that are
more aggressive and difficult to control (7, 9). In addition, lack of effective screening
modalities to detect HGSOC at early stages and resistance to current standard of care
leads to higher mortality rate (3, 80, 81). Therefore, identifying mechanisms that lead to

initiation of HGSOC would help identify novel biomarkers that can aid early diagnosis.

As described in Chapter 1, epidemiological studies have reported that, conditions
which cause chronic Sympathetic Nervous System (SNS) activation such as depression
and PTSD, are associated with a higher risk of developing ovarian cancer (125, 126, 218-
220). Additionally, stress hormone NE was found to be the most abundant catecholamine
present in the normal rodent ovary and in aging mice, a spontaneous increase in SNS
activity was observed which in turn led to increased NE levels and development of a
polycystic condition (211-216). The effect of NE stimulation in ovarian cancer progression
is also very well established (189, 193, 195-201, 203, 210). Although very little is known

about the role of NE in ovarian cancer initiation, most of the mechanisms disrupted by NE
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to promote cancer progression, can also potentially cause tumor initiation. For example,
dysregulation of DNA damage repair pathways and oncogene activation are key
processes involved in cancer initiation (238). This suggests that chronic NE stimulation

might play a role in tumor initiation.

In this study we explored the possible mechanisms by which NE could influence
ovarian cancer initiation by evaluating the in vitro effects of NE treatment on cell lines
postulated to be the precursors of ovarian cancer— IFTSEC283 and iOSE11.
Additionally, since ~96% of HGSOC patients have TP53 alterations and these alterations
happen early in the development of HGSOC (10-13, 41), we also evaluated the effects of
NE treatment on precursor cells over-expressing a dominant-negative TP53 mutant
(p-R175H). We subcategorized our study into three groups — unraveling the effects of 1)
short-term/ acute NE treatment, 2) long-term/chronic NE treatment and 3) identifying

molecular mechanisms that are distinct between the two conditions.

To understand the effects of short-term NE exposure, we focused on early
transcriptional changes induced in iOSE11 and iFTSEC283 cells by NE. We identified
differentially expressed genes after 1 h and 4 h treatment with NE in both cell lines.
iIFTSEC283 cells had much higher number of differentially expressed genes in response
to NE — 234 genes and 313 genes at 1 h and 4 h time points respectively, compared to
iIOSE11 cells — 53 and 34 genes after 1 h and 4 h of NE treatment respectively. Although
there was a significant difference between the total number of differentially expressed
genes identified in both cell lines, 45/53 genes (84.9%) at 1 h time point and 22/34 genes
(64.7%) at 4 h time point identified in the IOSE11 cell lines overlapped with the

differentially expressed genes identified in the IFTSEC283 cell line at respective time
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points. Additionally, transcription factor enrichment analysis identified HoxA5 as a
significantly enriched transcription factor common to both cell lines at both time points.
These data suggest some degree of overlap between both cell lines in response to short

term NE treatment.

Since IFTSEC283 cells displayed higher total number of differentially expressed
genes in response to short-term NE treatment compared to iOSE11 cells and the fact that
numerous evidences have shown that majority of the HGSOC arise from epithelium of
distal fallopian tube (33, 36-38, 40, 43), we generated transcriptomic profile of long-term
NE treated vs control iFTSEC283 cells (137 days) and compared it to the short-term
transcriptomic profiles. A total of 123 differentially regulated genes were identified in
response to chronic NE treatment. While 71 differentially expressed genes in response
to short-term NE treatment were common to 1 h and 4 h time points suggesting some
degree of overlap between the two time points, only 11 genes were common between 1
h time point and long-term NE treated iFTSEC283 cells and only 9 genes were common
between 4 h time point and long-term NE treated cells. These data suggest that the
transcriptional response to acute NE treatment is distinct from the transcriptional

response observed after chronic exposure to NE.

The differences between the transcriptomic profile of the acute vs chronic NE
treated iIFTSEC283 cells can be explained by multiple mechanisms such as selection of
clonal populations with altered signaling pathways or altered epigenetic regulation by
prolonged NE treatment. Performing single cell analysis such as single-cell RNA seq or
single cell ATAC seq could help identify these differences. Another question that remains

to be answered is whether the observed alterations brought about by chronic exposure
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to NE are sufficient for ovarian cancer initiation. Interestingly, in long-term NE treated
iIFTSEC283 cells, canonical p53 target genes (315) — CDKN1A (coding for p21) and
BBC3 (coding for PUMA) — were downregulated in response to NE. Both p21 and PUMA
are induced by p53 in response to DNA damage and are involved in cell cycle arrest and
apoptosis respectively (316, 317). Deregulation of these genes leads to continued cell
proliferation and reduced apoptosis even in the presence of DNA damage, thereby
increasing the frequency of acquiring alterations in the DNA that could lead to tumor
initiation (316-319). In addition to canonical p53 target genes, five histone transcripts were
upregulated in iFTSEC283 cells in response to long-term NE exposure. Gene Ontology
Reactome Pathway analysis revealed an overrepresentation of ‘Chromatin Modifying
Enzymes’, HDACs, HATs and ‘DNA Methylation’ pathways. These results suggest that

NE may play a role in epigenetic regulation of iIFTSEC283 cells.

Next, we compared the transcriptomic profiles of long-term treated iIFTSEC283
cells and long-term treated iIFTSEC283P53R175H cells. Only 23 differentially expressed
genes were identified in iFTSEC283P53R175H cells in response to NE, out of which only 3
genes — PLAU, MCAM and PLACS8 - overlapped with iFTSEC283 cells, suggesting that
the p53 status determines the response to chronic NE treatment. The top downregulated
genes identified in iIFTSEC283P53R175H cells coded for proteins that are involved in cell-
cell junction and extracellular matrix/structure organization such as intercellular tight
junction component desmoplakin (DSP), collagen interacting proteoglycan biglycan
(BGN), extracellular matrix protein ABI3 binding protein (ABI3BP), and integrin binding
protein periostin (POSTN). Loss of DSP has been shown to increase local tumor invasion

and cell proliferation (320, 321). Similarly, ABI3BP overexpression in vitro and in vivo was
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shown to decrease tumor growth by inducing senescence and its expression is lost in
most carcinomas (322, 323). BGN has been shown to have either oncogenic or tumor
suppressive role depending on the cancer type and cellular origin (324). The
downregulation of these gene combined with upregulation of extracellular matrix-
degrading urokinase PLAU and cell adhesion molecule MCAM in iFTSEC283P53R175H can
lead to degradation of the extracellular matrix and loss of cell adhesion, thereby promoting
local cell invasion. In addition, iIFTSEC283P53R175H cells also upregulated a stress
activated p38 isoform, MAPK13, which has been shown to be positively associated with

initiation of skin tumors and colitis-associated colon cancer (325, 326).

In addition to having a distinct transcriptomic profile compared to wild-type p53
containing iIFTSEC283 cells, iIFTSEC283P33R173H cells also displayed a decrease in the
percentage of metaphase spreads containing diploid number of chromosomes after
chronic exposure to 10uM NE. These results suggest that NE and oncogenic p53
alterations can act synergistically to promote chromosomal abnormalities. Chromosomal
instability (CIN) is frequently observed in HGSOC (16-20). In addition, several in vivo
studies have shown that chromosomal instability (CIN) is sufficient to induce tumor
initiation (327-329). This raises the possibility that chronic exposure to NE in the presence
of oncogenic p53 alteration, which is the earliest genetic alteration found in precursor
lesions of HGSOC (11, 13, 41), could lead to initiation and development of HGSOC

through increased chromosomal number alterations.

To summarize, the transcriptomic data suggests a difference between the acute
vs chronic NE response. Additionally, p53 status was implicated to be critical to chronic

NE response. Next, we wanted to study the molecular mechanisms underlying these
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differences. First, we focused on understanding the differences between response to
acute vs chronic NE treatment irrespective of p53 status. As mentioned previously,
transcription factor enrichment analysis identified HoxAS5 transcription factor to be
significantly enriched at both 1 h and 4 h time points in iIFTSEC283 and iOSE11 cells. A
gPCR time course study revealed that HOXAS transcript was induced by acute NE
treatment in  iIOSE11, {iOSE11PS3R175H jFTSEC283, iFTSEC283r3R17SH  and
iIFTSEC282r53R175H cells. In all five cell lines, the induction of HOXAS5 by 10uM NE started
around 45 mins to 1h, peaked at around 2 h to 3 h and returned to baseline levels by 4 h.
The induction of HOXAS by NE was confirmed by increased luciferase activity in iOSE11
and iIFTSEC283 cells in response to NE treatment when a ~2500bp HOXAS cis regulatory
region was cloned into pGL3 enhancer vector and used for luciferase reporter assay time
course study. These results indicate that acute NE treatment induces HOXAS irrespective

of the p53 status.

When we performed transcription factor enrichment analysis on the differentially
expressed genes identified in response to long-term NE treatment in iFTSEC283 and
iIFTSEC283r53R175H cells, neither cell line exhibited enrichment of HoxA5. Additionally,
when LT 10uM NE treated cells were further exposed to short-term 10uM NE treatment
gPCR time course described above, the induction of HOXAS transcript was attenuated.
In contrast, LT mock treated cells displayed similar HOXAS induction curve as was
observed in short-term 10uM NE treatment of normal and partially transformed cells.
Additionally, the NE-binding receptor, ADRB2, levels remained unaltered after long-term
NE treatment compared to long-term mock treated cells, suggesting that the attenuation

of HOXAS5 induction was not due to loss of receptor. The attenuation of HOXAS5 induction
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by NE was also observed in ovarian cancer cells - OVCARS8 and SKOV3, and these cells
had similar ADRB2 levels as normal and partially transformed iFTSEC283 and iOSE11
cell. These results suggest that long-term exposure to NE could lead to altered HOXAS
regulation which is more similar to cancer cells and distinct from short-term response to

NE.

As described in chapter 4, HOXAS has been shown to mediate tumor suppressive
effects through various mechanisms (295). Several studies in different cancers have
shown that HoxAS protein can regulate p53 by directly binding to the “TAAT’ motif present
in the promoter region of TP53 gene (303-306). Additionally, apart from indirectly
regulating p21 through its action on p53, HoxA5 protein was also shown to directly bind
to the promoter region and regulate p21 in NSCLC, thereby inhibiting cell proliferation
(301). It is possible that the downregulation of p21 and PUMA identified in our long-term
NE treated iIFTSEC283 cells transcriptomic data could be associated with attenuation of
HOXAS induction observed in long-term NE treated cells. In contrast, in our short-term
NE treated iFTSEC283 cells, six genes — TSC22D3, CSF3, FRMD4A, MAML3, PPAP2B
and PRKCE - were identified to be regulated by HoxA5 in response to NE through
combination of ChIP-seq, RNA-Seq, oPOSSUM, MEME and FIMO analysis. This

suggests that a part of acute NE response is mediated by HoxAS.

Next, we focused on identifying the mechanism by which HOXAS is induced after
acute NE treatment. We dissected the ~2500kb HOXAS proximal cis regulatory region
into smaller regions to identify regulatory elements present in near HOXAS gene. Through
luciferase assays, we identified a minimal promoter region — R1 (202bp) - that positively

regulates HOXAS expression in iIFTSEC283 cells, but this region did not respond to NE
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treatment. We then identified a larger segment containing the minimal promoter region -
R6 (1689bp) - that leads to higher upregulation of HOXAS expression compared with R1,
suggesting that R6 may contain additional regulatory elements such as enhancers. In
addition, the R6 region also showed differential HOXAS upregulation after NE treatment

compared to control-treated cells, suggesting that NE may act on R6 to induce HOXAS.

Ongoing work in the lab includes dissecting the R6 region in order to understand
the mechanism by which NE regulates HOXAS. Once the region is established, it will be
followed by in silico analysis and site directed mutagenesis to identify transcription factors

that may be responsible for mediating HOXAS regulation by NE.

Future work includes identifying mechanisms that lead to differences in HOXAS
regulation in acute vs chronic NE treatment response. Several studies have shown
HOXAS promoter region to be hypermethylated in various cancers such as triple-negative
breast cancer, ductal carcinoma in situ, lung adenocarcinoma, colorectal cancer and
myeloid leukemia (308-312). Therefore, it can be hypothesized that the attenuation of
HOXAS induction after chronic NE exposure could be due to hypermethylation of the
promoter region or other epigenetic changes. Additionally, transcription factors regulating
HOXAS in response to acute NE treatment could be deregulated after chronic NE
treatment. Experiments such as promoter bashing, site directed mutagenesis, ATAC-seq
and methylation specific PCR would help identify the mechanism underlying HOXAS

regulation in chronic NE treated cells.

In summary, this study focuses on delineating the effects of short-term and long-
term stress responses, through the actions of NE, on precursor cells of HGSOC. By

generating global transcriptomic profiles, we found that the responses to acute and
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chronic NE treatment were distinct from each other. We also showed that the transcription
factor HoxA5 was induced in response to acute NE treatment in TP53 wildtype and mut-
TP53 overexpressing normal cell lines, and, in turn, partially mediated the acute NE stress
response through its action on target genes. On the other hand, chronic NE treated cells
showed abrogation of HoxA5 induction, and this phenomenon was also observed in
ovarian cancer cells. Since various studies have shown HoxAS5 to primarily have anti-
tumorigenic roles, we hypothesize that abrogation of HoxAS induction in chronic NE
treated cells could lead to tumor development through loss of anti-tumorigenic effects.

The overall summary of this study is depicted in Figure 5.
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Figure 5. Overall summary. (Created with BioRender.com)

While there are certain limitations, such as the lack of in vivo studies and patient
data, this study highlights the differences between acute and chronic response to NE

treatment at the molecular level in ovarian surface epithelial and fallopian tube cell line
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models. Further research would help in understanding the role of chronic stress in ovarian
cancer initiation. This can ultimately lead to the identification of more specific and

sensitive biomarkers, and aid in early detection of ovarian cancer in patients.
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