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Kaitlyn Elizabeth Collins
MIR-10A AS A MODULATOR OF PROLIFERATION AND CELL CYCLE
PROGRESSION IN OVARIAN CLEAR CELL CARCINOMA

Endometriosis, a benign inflammatory disease whereby endometrial-like tissue
grows outside the uterus, is a significant risk factor for endometriosis-associated ovarian
cancers. In particular, ovarian endometriomas, cystic lesions of deeply invasive
endometriosis, are a potential precursor lesion for ovarian clear cell carcinoma (OCCC).
To explore the transcriptomic landscape, OCCC from women with pathology-proven
concurrent endometriosis (n=4) were compared to benign endometriomas (n=4) by bulk
RNA and small-RNA sequencing. Analysis of protein-coding genes identified 2449
upregulated and 3131 downregulated protein-coding genes (DESeq2, P<0.05, log2 fold-
change>|1|) in OCCC with concurrent endometriosis compared to endometriomas. Gene
set enrichment analysis showed upregulation of cell cycle regulation and DNA
replication pathways and downregulation in cytokine receptor signaling and matrisome
pathways. Analysis of miRNAs revealed 64 upregulated and 61 downregulated mature
miRNA molecules (DESeq2, P<0.05, log2 fold-change>|1|). Hsa-miR-10a-5p represented
over 21% of the miRNA molecules in OCCC with endometriosis and was significantly
upregulated (NGS: log2 fold change=4.37, P=2.43E-18; QPCR: 8.1-fold change,
P<0.05). Correlation between miR-10a expression level in OCCC cell lines and IC50
(50% inhibitory concentration) of carboplatin in vitro revealed a positive correlation
(R2=0.92). The cellular function of miR-10a was investigated by overexpressing miR-
10a in vitro. MiR-10a overexpression revealed a significant decrease in proliferation

(n=6; P<0.05), compared to a non-targeting control. Cell-cycle analysis revealed a

vii



significant shift in cells from S and G2 to G1 in (n=6; P<0.0001). MiR-10a
overexpression in vitro was correlated with decreased expression of predicted miR-10a
target genes critical for proliferation, cell-cycle regulation, and cell survival [SERPINE1
(3.2 downregulated; P<0.05), CDK6 (2.4 downregulated; P<0.05) and, RAP2A (2-3
downregulated; P<0.05)].
Shannon Hawkins, M.D., Ph.D., Chair
Jaeyeon Kim, Ph.D.
Lindsey Mayo, Ph.D.
Kenneth Nephew, Ph.D.
Chi Zhang, Ph.D.
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CHAPTER 1: INTRODUCTION

1.1 Ovarian Cancer

Ovarian cancer is one of several gynecologic cancers, the most common
gynecologic cancers being uterine, ovarian, cervical, vaginal, and vulvar cancers in the
United States [1]. As of 2023, while more than 66,000 persons with a uterus will get
uterine cancers and more than 19,710 persons with ovaries will get ovarian cancer in the
United States (US), the estimated mortality rate for uterine and ovarian cancers is the
same at about 13,000 deaths per year from each cancer, making ovarian cancer the
deadliest gynecologic cancer for women in the United States [1].

Unlike other carcinomas, which have seen a decrease in mortality, such as a 43%
decrease in breast cancer deaths since 1989 [2], ovarian cancer mortality has not
decreased in over 20 years [1]. The difficulty in improving ovarian cancer mortality is
multifactorial; however, two of the most clinically significant problems are: 1) late stage
of diagnosis due to non-specific patient symptoms and lack of non-invasive screening
tools and 2) the histological and molecular heterogeneity of ovarian cancer and the

imprecise effectiveness of therapies.

Late-stage diagnosis of ovarian cancer causes and need for improvement

Due to non-specific and non-alarming symptoms in the abdomen and pelvis (i.e.,
pain and bloating) [3-12], women may wait to seek medical care. Further, ovarian cancer
might not be a highly ranked potential diagnosis on the healthcare provider's differential,
leading to further delay of diagnosis and treatment and subsequent poorer outcomes [13-
15]. In the Goff et al. 2000 National Ovarian Cancer Survey (n = 1725), of the women

reporting symptoms, 65% reported symptom duration of six months or less before



diagnosis, while 35% reported symptoms for seven months or longer before diagnosis

[5]. This delay from symptom onset to diagnosis is highlighted in studies from the
COVID-19 Pandemic, where delays in diagnosis by one month were attributable to 81
additional ovarian cancer deaths and a delay of six months, 464 additional deaths [16].
Thus, delayed diagnosis results in decreased survival. The lack of consensus on
symptoms and screening tests to identify ovarian cancer largely contributes to the
deficiencies in diagnosis. Improving screening tests and identification of early markers of

disease (biomarkers) are crucial to decreasing mortality.

Non-invasive screening tools for ovarian cancer and need for improvement

Health screening tests can be used in asymptomatic populations to monitor for
pre-cancerous results with further follow-up diagnostic testing, resulting in diagnosis at
an earlier stage of the disease [17]. While screening tests are available for cervical cancer
(pap smear), colon cancer (colonoscopy), and breast cancer (mammogram) [17], for
example, screening tests for ovarian cancer have been studied [18-21] and, unfortunately,
none so far meet adequate criteria so that they are more beneficial than their risk of harm
[22-24]. Previous studies have looked at three main potential screening techniques for
early diagnosis of ovarian cancer: 1) gynecologic exam [18, 19], 2) serum cancer antigen
125 (CA-125) [20, 21, 25], and/or 3) ultrasound [21-23, 25]. Unfortunately, while some
of these trials report a significant or non-significant increase in epithelial ovarian cancer
diagnosis, they have not found a significant decrease in mortality in the women

undergoing screening [22, 23, 25].



CA-125 was first described by Bast et al., where they found a monoclonal
antibody, OC125, that reacted with tumor cells from 6/6 epithelial ovarian cancer cell
lines and tumor cells from ascites fluid of 7/11 patients with ovarian cancer [26]. CA-125
is thought to be used as a screening and/or diagnostic tool for ovarian cancer. However,
by definition, it is, in fact, a poor screening tool for ovarian cancer, as it is not effective in
asymptomatic and early-stage detection of the disease. Rather, CA-125 has more clinical
benefit in monitoring the recurrence of disease in women being treated for ovarian cancer
[27]. While CA-125 is elevated in 80% of ovarian cancers [27, 28] and 90% of advanced-
stage tumors [29], serum CA-125 is only elevated in 23-67% of early-stage tumors [29-
31]. Further complicating the use of CA-125 as a biomarker for ovarian cancer is its
variable expression in different subtypes of ovarian cancer. High-grade serous and
endometrioid ovarian cancers generally have higher CA-125 levels, while the mucinous
subtype of ovarian cancer has the lowest levels of CA-125 [27, 32]. Thus, CA-125 is not
an ideal screening test alone for early disease.

Since CA-125 biomarker sensitivity and specificity are limited at the early stages
of disease and ovarian cancer is a relatively low-occurring cancer, studies of CA-125 as a
screening tool in women with average risk for ovarian cancer found a large number of
false positives. A study by Moss ef al. in 751 women and 48 men, found abnormal CA-
125 in 29% of the women and 46% of the men [20]. Of the women with abnormal CA-
125, only 20% were attributed to ovarian cancer [20]. False positives were attributed to
other malignancies and benign gynecological diseases (i.e., endometriosis and pelvic
inflammatory disease) [20]. CA-125 levels can also be increased in various other cancers,

including breast, endometrial, gastrointestinal, and lung [29]. Benign diseases of the



uterus, ovaries, liver, and gastrointestinal tract may also have elevated serum CA-125
[29, 33].

Due to the high risk of harm and low benefit of screening the general population,
the United States Preventative Services Task Force (USPSTF) practice guidelines
recommend against the use of screening tests for ovarian cancer in the general population
[34]. Therefore, there is a need to investigate the molecular landscape of ovarian cancer

progression to identify better biomarkers for ovarian cancer screening tools.

1.1.1 The Histological and Molecular Heterogeneity of Ovarian Cancers

Ovarian cancer is surgically staged. Surgical staging means that the stage or
extent of disease spread is decided at the time of surgery by evaluation of pathological
specimens. The Federation Internationale de Gynécologie et d’Obstétrique (FIGO)
criteria are used for staging female reproductive cancers, including ovarian carcinomas
[35]. The October 2021 criterion considers the primary site of the malignancy, lymphatic

system involvement, and metastatic sites [35].

Histologic Types of Ovarian Cancers

The most common types of ovarian carcinomas are epithelial ovarian carcinomas
(EOC), comprising > 90% of all ovarian carcinomas [36]. Less common ovarian
malignancies, or non-epithelial ovarian cancers (<10%), consist of germ-cell tumors, sex
cord-stromal tumors, metastatic lesions to the ovary, and other rare tumors [37].
Malignant germ-cell tumors are derived from the germ cells of the embryonic gonad and
are histologically stratified into primitive germ-cell tumors and teratomas from dermoid

cysts. Women with malignant germ-cell tumors are typically younger than 30 years of



age at diagnosis and make up 1-2% of ovarian cancers [38]. Malignant sex-cord stromal
tumors derive from sex cord and/or stromal cells and account for 3-5% of all ovarian
cancers [37]. Sex-cord stromal tumors occur over a more comprehensive age range.
Granulosa cell tumors, a subtype of sex-cord stromal tumors, are more common in peri-
and postmenopausal women [37]. Non-epithelial ovarian cancers have a favorable
prognosis, with a surgical removal of the ovary commonly being curative, with early-
stage disease having a 95% 5-year survival [39].

EOC are divided into broad histological subtypes. The prevalence within the US
is: high-grade serous ovarian carcinoma (HGSOC; 50-70%) [36, 40], ovarian clear cell
carcinoma (OCCC; 5-25%) [41-43], endometrioid ovarian carcinoma (EnOC; 5-10%)
[36], mucinous ovarian carcinoma (MOC; 3-10%) [44], and low-grade serous ovarian
carcinomas (LGSOC; ~3%) [44]. Historically, EOC histological subtypes are categorized
by histologic features of surgical specimens, although the field is moving toward
molecular classification [45, 46]. Immunohistochemistry (IHC) staining for specific
proteins can be subtype-specific, further aiding pathologists in classifying ovarian cancer

subtypes (more below).

Histologic and Pathologic Features of EOC Subtypes

High-grade serous ovarian cancer (HGSOC)

On gross inspection, HGSOC can range in size from <1 c¢cm to 20 cm. They can
be purely solid or mixed with cystic components, commonly creating an irregular ovarian
surface [47]. Grossly, papillary or finger-like structures can be seen throughout the tumor

and can also contain poorly differentiated necrotic and hemorrhagic areas [47].



Microscopic inspection commonly displays a mixture of morphologies, such as “solid,
complex glandular with slit-like spaces, cribriform, and papillary” [47]. Nuclei are
atypical with eosinophilic nucleoli, and cells are frequently multinucleated with a high
mitotic activity [47]. IHC staining that is indicative of HGSOC includes strong staining

for tumor protein p53 (TP53) and Wilms’ tumor 1 (WT1) (>80% of tumors) [48, 49].

Low-Grade Serous Ovarian Cancer (LGSOC)

LGSOC were originally thought to be highly similar to HGSOC. However, the
two types have distinct histologic and molecular profiling with distinct cells of origin.
Women with LGSOC tend to be younger than women with HGSOC [50]. Unlike other
non-HGSOC subtypes, LGSOC are commonly found on both ovaries at presentation.
Like HGSOC, LGSOC are commonly solid in gross appearance, or they may have cystic
masses with papillary structures. However, unlike HGSOC and other EOC, LGSOC
typically do not contain grossly necrotic lesions [47].

Microscopically, LGSOC contain irregular, small nests of both microscopic and
macroscopic papillae [47]. Invasion into the stroma is destructive, and cells have a low
mitotic activity. Unlike other EOC subtypes, LGSOC commonly contain large numbers
of psammoma bodies or calcifications [47]. These classifications are typically so
abundant that they cause a gritty appearance to the tumor that can be seen on gross
observation [47]. Immunohistochemically, LGSOC are largely similar to HGSOC where
they positively stain for WT1 and may be negative for Napsin A aspartic peptidase
(NAPSA) and progesterone receptor (PGR) stains [49]. However, unlike HGSOC,

LGSOC largely do not stain for TP53 [49].



Endometrioid ovarian carcinoma (EnOC)

Grossly, EnOC is often unilateral and solid but may be cystic [47]. Histologically,
EnOC tumors have two common growth patterns. The most common growth pattern is
“expansile invasion,” where cells are confluent in a “back-to-back glandular
proliferation” [47]. The glandular architecture contains a complex mixture of cribriform,
villoglandular, or papillary patterns with a loss of intervening stroma [47]. The expansile
invasion growth pattern is visually similar to endometrial endometrioid carcinomas. Less
commonly, EnOC has a destructive stromal invasion growth pattern containing irregular
glands, clusters of cells, or single cells that infiltrate the stroma [47]. Like HGSOC,
EnOC cells have significant nuclear atypia. However, EnOC classically resemble
endometrial glandular epithelium with pseudostratified, elongated nuclei and non-
mucinous cytoplasm [47]. While EnOC and HGSOC can appear similar histologically
and have been occasionally misidentified, with some HGSOC being recategorized as
having a “pseudoendometrioid” pattern [51, 52], the use of IHC can provide a clear
differentiation between the two subtypes. While both EnOC and HGSOC typically have
absent staining for NAPSA, WT1, TP53, and PGR can be used to discern EnOC from
HGSOC. Whereas HGSOC are typically positive for WT1 and TP53 and have more
variable staining with PGR, EnOC typically do not stain with WT1 and TP53. EnOC
tumors have a high positive staining for PGR [53]. EnOC can frequently be found in
close proximity with endometriosis lesions and, as such, are considered an endometriosis-

associated ovarian cancer (more below).

Ovarian clear cell carcinoma (OCCC)



OCCC can reach a similar size as HGSOC with a mean size of 15cm, but grossly,
OCCC:s are typically more cystic, and when sectioned, solid features may be hemorrhagic
and necrotic [47]. Histologically, OCCC have a characteristic clearing of the cytoplasm
with hematoxylin and eosin (H&E) stain due to their increased glycogen content.
Microscopically, OCCC can contain three architectural patterns: tubulocystic with large
cystic glands, papillary, and solid large sheets of tumor cells [47]. In contrast to HGSOC,
OCCC tumors have low mitotic activity, but they still contain atypical nuclei and
prominent nucleoli. In addition to “clear cells,” OCCC characteristically contains hobnail
cells, which are round cells with “apical expansion of the cytoplasm by atypical nuclei.”
Cyst walls are composed of cuboidal cells with eosinophilic secretions. The characteristic
“clear cells” are surrounded by hyalinized, fibrous stroma in most tumors [47].

Like EnOC, OCCC tumors are negative for WT1 and TP53 staining [49]. While
PGR staining is typical of EnOC, OCCC tumors have a more variable staining pattern,
making PGR a poor identifier of OCCC. However, NAPSA is a characteristic positive
stain for OCCC (>80%) [53]. HNF1 homeobox B (HNF-1p) is another characteristic IHC
stain for OCCC, with studies reporting nearly 100% positive staining in OCCC tumors,
whereas nearly 100% of non-OCCC tumors studied did not stain for HNF-1f3 [54].
OCCC are considered an endometriosis-associated ovarian cancer (more below) and

frequently found near atypical endometriosis lesions (more below) [55].

Mucinous Ovarian Cancer (MOC)
MOC are often unilateral without metastasis at the time of presentation. MOC can

be non-invasive (without a stromal component) or invasive once stromal invasion is



measured at greater than 5 mm [47]. Grossly, mucinous tumors are quite large, typically
> 10 cm, with their mean size of 18-22 cm [47]. Necrotic and hemorrhagic lesions may
be present, but most commonly, the tumors have a multicystic pattern with solids areas.
Like other ovarian carcinomas, MOC have two main patterns of invasion or growth.
Expansile mucinous ovarian cancer characteristically contains confluent glandular growth
without normal ovarian parenchyma [47]. The less common, destructive invasive MOC
have irregular and atypical glands, nests, and single cells that infiltrate the stroma. MOC
have moderate to marked nuclear atypia with increased nuclear to cytoplasmic ratio and
commonly contain profuse goblet cells [47].

More unique to MOC is the potential to be misdiagnosed as gastrointestinal tract
metastases [56]. This similarity to gastrointestinal metastases makes IHC classification
markers beneficial for both the confirmation of mucinous subtypes of ovarian cancer and
distinguishing MOC from metastases to the ovary. The standard clinical panel for
distinguishing metastatic gastrointestinal lesions from primary MOC uses stains for
keratin 7 (KRT7), keratin 20 (KRT20), and caudal type homeobox 2 (CDX2). However,
a 2019 study by Meagher ef al. found a combination of CK7 (positive in primary MOC)
and SATB homeobox 2 (SATB2) (negative in primary MOC) staining could distinguish
primary MOC from lower gastrointestinal metastases with 95% accuracy [57]. The
algorithm proposed by Kdbel ef al. can be utilized to distinguish MOC from other EOC
subtypes [53]. MOC commonly does not stain for WT1, distinguishing them from
HGSOC [53]. Unlike OCCC tumors, most MOC tumors do not stain for NAPSA. PGR

staining to further distinguish subtypes would be absent in MOC compared to EnOC [53].



Molecular Heterogeneity of Epithelial Ovarian Cancers

Each histologic subtype of epithelial ovarian cancer has distinct gross and
microscopic histologic features (see above). However, more recently, multi-platform
genomics approaches have been used to further categorize tumors, particularly in their in
vitro derivatives (i.e., human immortalized ovarian cancer cell lines), creating more
distinct molecular subtypes [32, 45, 58-103].

The most studied histological subtype of EOC is HGSOC. HGSOC samples make
up a majority of studies for both single subtype analyses and comparisons across multiple
histological subtypes. Likely the most well-known of HGSOC molecular analyses is The
Cancer Genome Atlas (TCGA) [64], but the other large bioinformatic analyses of ovarian
cancer, performed by the Memorial Sloan Kettering Cancer Center (MSK-IMPACT and
MSK-SPECTRUM) also include samples from women with HGSOC [104]. From TCGA
analysis, four distinct transcriptional subtypes, three microRNA subtypes, four promoter
methylation subtypes, and one transcriptional signature associated with survival duration
were identified [64]. Transcriptional subtypes were: 1) immunoreactive subtype is
characterized by C-X-C motif chemokine ligand 11 (CXCL11), C-X-C motif chemokine
ligand 10 (CXCL10), and C-X-C motif chemokine receptor 3 (CXCR3), i1) differentiated
subtype associated with expression of mucin 1, cell surface associated (MUCT), mucin
16, cell surface associated (MUC16), and secretory leukocyte peptidase inhibitor (SLPI)
and a more mature stage of development, ii1) proliferative subtype has high expression of
minichromosome maintenance complex component 2 (MCM?2), proliferating cell nuclear
antigen (PCNA), high mobility group AT-hook 2 (HMGAZ2), and SRY-box transcription

factor 11 (SOX11) while having a low expression of MUCI and MUC16, iv)
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mesenchymal subtype containing high expression of HOX genes, fibroblast activation
protein alpha (F'4AP), angiopoietin like 2 (ANGPTL?2), and angiopoietin like 1 (ANGPTLI)
[64].

The most common mutation seen in the HGSOC samples from TCGA is tumor
protein P53 (TP53; 96%) [64]. However, further histological analysis of 14 of the
samples not containing 7P53 mutations by five gynecologic pathologists collectively
diagnosed 10/14 (71%) as non-HGSOC [105]. An additional two cases were considered
not purely HGSOC or “represented a diagnosis other than high-grade serous,” leading the
authors to conclude that 7P53 mutations are essential to HGSOC and lack of 7P53
mutation is inconsistent with HGSOC diagnosis, and other classifications should be more
closely considered [105]. Like in the TCGA HGSOC samples, T7P53 was the most
frequently mutated gene and more frequently mutated in HGSOC than in all other cancer
types (98%) in the MSK-IMPACT [106]. The second and third most frequent mutations
in TCGA HGSOC are breast cancer gene 1 (BRCAI, 12%) and breast cancer gene 2
(BRCA2, 11%) [64].

While large HGSOC studies have found molecular subtypes within HGSOC,
transcriptomic studies have also elucidated the molecular distinctions between the
histological subtypes. For instance, transcriptomics has been instrumental in
differentiating HGSOC and LGSOC as distinct types of EOC, as LGSOC were
historically thought to be precursor lesions to HGSOC [60, 84, 107]. Studies have also
used transcriptomic microarray to distinguish HGSOC and OCCC [92, 99, 108-117], with
results including distinct immunomarkers (i.e., Cyclin E, estrogen receptor, HNF-1B, Ki-

67, p21, p53, and WT1) [109].
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While OCCC samples may be included in the analysis, they are commonly not the
focus of the study or results. However, transcriptomic studies of OCCC typically do not
contain or do not define the endometriosis status of the women from which the samples
were derived and/or were performed using in vitro models (i.e., human cell lines) [54, 59,
111,115, 118-126]. At the time of data collection for this dissertation began, only two
transcriptomic analyses of concurrent OCCC and endometriosis were available, including
plasma samples from 7 women with endometriosis and 3 with OCCC (2 had
endometriosis on final pathology) [127]. The pivotal transcriptomic analysis by Wiegand
et al., analyzed 18 OCCC tumors, including 2 that were found to have contiguous
atypical endometriosis on pathology [128]. Wiegand ef al. found a crucial relationship in
ARIDI1A expression in endometriosis and OCCC. In the two women with contiguous
atypical endometriosis, ARID1A mutations were seen in both the OCCC and contiguous
atypical endometriosis but not in the distant endometriosis lesions studied [128]. This
supported the hypothesis that endometriosis is a precursor lesion for OCCC [128]. Since
then, two more transcriptomic datasets have been published with OCCC and
endometriosis [59, 129]. Of these two, Bolton ef al. was the only one to contain samples
of OCCC with concurrent endometriosis: n = 43, 6 of which were confirmed by
pathology. While Wiegand et al. suggested a precursor relationship between
endometriosis and OCCC, the molecular events leading to this transformation remain

unknown.
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1.1.2 Ovarian Cancer Treatment: Imprecise Effectiveness of Therapies

Ovarian cancer specimens can contain a mixture of histological subtypes or be
classified as a single histologic subtype. Each histologic subtype has a unique molecular
profile [130-133]. Although each epithelial ovarian cancer is molecularly and
histologically heterogeneous, the standard-of-care therapy is largely the same. Overall,
this standard of care therapy makes therapy nonspecific, imprecise (i.e., lower precision),
and thus, less effective. Thus, the overall heterogeneity of tumor histologic types makes
treating a single disease “ovarian cancer” challenging.

A confirmed diagnosis of ovarian cancer is made with invasive testing (i.e., a
biopsy of a suspicious mass) or primary surgery. The goal of debulking surgery for
ovarian cancer is to remove as much tumor as safely as possible. Surgery for ovarian
cancer is considered surgical debulking and/or cytoreduction, where the cervix, uterus,
fallopian tubes, and ovaries are commonly removed along with the omentum and any
other tissue involved in the disease (i.e., lymph nodes). This may include the rectum,
vagina, colon, and/or other abdominal organs [134].

Cisplatin was officially approved by the Food and Drug Administration in 1978
for the treatment of advanced ovarian cancers [135]. The landmark trial for cisplatin as a
member of the first-line combination therapy in the treatment of ovarian cancers was a
Gynecologic Oncology Group study published in 1986 (GOG #47) [136]. The 1986 trial
followed up on the response of cyclophosphamide with doxorubicin compared to
melphalan therapy without survival improvement (GOG #22) [137]. Cisplatin was added
to cyclophosphamide and doxorubicin to evaluate the clinical response in advanced

ovarian cancers. This study found a significant increase in complete response (51.4%
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versus 25.8%; P <0.0001) and a significant increase in progression-free survival (13.1
versus 7.7 months; P < 0.0001) with the addition of cisplatin [136]. However, they did
not observe a significant increase in overall survival (19.3 versus 16.4 months). The
authors attributed this to potential differences in the distribution of surgical debulking
success, as they had a “wide spectrum of cases from minimally bulky to massive” [136].
The significant improvement in outcomes other than overall survival led to the continued

study of cisplatin combination therapies.

The Impact of Chemoresistance in Ovarian Cancer Mortality

The leading cause of death in women with ovarian cancer occurs from
chemoresistance (90%) [138]. Chemoresistance occurs when cancer cells do not respond
to a drug meant to kill them. Resistance can be intrinsic or acquired after initial treatment
[139]. Intrinsic chemoresistance exists prior to treatment, while acquired resistance is
observed after treatment when cancers recur [140]. Intrinsic chemoresistance has been
attributed to multiple factors: drug metabolism by enzymes, mutations at the site of a
drug’s target, variations in the membrane transport of the drug into the cancer cell, poor
tumor vascularity affecting drug delivery, extracellular matrix interactions, and cellular
metabolic processes [140]. Alternatively, acquired resistance is seen after an initial
response to therapy. Acquired resistance can be related to increased mutations or
selection of cells carrying a mutation decreasing the drug’s effectiveness: increased drug
efflux, activation of survival signaling pathways, and inactivation of DNA damage repair
pathways avoiding cell death [140]. Chemoresistance in ovarian cancer is prominently in

relation to platinum. The Gynecologic Oncology Group defined platinum response by a
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woman’s time to disease recurrence after platinum therapy: platinum-free interval [141].
Women with a platinum-free interval of 6 months or more were considered to have
platinum-sensitive disease and platinum-resistant disease if their platinum-free interval
was less than 6 months [141].

Women with the more common HGSOC typically have a positive response to
platinum-based first-line therapy (70-80%) [142, 143]. Unfortunately, chemotherapy
resistance in women with HGSOC is more commonly acquired, developing over time
(16-18 months) [143-147]. Recurrent HGSOC potentially responds to the reintroduction
of platinum-based therapy, with 30-66% having a positive response [148, 149]. However,
the positive response declines with each reintroduction of therapy, eventually resulting in
these women’s deaths [138]. On the other hand, chemotherapy resistance in OCCC is
commonly intrinsic and present at initial therapeutic intervention. Up to 89% of women
with OCCC do not respond to initial therapy (i.e., progression on therapy) [150-154].
Women with OCCC have been found in multiple studies to have a worse prognosis and
outcome than their stage-matched peers with HGSOC. Many of these studies have found
this significant disparity most prominent in the later stages of disease (Stages III and V)
[153, 155-158]. However, another study by Ceppi et al. showed that while stage I
HGSOC and OCCC have similar cancer-specific survival, OCCC has a significantly
decreased post-relapse cancer-specific survival than HGSOC [159]. Taken together, the
specific platinum-resistant and molecular features of OCCC need to be studied to hone in

on new therapeutic options for women with OCCC.
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1.2 The Importance of Endometriosis in Ovarian Cancer

Endometriosis

Endometriosis is a benign disease where endometrial-like tissue grows outside the
uterus [160, 161], causing considerable morbidity, including pelvic pain, multiple
operations, and infertility [160]. Women with endometriosis also have additional negative
effects on their quality of life, such as increased incidence of depression, increased risk
for chronic disease, and significant economic burden due to lost income and healthcare
costs [162-168]. An estimated 10% of reproductive-aged women and girls are affected by
endometriosis [ 160]. However, numbers may be higher as the definitive diagnosis of
endometriosis requires pathological confirmation [161]. There are typically 4-11 years
between symptom onset and diagnosis [164, 169-173], suggesting a higher rate of women

affected by endometriosis that goes undiagnosed [174].

Theories of Endometriosis Development and Spread

While endometriosis was first described symptomatically in the Ebers Papyrus
dating to 16" century BCE in Egypt [175], it wasn’t until 1690 that it was described in
more detail, including gross descriptions of adhesions and endometriomas during
autopsies by Daniel Schron [176]. In 1860 Karl Freiherr von Rokitansky was the first to
give a histologic and pathologic description of endometriosis [177]. Although originally
described centuries ago, the mechanism(s) of endometriosis development remains
unclear. Many theories for developing endometriosis exist, including retrograde
menstruation [178-180], coelomic development [181], Miillerian remnant [182-185], and
lymphatic metastasis [186]. Though these theories have been around for decades, none

have been sufficient to describe endometriosis pathogenesis, leading experts in the field
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of endometriosis to suggest they are insufficient on their own, and new theories should be

proposed in order to improve the study of endometriosis [187].

Anatomic Locations of Endometriosis and Types of Endometriotic Lesions

Endometriosis has been identified in all organs of the human body except the
spleen [188]. A simple classification system for endometriosis lesions includes
superficial peritoneal lesions, cystic lesions of the ovary, and deep infiltrating
endometriotic lesions [183, 189, 190]. The World Endometriosis Research Foundation
(WERF) Endometriosis Phenome and Biobanking Harmonisation Project (EPHect) has
developed a standard operating procedure tool used to classify lesions [191-194].

Superficial peritoneal lesions are ectopic endometrial-like lesions that extend less
than 5 mm into the peritoneum or pelvic viscera [195]. Superficial peritoneal lesions are
further characterized by their gross appearance during surgery [183]. Unlike deep
infiltrating endometriosis and ovarian endometriomas, superficial peritoneal
endometriosis is difficult to identify using non-invasive imaging modalities as they can
be millimeters in size compared to centimeters-wide nodules seen in ovarian
endometriosis [190]. Their incidence is unknown, but they have been considered the most
common type of endometriosis, with some estimates as high as 80% [196]. However,
some recent studies rank endometrioma as the most commonly occurring, followed by
peritoneal lesions [197, 198].

Endometriosis of the ovary is a unique form of endometriosis called an
endometrioma, found in 17-46% of women with endometriosis [198, 199] and 28% are

present on both ovaries [199]. They are characteristically epithelial-lined cysts of the
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ovary containing thick brown and/or blood fluid (“chocolate cysts”) [47]. Unlike
superficial peritoneal endometriosis, endometriomas can be seen using transvaginal
ultrasound and magnetic resonance imaging with high specificity and sensitivity [200]
due to their ability to significantly increase the size of the ovary (>10 cm) [47].

Deep-infiltrating endometriosis is categorized by >5 mm extension into the
peritoneum or viscera [201]. It is also histologically defined by a pattern of well-
differentiated glandular cells, pure stoma, glandular or mixed differentiated cells, and
undifferentiated glandular cells [201]. Deep-infiltrating lesions can be visualized in the
rectum or rectovaginal septum using transvaginal ultrasound and magnetic resonance
imaging [201].

Like ovarian cancers, endometriosis lesions are staged. While the staging systems
contain similarities, such as size and location factoring into stage requirements, they
differ in other areas. Four standard classification systems for endometriosis exist: the
revised American Society for Reproductive Medicine (rASRM) score [202], ENZIAN
classification [203], the endometriosis fertility index [204], and the American Association

of Gynecological Laparoscopists classification [205].

Molecular Profile of Endometriosis and Similarities to OCCC

While considered a benign disease, endometriosis shares many hallmarks
commonly attributed to malignancies [206], such as sustained proliferation, resistance to
cell death, induced angiogenesis, invasive and metastatic potential, inflammation, and
genetic mutations [207-210]. Cancer-driver mutations are frequently shown in

endometriosis. Mutations with the highest reported rate in endometriosis include ARIDIA
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(50-70%) [211-216], KRAS (30-50%) [217], and PIK3CA (34-%) [215, 217], those
commonly mutated in endometriosis-associated ovarian carcinomas, like OCCC [128,
211-215, 218-224]. Additionally, endometriotic lesions have been transcriptomically
profiled in a number of studies [212, 217, 219, 225-228]. Endometriosis lesions are
molecularly distinct based on their anatomic location and lesion type [216, 217, 229].
Endometriosis is also a significant risk factor for developing endometriosis-associated
ovarian carcinomas, with EnOC, OCCC, and LGSOC being the highest risk [230]. With
endometriosis at any anatomic location, OCCC risk increases 5.1-fold, and endometrioid
ovarian carcinoma is a 3.1-fold increased risk [230-232]. The risk of malignancy is even
higher in women with ovarian endometrioma, increasing the risk of ovarian endometrioid
carcinomas by 4.7-fold and ovarian clear cell carcinomas by 10.1-fold [231].
Furthermore, endometriosis is reported in up to 50% of OCCC, and commonly, atypical
endometriosis is appreciated during surgical debulking of malignant ovarian tumors [215,
225,233, 234]. Atypical endometriosis is endometriotic lesions that contain cytologic
atypia and/or hyperplasia. There have been multiple findings of a continuous transition of
benign epithelial cells to atypical endometriosis to carcinoma in a single surgical
specimen [128, 235-237]. When the molecular, pathological, and epidemiologic data are
taken together, endometriosis, particularly atypical endometriosis and ovarian
endometriomas, is a precursor lesion to OCCC [128, 218, 225, 230, 231, 235, 236, 238-
245].

Studies have shown a unique transcriptional profile of EnOC with concurrent
endometriosis [246]. While several studies have compared endometriosis-associated

ovarian cancers to endometriosis [129, 247-252], none have included large bioinformatics
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analysis of human tissue samples of ovarian cancer with concurrent endometriosis or
endometriosis lesions from women with concurrent ovarian cancer, particularly in

OCCC.

1.3 MicroRNAs in endometriosis and ovarian carcinomas

MicroRNAs (miRNA) are small, ~22 nucleotides, single-stranded non-coding
RNAs [253, 254]. MiRNAs can regulate large gene networks, with one miRNA capable
of targeting multiple mRNAs. Some estimates suggest that all mRNA contain a target
binding site for at least one miRNA [254, 255]. Recognition of miRNAs and their mRNA
target occurs through the unique, miRNA-specific, 8-nucleotide seed sequence [256].
Traditionally understood, miRNA targeting occurs through binding the seed sequence to
the 3’UTR of the target mRNA, repressing translation, transcript destabilization leading
to transcript degradation, or both [257]. Due to their potential ability to regulate large
gene networks, miRNAs are essential to development and normal physiology [258] and
dysregulation or dysfunction of miRNAs has been implicated in disease states, including
endometriosis and ovarian cancer [259].

MiRNA's role as master regulators of large gene networks makes them critical
molecules in the study of disease initiation and progression. Their expression has been
found in noninvasive fluid samples, including urine [260] and saliva [261], and
minimally invasive sample collections (i.e., serum or plasma) [262], suggesting their
potential as disease biomarkers [263].

In endometriosis, several miRNAs have been found to be dysregulated [127, 264-

281]. In these studies, miRNA expression in endometriotic lesions, or ectopic
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endometrium, is compared to eutopic endometrium [268, 282]. Comparison of studies
and expression are complicated by the samples, including the ratio of epithelial and
stromal cells, and the detection methods used [283].

Additionally, over the last several decades, numerous miRNAs have been found
to be dysregulated in ovarian carcinomas [120, 284 {Laios, 2008 #11824, 285-291]. Many
miRNAs are functionally implicated in cellular processes, including proliferation,
apoptosis, migration, cell cycle, invasion, angiogenesis, and chemotherapy sensitivity
[284]. But like non-small RNA studies, miRNA expression has been mostly studied in
HGSOC with fewer studies including and focusing on non-HGSOC EOC, such as OCCC
or EnOC. Like endometriosis studies, the control or comparison tissue differs across
studies as well as the platform used, complicating the comparison of expression across

multiple studies.

MiR-10a as a tumor suppressor and oncogene in cancer

Hsa-miR-10a-5p (miR-10a) is part of the larger microRNA family, miR-10, that
also contains miR-99a, miR-100, miR-10b, miR-125b(-1 and -2), miR-125a, and miR-
99b [292-294]. MiR-10a is encoded on chromosome 17, notably associated with
homeobox genes and embryogenesis as one of its normal functions [295]. In the ovary,
miR-10a expression regulates the proliferation and apoptosis of granulosa cells [296].
Other non-diseased state functions of miR-10a are the regulation of angiogenesis [297],
the transcription of actin cytoskeleton [298], and ephrin receptor signaling [298]. It has
varied expression in normal tissues [299] and is dysregulated in multiple cancers [300].

MiR-10a has potential oncogenic and tumor suppressor effects, depending on tissue type.
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MiR-10a has been implicated as a tumor suppressor in prostate cancer [301], breast
carcinomas [302-304], and osteosarcoma [305]. In other cases, miR-10a has oncogenic
properties in cutaneous squamous cell carcinoma [306], squamous cell cervical
carcinomas [307-311], non-small cell lung carcinomas [312-314], acute myeloid
leukemias [315], granulosa cell tumors [316], and pancreatic ductal adenocarcinomas
[317-321]. Interestingly, while miR-10a is overexpressed (oncogenic) in these
carcinomas, its direct functional effects are inconsistent across diseases, nor are the
critical target genes studies. For example, in cervical carcinomas, miR-10a-5p
overexpression has been shown to be involved in tumorigenesis, hyper-proliferation,
metastasis, and invasion [307, 311, 322], while another study found overexpression of
miR-10a decreased cellular proliferation [309]. For example, in breast cancer [302] and
kidney cancer cells [323], miR-10a overexpression inhibited proliferation.

Along with regulating cellular functions, miR-10a expression has been implicated
in chemotherapy response. In acute myeloid leukemia, miR-10a overexpression was
found to be a strong predictor of insensitivity to the MDM2 inhibitor and cytarabine
therapy [324]. Similarly, overexpression of miR-10a has been seen in platinum-resistant
lung cancers [325, 326] and gemcitabine-resistant pancreatic ductal adenocarcinomas
[319]. MiR-10a has also been found to be overexpressed in an isogenic platinum-resistant
MCEF-7, a breast cancer cell line [327]. Critical to ovarian cancer, Benson et al. analyzed
plasma miRNAs as a potential, minimally invasive biomarker in 14 women undergoing
treatment for recurrent, platinum-resistant ovarian cancer [328]. They detected 10
significantly altered miRNAs following one treatment cycle with decitabine and

carboplatin [328]. MiR-10a was one of the miRNAs that were significantly altered in

22



women considered responsive to treatment (P = 0.024), showing that miR-10a can be
detected in minimally invasive blood draws and suggesting expression changes in serum
could serve as a biomarker for treatment response [328]. The wide array of functions and
resistance pathways involving miR-10a suggest its potential as a molecule of interest in
the platinum-resistance disease of OCCC. Particularly, miR-10a expression changes to

therapy make it a potential biomarker for predicting OCCC response to chemotherapy.

1.4 Summary and Overall Aims of this Study

The aim of this project is to investigate the effects of concurrent endometriosis on
ovarian clear cell carcinoma, with particular interest in miR-10a expression and its effects
on cellular functions involved in platinum-based therapy response. Ovarian cancer is
known to be the deadliest gynecologic malignancy in the US. Most women with ovarian
cancer will die from acquired or intrinsic chemoresistance. OCCC shows high rates of
intrinsic resistance (=80%) to traditional platinum and taxane-based chemotherapy,
compared to <30% intrinsic resistance seen in the more common HGSOC. Women with
OCCC have poorer clinical outcomes (i.e., cancer-specific survival) at all stages of
disease compared to HGSOC but are still treated the same. Endometriosis has been
shown to significantly increase the risk of EOC, particularly OCCC, and endometriosis
frequently contains cancer driver mutations (i.e., ARIDI1A, KRAS, PIK3CA), suggesting
endometriosis may be a precursor lesion for OCCC and influence the molecular profile of
the disease.

Chapter 2 describes the methods utilized to 1) transcriptomically profile OCCC

from women with pathologically-confirmed endometriosis and bioinformatic analyses to
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determine the significant miR-10a overexpression, 2) analyze the baseline relationship
between miR-10a expression and platinum response (IC50) in human OCCC cell lines
and 3) determine miR-10a’s effect on cellular proliferation and cell cycle in OCCC cell
lines.

Chapter 3 details the 1) analyses of 2449 upregulated and 3131 downregulated
protein-coding genes in OCCC with concurrent endometriosis compared to
endometriomas, 2) enrichment of pathways involved in cell cycle regulation, DNA
replication, cytokine receptor signaling, and matrisome, and 3) molecular similarities of
OCCC with concurrent endometriosis, using pathway activation scores from the clinical
samples and publicly-available datasets to OCCC cell lines.

Chapter 4 details the 1) analyses of 64 upregulated and 61 downregulated mature
miRNA molecules, 2) selection of miR-10a-5p as significantly upregulated in OCCC and
abundantly expressed as it represented over 21% of the miRNA molecules in OCCC with
endometriosis, 3) positive correlation (R?> 0.93) of miR-10a expression level in OCCC
cell lines with carboplatin IC50 (50% inhibitory concentration).

Chapter 5 details that 1) MiR-10a overexpression in vitro resulted in a significant
decrease in proliferation and a significant shift in cells from S and G to Gyi; 2) the
bioinformatic analysis predicted that miR-10a-5p target genes downregulated in OCCC
with endometriosis were involved in receptor signaling pathways, proliferation, and cell
cycle progression; 3) MiR-10a overexpression in vitro was correlated with decreased
expression of predicted miR-10a target genes critical for proliferation, cell-cycle

regulation, and cell survival, including [SERPINE (3-fold downregulated; P < 0.05),
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CDKG6 (2.4-fold downregulated; P < 0.05), and RAP2A (2-3-fold downregulated; P <
0.05)].

Overall, these studies focused on the role of miR-10a in OCCC and suggest that
miR-10a-5p is an impactful, potentially oncogenic molecule. These studies offer insight
into the potential to detect miR-10a in plasma and serve as a biomarker for OCCC and

chemotherapy resistance.
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CHAPTER 2: MATERIAL AND METHODS

Institutional review board approval for collection of human tissues and metadata:

The expedited protocol to obtain and use tissues for this study was reviewed and
approved by the Institutional Review Board (IRB) at Indiana University (#1812764043).
The participants provided written informed consent to participate in this study. De-
identified flash-frozen specimens, surgical pathology reports, and demographic data were
obtained from tissue banks or previous studies [264]. Tissue banks included the NRG
Oncology Biospecimen Bank (NRG BB) and the Biospecimen Collection and Banking
Core (BC?) at the Indiana University Melvin and Bren Simon Comprehensive Cancer
Center (IUSCCC). Table 2-1 summarizes the metadata and associated experiments for
each de-identified human tissue sample.

OCCC with concurrent endometriosis and OCCC without endometriosis were
pure clear cell histology samples collected from adnexal masses. These studies did not
include tumors with mixed histology (i.e., clear cell with endometrioid or clear cell with
serous). Inclusion criteria for OCCC with concurrent endometriosis samples were defined
as the explicit mention of endometriosis on the surgical pathology report. Per banking
protocols, ovarian cancer samples were removed from obvious pathologies such as
necrotic tissue or endometriosis. The malignant samples were 50-90% malignant cells
(Supplementary Table 1) [329]. Endometrioma cyst wall tissues were collected from
women undergoing surgery for endometriomas, suspected endometriosis, and other non-
malignant gynecologic indications. Endometrioma cyst walls were directly placed into

RNALater (Ambion, Austin, TX) and frozen at -80°C until RNA extraction [264].
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Table 2-1. Clinical characteristics of patient samples.

Benign Malignant P-value
(n=16) (n=19)
Median age, y 30.5 53 P <0.0001
(range) (21-48) (39-79)
With Endometriosis Without
(n=9) Endometriosis (n =
10)
Median age, y 51 56.5 P=0.15
(range) (45-72) (39-79)
Stage AP >0.10
I 4 (44%) 5(50%)
II 3 (33%) 2 (20%)
111 2 (22%) 1 (10%)
v 0 2 (20%)

*Student’s t-test, one-sided, unpaired; ~Fisher’s exact test, comparing stage I to stage II+.




Next-generation sequencing studies:

Total RNA was isolated from 50-100 mg of fresh frozen tissue using the mirVana
miRNA Isolation Kit with phenol (Thermo Fisher Scientific, Waltham, MA). RNA was
treated with the Turbo DNA-free Kit (Thermo Fisher Scientific). RNA quality control
was assessed with RNA electrophoresis using a 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA) at the Center for Medical Genomics at Indiana University School of
Medicine (Indianapolis, IN). Sample quality was determined by RNA integrity levels of
sample degradation using RIN scoring. High-quality RNA samples, RIN > 6, were sent to
the Center for Genomics and Bioinformatics at Indiana University (Bloomington, IN).

Library preparation for sequencing is platform specific, with the Illumina
platform used here offering two main methods of tagmentation and adapter ligation.
Tagmentation T Poly-A RNA libraries were constructed using mRNA Stranded TruSeq
protocol (Illumina, San Diego, CA). Small RNA library construction was performed
using the TruSeq Small RNA kit (Illumina). Purified libraries were visualized and
quantified using a TapeStation HSD1000 (Agilent Technologies).

For poly-A bulk RNA sequencing analysis, NextSeq reads were trimmed using
fastp (version 0.23.2) with parameters “-1 17 -g -p” [330]. The resulting reads were
mapped against GRCh38 using HISAT2 version 2.2.1 with default parameters [331].
HISAT uses Bowtie2, based on the Burrows-Wheeler transform algorithm, for sequence
alignment and allows for mapping across exon junctions [332]. Read counts for each
gene were created using featureCounts from the Subread package version 2.0.3 with the
parameters “-O -M --primary --largestOverlap -s 2” and Gencode v42 as the annotation
[333-335]. For small RNA sequencing analysis, NextSeq reads were trimmed using fastp

(version 0.23.2) with parameters “-1 17 -g -p”” [330]. MiRDeep2 version 2.0.0.8 was used
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to map the resulting reads against GRCh38 and miRBase version 22 as a reference to
detect known, mature miRNA sequences [292, 293, 336]. MiRDeep2 uses Bowtie to
perform mapping of the reads and includes tools for the identification and quantification
of miRNAs [337]. Bowtie version 1.3.0 was the version of Bowtie installed. Differential
expression analysis for bulk RNA and miRNA was performed using the DESeq2 package
(version 1.36.0) in R/Bioconductor (R version 4.2.0) [338]. Transcriptomic data have
been deposited into the Gene Expression Omnibus (GSE230956). Figures from poly-A
bulk RNA and small RNA sequencing analysis were created using R (version 4.2.0) and

R libraries: ggplot2, complex heatmap, and ggrepel.

Quantitative RT-PCR for mRNA and miRNA expression:

Total RNA was extracted from 50-100 mg of fresh frozen tissue or cultured cells
using the miRNeasy Mini Kit (Qiagen, Hilden Germany) following the manufacturer's
protocol with on-column RNase-Free DNase Set (Qiagen) or previously extracted
DNase-treated RNA using the mirVana kit described above. A NanoDrop ND-1000
(Thermo Fisher Scientific) was used for the determination of RNA quantity and purity.
For mRNA expression experiments, 1000 ng of DNase-treated RNA was reverse
transcribed in a 20 pL reaction using 50 units MultiScribe Reverse Transcriptase
(Thermo Fisher Scientific), 1X reverse transcriptase Buffer (Thermo Fisher Scientific),
0.5 mM deoxynucleotide triphosphate (Thermo Fisher Scientific), 6 units RNase Inhibitor
(Thermo Fisher Scientific), and 2.5 uM random hexamers (Thermo Fisher Scientific) on
a 2720 Thermo Cycler (Thermo Fisher Scientific): 10 minutes at 25°C, 30 minutes at

48°C, and 5 minutes at 95°C. Samples were diluted 1:5 for gPCR. QPCR was performed
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using 2 mL of diluted cDNA using either SYBR Green PCR Master Mix (Thermo Fisher
Scientific) with previously published primers [339] or custom-designed primers (Table 2-
2) in a reaction volume of 10 ml. Only custom-designed primer pairs specific for the gene
of interest, intron-spanning, with a primer efficiency of 80-110%, lacking primer dimers,
and R? > 0.95 were used [340, 341]. mRNA experiments were normalized to the human
B-actin (ACTB) [339]. For miRNA expression experiments, total RNA (25 ng) was
reverse transcribed using the TagMan MicroRNA Reverse Transcription Kit (Thermo
Fisher Scientific) in a reaction volume of 15 ml. Mature miRNA expression was
performed using TagMan mature microRNA assays on undiluted cDNA. U6 snRNA was
used for normalization [264, 342]. Table 2-2 lists the TagMan assays used. Both mRNA
and miRNA assays were run on a QuantStudio 3 Real-Time PCR Instrument (Thermo
Fisher Scientific) with reaction conditions as follows: 2 minutes at 50°C, 10 minutes at
95°C, followed by 40 cycles of 15 seconds at 95°C (denaturation), and 1 minute at 60°C
(annealing/extension). All SYBR Green assays ran dissociation curves to detect primer
dimers. Each sample was analyzed in duplicate. Expression fold change calculations
utilized the 2"22¢T method [343]. Data were plotted as mean + SEM and statistical
analyses were performed with GraphPad Prism (Dotmatics, Boston, MA). P < 0.05 was
considered statistically significant. Power analyses were performed using G*Power
(version 3.1.9.7) [344, 345]. Post-hoc analysis of A2780 and A2780CRS miR-10a
expression, with a type I error set at 0.05, found that we had greater than 95% power to
detect a three-fold change with effect size d= 9.6 with a sample size of two in each group

using a two-tailed t-test. For tissue miR-10a expression, due to greater variability, a total
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sample size of 24 was calculated to achieve greater than 80% power to detect a 0.7 effect

size fand a type I error set at 0.05 using a one-way ANOVA.
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Table 2-2. Primer Sequences used for qPCR expression.

Custom primers

Forward Primer

Reverse Primer

ACTB

AGAGAGGCATCCTCACCCTGAAGTACC

GACGTAGCACAGCTTCTCCTTAATGTC

CDK6 TGCAGTCCTTCTACCTGGTG GAAATAAGCACAGCCTGGGG
RAP2A4 ATTAAAACCCCAAACCCGCC TCTGCAAACGGGAACATGTG
SERPINE1 GAAGCCCCTAGAGAACCTGG ATCTTCACTTTCTGCAGCGC
PALM2-AKAP?2 CTGGGCGATGAAGGACAATG GGCTGCTGGAGAAAATGGAG
EPHA4 GAGTGGCTGCCTTGCTTATC AGAACACAATGCCACACACC
TaqMan Assay ID

hsa-miR-10a-5p 000387

U6 snRNA 001973




Pathway and Cell Line Bioinformatic Analyses:

To compare tissue and cell lines collected from different studies, we computed the
pathway activity scores (PAS) of an extensive collection of canonical biological
pathways for each sample. We utilized the PAS to assess the similarity between samples.
We assume that the cell lines and tissue samples of high similarity should have a similar
profile in more similarly activated cellular pathways. Noting that cell line samples do not
have the biological characteristics of tumor microenvironments, we excluded stromal
genes and related pathways from the PAS analysis. Specifically, canonical gene sets were
downloaded from MSigDB version 6 c2, containing 1329 gene sets [346-348]. Cancer
Cell Line Encyclopedia (CCLE) cell line RNA-seq gene expression data were
downloaded from the Broad Institute [349]. The housekeeping genes and immune and
stromal cell marker genes derived from our previous analysis were excluded [350, 351].
Pathway activity scores (PAS) were assigned using the following function for each

1XN

sample and pathway. For a given gene expression profile x**" of N genes and a pathway

P as a set of genes, denote y2*V as the sorted x>V in the decreasing order and ig as the

rank of gene g in y, the pathway activity score of P on x, denoted as PAS(x, P, K) is

computed by

K—i
g
Y. gep Max (W' 0)
K

PAS(x,P,K) =

, where K is the hyperparameter in this study. Here, K is set as 3000. Here, the PAS can
be viewed as a normalized and weighted sum of the rank of the pathway genes whose
expression is within the top K=3000 rank. PAS is computed for each pathway and each
sample. Then Pearson Correlation Coefficients of the PAS of all pathways were

computed between samples and used as their molecular similarity measure.
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Ovarian cancer cell lines:

ES-2 [352, 353], TOV-21G [354], and IGROV-1 [355] were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). SKOV3ipl [356] was
obtained from the Cytogenetics and Cell Authentication Core at the University of Texas
M.D. Anderson Cancer Center (Houston, TX, USA). OVISE [357], OVAS [358], and
OVTOKO [357] were generously obtained from Dr. Hiroshi Minaguchi (Yokohama City
University, Yokohama, Japan). KK [359] was generously obtained from Dr. Yoshihiro
Kikuchi (National Defense Medical College, Tokorozawa, Japan). SMOV-2 [360] was
generously obtained from Dr. Tomohiro Iida (St. Marianna University, Kawasaki, Japan).
A2780 [361] and A2780CRS [362] were provided by Dr. Kenneth P. Nephew (Indiana
University, Bloomington, IN, USA). SKOV3 [363] was generously obtained from Dr.
Salvatore Condello (Indiana University School of Medicine, Indianapolis, IN, USA).
RMG-I [364] was generously obtained from Dr. Samuel C. Mok (The University of
Texas MD Anderson Cancer Center, Houston, TX, USA). Cell line authentication was
confirmed using a short tandem repeat (STR) marker profile (IDEXX BioAnalytics,
Westbrook, ME) within six months of experiments and tested for mycoplasma
contamination monthly (MycoAlert Plus Mycoplasma Detection Kit, Lonza,
Switzerland).

KK, OVISE, OVTOKO, IGROV-1, RMG-I, A2780, A2780CRS5, and SKOV3
were maintained in RPMI 1640 (Thermo Fisher Scientific). OVAS was maintained in
DMEM/F12 (Thermo Fisher Scientific). TOV-21G was maintained in a 1:1 ratio of
Medium 199 to MCBD 105 (Sigma-Aldrich, St. Louis, MO). ES-2 was grown in

McCoy’s (Thermo Fisher Scientific). All cell lines were supplemented with 1% penicillin
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and streptomycin (Thermo Fisher Scientific) and 10% fetal bovine serum (Atlanta
Biologicals, Minneapolis, MN) except for TOV-21G, which was supplemented with
15%. All cells were cultured in a humidified incubator at 37°C with 5% carbon dioxide.
Table 2-3 lists the ovarian carcinoma subtype, growth medium, acquisition source, and

experimental use for the cell lines used in this text.
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Table 2-3. Growth medium and source for ovarian carcinoma cell lines used in experiments.

Cell Line | Original Tissue Putative Histotype by | Growth Medium Acquired From Use in studies
Derivation Molecular Studies
A2780 Ovarian adenocarcinoma Endometrioid RPMI 1640 + 10% Fetal | Dr. Kenneth Nephew (Indiana CCLE
Bovine Serum + 1% University, Bloomington, IN, USA) | miR-10a qPCR
Pen-Strep
ES-2 Ovarian adenocarcinoma — | Clear cell McCoy’s + 10% Fetal American Type Culture Collection | CCLE
clear cell (primary tumor, Bovine Serum + 1% (ATCC, Manassas, VA) miR-10a qPCR
poorly differentiated) Pen-Strep
IGROV-1 | Ovarian adenocarcinoma - | Endometrioid / Clear RPMI 1640 + 10% Fetal | American Type Culture Collection | CCLE
endometrioid with serous | cell Bovine Serum + 1% (ATCC, Manassas, VA) miR-10a gPCR
and clear cell features Pen-Strep
KK Ovarian adenocarcinoma — | Clear cell RPMI 1640 + 10% Fetal | Dr. Yoshihiro Kikiuchi (National Carboplatin IC50
clear cell Bovine Serum + 1% Defense Medical College, miR-10a qPCR
Pen-Strep Tokorozawa, Japan)
OVAS Ovarian adenocarcinoma — | Clear cell DMEM/F12 + 10% Fetal | Dr. Hiroshi Minaguchi (Yokohama | Carboplatin IC50
clear cell Bovine Serum + 1% City University, Yokohama, Japan) | miR-10a qPCR
Pen-Strep
OVISE Ovarian adenocarcinoma — | Clear cell RPMI 1640 + 10% Fetal | Dr. Hiroshi Minaguchi (Yokohama | Carboplatin IC50
clear cell (pelvic Bovine Serum + 1% City University, Yokohama, Japan) | CCLE
metastasis) Pen-Strep
OVTOKO | Ovarian adenocarcinoma — | Clear cell RPMI 1640 + 10% Fetal | Dr. Hiroshi Minaguchi (Yokohama | Carboplatin IC50
clear cell (spleen Bovine Serum + 1% City University, Yokohama, Japan) | CCLE
metastasis) Pen-Strep miR-10a gPCR
RMG-I Ovarian adenocarcinoma — | p53-mutant clear cell RPMI 1640 + 10% Fetal | Dr. Samuel C. Mok (The University | Carboplatin IC50
clear cell (ascites) type Bovine Serum + 1% of Texas MD Anderson Cancer miR-10a qPCR
Pen-Strep Center, Houston, TX, USA) CCLE
SKOV3 Ovarian adenocarcinoma Endometrioid / Clear RPMI 1640 + 10% Fetal | Dr. Salvatore Condello (Indiana CCLE
(ascites) cell Bovine Serum + 1% University School of Medicine, miR-10a qPCR
Pen-Strep Indianapolis, IN, USA) Carboplatin IC50
SMOV-2 Ovarian adenocarcinoma — | Clear cell RPMI 1640 + 10% Fetal | Dr. Tomohiro lida (St. Marianna Carboplatin IC50
clear cell Bovine Serum + 1% University, Kawasaki, Japan) miR-10a qPCR
Pen-Strep
TOV-21G | Ovarian adenocarcinoma — | Clear cell Medium 199/MCDB105 | American Type Culture Collection | Carboplatin IC50
clear cell 1:1 + 15% Fetal Bovine | (ATCC, Manassas, VA) CCLE

Serum + 1% Pen-Strep

miR-10a gPCR




Carboplatin Cytotoxicity Assays

Carboplatin cytotoxicity assays were performed using the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (MTS) (Promega, Madison, WI). Cells were plated
1x10° cells per 96-well. After 24 hours, cells were treated with ten increasing (5-200 uM)
doses of carboplatin [cis-diammine (1,1-cyclobutane-dicarboxylate) platinum(Il),
(C2358, Sigma)] diluted in tissue culture grade water (Thermo Fisher Scientific) in
triplicate. Following 72 hours of carboplatin treatment, absorbance was read on a
Synergy H1 Hybrid Reader (BioTek, Winooski, VT), background absorbance was
subtracted, and data were presented as normalized to vehicle control. GraphPad Prism
version 9.3.0 (Dotmatics) was used to calculate an IC50 (50% inhibitory concentration).
GraphPad Prism (Dotmatics) was used to calculate the correlation between IC50 and
miR-10a-5p expression. With a type I error set at 0.05, we will have 90% power to detect
a correlation of 0.85 with a total sample size of 8. Figures were created using GraphPad

Prism (Dotmatics).

miRNA target prediction:

Putative miRNA:mRNA pairs were facilitated using SigTerms [365] with input
from TargetScan [256, 366, 367], miRDB [368, 369], and miRTarBase [370]. Using
manual annotation, putative target genes were further curated for potential as impactful

miR-10a-5p targets.
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MiR-10a-5p mimic transfection of human OCCC cell lines.

Each cell line underwent optimization of transfection conditions using the siGLO
Red Transfection Indicator (Horizon Discovery, Cambridge, United Kingdom) to
determine the optimum amount of lipid transfection reagent, miRNA mimic
concentration, and initial cell density. Cells were seeded at a density of 2-3x10° cells per
well of a 6-well plate. After 24 hours, cells were transfected using Lipofectamine
RNAiIMAX Transfection Reagent (Thermo Fisher Scientific) with 100 nM hsa-miR-10a-
S5p mimic (mirVana miRNA mimic, Assay ID MC10787) or 100 nM negative control
(mirVana miRNA mimic, Negative Control #1, catalog #4464058).

Transfected cells were used simultaneously for four different endpoints:
confirmation of miR-10a overexpression, cellular proliferation, cell cycle analysis, and
associated putative target gene expression by qPCR. To confirm miR-10a overexpression
and associated putative target gene expression, cells were lysed at 24 hours after
transfection for RNA isolation. To evaluate the effects of miR-10a overexpression on
proliferation, 24 hours after transfection, cells were seeded into a 96-well plate at a
density of 1000 cells/well. Cellular proliferation was measured using CellTiter 96
AQueous One Solution Cell Proliferation Assay (MTS) (Promega) in triplicate at 24-hour
intervals. Absorbance was read with the Synergy H1 Hybrid Reader (BioTek).
Proliferation was plotted as the percent of viable cells as a function of time using
GraphPad Prism (Dotmatics). To assess the effects of miR-10a overexpression on the cell
cycle, 24 hours post-transfection cells were fixed using 66% ethanol (Decon Laboratories
Inc., King of Prussia, PA) and stained with Propidium Iodide (PI) according to the

manufacturer’s protocol (Thermo Fisher Scientific, F#10797). Stained cells were
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analyzed using BD LSRFortessa (BD Biosciences, Franklin Lakes, NJ), and cell cycle
analysis was performed with ModFit LT4.1 (Verity Software House, Topsham, ME). A
two-tailed Student’s t-test was performed using GraphPad Prism (Dotmatics). Figures

were created using GraphPad Prism (Dotmatics).
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CHAPTER 3: BIOINFORMATIC ANALYSIS OF POLY-A TRANSCRIPTOMIC
PROFILING OF OCCC WITH CONCURRENT ENDOMETRIOSIS COMPARED
TO ENDOMETRIOMA

3.1 Background

Previous studies have shown that each histotype of EOC, including HGSOC,
EnOC, and OCCC, are transcriptomically distinct [32, 45, 58-103, 371]. Large-scale
molecular analyses of HGSOC showed unique classifications of tumors based on
integrating multi-platform profiling [64]. Molecular profiling of endometriosis-associated
ovarian cancer, including EnOC and OCCC, showed frequent loss-of-function mutations
in ARIDI1A [128, 224, 372]. Previous work showed a unique transcriptomic profile in
EnOC from women with concurrent endometriosis compared to those without concurrent
endometriosis, supporting the role of the endometriotic microenvironment in ovarian
cancer development [246, 373].

Endometriosis, a benign, chronic inflammatory condition where endometrial-like
tissue grows outside the uterus, is a significant and potentially modifiable risk factor for
ovarian cancer development [160, 161]. Women with any amount or anatomical location
of endometriosis have an increased risk of developing ovarian endometrioid (3.1-fold) or
clear cell (5.1-fold) carcinoma [230, 231]. Specifically, women with ovarian
endometriomas or deep infiltrating endometriotic lesions of the ovary are at even higher
risk for developing ovarian endometrioid (4.7-fold) or clear cell (10.1-fold) carcinoma
[231]. OCCC is arare histological subtype composing 5-25% of ovarian malignancies,
with the wide variation thought to be due to the subjective evaluation of histologic

features and country-specific differences in prevalence [41-43].
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Unlike the large sample size HGSOC transcriptomic profiling studies focusing
only on HGSOC histology, transcriptomic profiling of OCCC is more limited in sample
size or primarily used to show differences between transcriptomic profiles of different
histological types of EOC [54, 59, 64, 111, 115, 118-126, 129, 247, 250, 374, 375].
Significantly, up to 50% of OCCC are associated with endometriosis [225, 376].
However, most transcriptomic studies of primary tumors classified as OCCC do not
characterize samples as coming from women with concurrent endometriosis, pathology-
proven endometriosis, or even a history of endometriosis (Supplementary Table 2-3).
Only recently was a large sample size, OCCC-focused, multi-platform study performed
that characterized samples as from women with a history of endometriosis [59]. In this
study, samples from women with a history of endometriosis were more likely to have
loss-of-function mutations in ARID1A. In contrast, those with p53 mutations were likely
to have poorer outcomes [59]. While the tumors transcriptomically clustered into two
groups — a traditional OCCC group and an aggressive p53-mutant high-grade serous-like
group [59], the study did not discern particular transcriptomic contributions in samples
from women with a history of endometriosis. To fill this gap, we focused our
transcriptomic profiles on OCCC with pathology-proven concurrent endometriosis using

bulk RNA and miRNA sequencing.

3.2 Results

OCCC samples with concurrent endometriosis had uniqgue molecular characteristics.

While nearly half of all women with OCCC have endometriosis [225, 376],

transcriptomic profiling studies have not examined OCCC samples from women with
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pathology-proven endometriosis. Only one transcriptomic study contained OCCC
samples from women with a history of endometriosis [59], but the samples were not
defined as pathology-proven, nor were their transcriptomic profiles analyzed
independently. Here, we focused on OCCC samples from women with pathologically
confirmed endometriosis. Supplementary Table 1 summarizes the clinical and
pathological characteristics. OCCC with concurrent endometriosis was defined as having
endometriosis at the time of staging surgery, listed on the pathology report. Women with
OCCC were significantly older (median 53 years; range 39-79 years, P < 0.0001) than
women with benign endometriomas (median 30.5 years; range 21-48 years). Women with
OCCC and concurrent endometriosis did not differ in age (median 51 years; range 45-72
years, P =0.15) from those without concurrent endometriosis (median 56.5 years; range
39-79). Using the Federation Internationale de Gynécologie et d’Obstétrique (FIGO)
ovarian cancer staging system implemented in 2014 [377], there was no difference in the
stage between the women with and without concurrent endometriosis (Fisher’s exact test
=1, P>0.1). Thus, the OCCC samples were clinically similar except for concurrent
endometriosis.

Poly-A bulk RNA and small RNA sequencing were performed on RNA isolated
from specimens (n = 8), including endometrioma (n = 4) and OCCC with concurrent
endometriosis (n = 4). Endometrioma samples were full cyst wall thickness samples
taken from areas without gross pathology such as necrosis or abscess, with pathology-
proven endometriosis without atypia and no evidence of ovarian cancer. OCCC samples
were taken from adnexal masses and areas free from gross endometriosis, necrosis, or

abscess.
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Poly-A bulk sequencing revealed over 437 million mapped reads (mean:
54,646,311 £ 6,117,236 mapped reads per clinical sample). There was no difference
between endometrioma and OCCC with concurrent endometriosis samples regarding
overall alignment rate, as all eight bulk RNA samples had greater than 97% of mapped
reads aligned. HISAT analysis was used to categorize mapped reads into RNA categories
or feature counts (Table 3-1). More reads were assigned in endometrioma (145,847,035
reads) than OCCC with concurrent endometriosis (124,361,541 reads, Student’s #-test, P
<0.01). OCCC with concurrent endometriosis had more reads assigned to mitochondrial
RNA species (33,929,857 to 22,296,699; endometrioma, Student’s #-test, P < 0.01). More
reads were assigned to protein-coding genes in benign endometrioma (98,430,773 reads)

than OCCC with concurrent endometriosis (70,984,332 reads, Student’s ¢-test, P < 0.01).
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Table 3-1. RNA Sequencing Reads Summary.

Sample Label Eoma 1 Eoma 3 Eoma 4 Eoma 5 OCCC 1 OCCC 2 OCCC 4 OCCC 5
Sample Cw44 CW9 LCW62 CW195 G618 G506 G741 G002
TRIMMING: Readl before | 49,857,191 | 47,141,979 | 58,131,893 | 49,050,586 | 62,319,046 | 58,419,713 | 61,131,464 | 56,196,155
filtering total reads

TRIMMING: Readl after 48,988,096 | 46,112,714 | 57,178,608 | 47,989,788 | 62,028,447 | 58,154,385 | 60,809,794 | 55,908,654
filtering total reads

TRIMMING: Percent after | 98.26% 97.82% 98.36% 97.84% 99.53% 99.55% 99.47% 99.49%
filtering total reads

TRIMMING: Filtering 228,004 201,369 297,888 216,606 278,193 254,369 310,183 275,248
result reads failed due to

low quality

TRIMMING: Filtering 3,759 3,562 4,546 3,708 4,815 4,547 4,713 4,450
result reads failed due to too

many N

TRIMMING: Filtering 637,332 824,334 650,851 840,484 7,591 6,412 6,774 7,803
result reads failed due to too

short

TRIMMING: Filtering 1,820,233 2,401,811 1,864,903 2,379,166 0 0 0 0

result reads with adapter

trimmed

TRIMMING: Duplication 96.12 106.78 95.81 107.44 83.39 81.01 81.38 86.12

rate (may be overestimated

since this is SE data)

MAPPING: Overall 98.06% 98.05% 97.84% 97.61% 97.92% 97.29% 97.63% 97.39%
alignment rate

MAPPING: Total reads 48,988,096 | 46,112,714 | 57,178,608 | 47,989,788 | 62,028,447 | 58,154,385 | 60,809,794 | 55,908,654
MAPPING: Aligned 0 time | 948,190 901,158 1,237,036 1,148,053 1,289,440 1,574,221 1,441,942 1,461,600
MAPPING: Aligned 0 1.94% 1.95% 2.16% 2.39% 2.08% 2.71% 2.37% 2.61%
time%

MAPPING: Aligned 1 time | 42,838,029 | 40,307,285 | 50,254,446 | 41,021,070 | 56,109,942 | 52,512,707 | 54,076,844 | 49,436,194
MAPPING: Aligned 1 87.45% 87.41% 87.89% 85.48% 90.46% 90.30% 88.93% 88.42%

time%




Sv

MAPPING: Aligned >1 5,201,877 4,904,271 5,687,126 5,820,665 4,629,065 4,067,457 5,291,008 5,010,860
times

MAPPING: Aligned >1 10.62% 10.64% 9.95% 12.13% 7.46% 6.99% 8.70% 8.96%
times%

MAPPING: reads mapped: | 48,039,906 | 45,211,556 | 55,941,572 | 46,841,735 | 60,739,007 | 56,580,164 | 59,367,852 | 54,447,054
MAPPING: reads 948,190 901,158 1,237,036 1,148,053 1,289,440 1,574,221 1,441,942 1,461,600
unmapped:

MAPPING: reads MQO: 296,529 221,738 256,669 240,226 198,910 177,076 287,927 281,520
MAPPING: reads QC 0 0 0 0 0 0 0 0

failed:

MAPPING: non-primary 14,589,813 13,307,450 | 15,810,773 16,478,801 13,450,095 | 11,724,172 | 15,105,593 15,255,895
alignments:

MAPPING: mismatches: 6,240,026 6,033,746 7,211,699 6,550,673 8,171,680 7,720,676 8,040,589 8,375,850
MAPPING: error rate: 0 0 0 0 0 0 0 0
MAPPING: average length: | 79 79 79 79 79 79 79 79
MAPPING: average quality: | 34.8 34.7 34.8 34.8 34.8 34.8 34.8 34.8
FeatureCount: Assigned 34,978,792 | 35,333,682 | 39,507,297 | 36,027,264 | 34,792,336 | 29,699,270 | 30,502,524 | 29,367,411
FeatureCount: Assigned% 71.40% 76.62% 69.09% 75.07% 56.09% 51.07% 50.16% 52.53%
FeatureCount: 948,190 901,158 1,237,036 1,148,053 1,289,440 1,574,221 1,441,942 1,461,600
Unassigned Unmapped

FeatureCount: 14,589,813 13,307,450 | 15,810,773 16,478,801 13,450,095 | 11,724,172 | 15,105,593 15,255,895
Unassigned Secondary

FeatureCount: 13,061,114 | 9,877,874 16,434,275 | 10,814,471 | 25,946,671 | 26,880,894 | 28,865,328 | 25,079,643
Unassigned NoFeatures

FeatureCount: IG C gene 70,926 44,805 30,571 111,999 123 81 20 16,162




Transcriptomic profiles of the endometrioma and OCCC with concurrent
endometriosis samples were first evaluated using multidimensional scaling (MDS)
analysis [378]. The MDS plot shows a significant differential clustering of the OCCC
samples with concurrent endometriosis from endometriomas (Figure 3-1A). This
difference is most apparent at the MDS1 level. Similar clustering was noted on uniform
manifold approximation and projection (UMAP) and principal component analysis
(PCA) for dimension reduction plots (Figure 3-2A-B). At a global level, malignant
OCCC with concurrent endometriosis is molecularly distinct from benign
endometriomas.

We directly compared transcriptomic profiles of OCCC with concurrent
endometriosis (n = 4) to endometriomas (n = 4). Endometrioma was used as a
comparison tissue due to its significant increase in risk for the development of OCCC,
studies supporting increased molecular mutations in atypical endometriosis and
concurrent OCCC, strong genomic correlation and causal relationship between
endometriosis and OCCC, and the high incidence of concurrent endometriosis seen in
women with OCCC [128, 129, 225, 231, 250, 376]. Differential gene expression analysis
was conducted with DESeq2. Significant differential expression was determined using a
false discovery rate <0.05, giving 6865 protein-coding transcripts significantly
differentially expressed. Limiting to log2 fold-change >|1| identified 2449 upregulated
and 3131 downregulated unique protein-coding genes (Figure 3-1B-C). Hierarchical
clustering shows that endometriomas cluster separately from OCCC with concurrent

endometriosis (Figure 3-1C).
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Figure 3-1. The OCCC with concurrent endometriosis transcriptomic profile is
molecularly distinct from benign endometrioma. A) Multidimensional scaling (MDS)
plot of transcriptomic profiles for endometrioma (Eoma, blue X’s) and ovarian clear cell
carcinoma (OCCC, red X’s) with concurrent endometriosis. B) Volcano plot
representation of protein-coding transcripts overexpressed (red dots), similarly expressed
(black dots), and under-expressed (green dots) in OCCC with concurrent endometriosis
versus endometriomas (Paq < 0.05; Log2-Fold change < |1|. C) Heat map representation
of 5575 differentially expressed unique protein-coding gene transcripts overexpressed
(red) and under-expressed (blue). Dendrogram of hierarchical clustering. Rows, protein-

coding gene transcripts; columns, profiled samples.
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Figure 3-2. OCCC with concurrent endometriosis differentially clusters from benign
endometrioma. A) Uniform manifold approximation and projection (UMAP) plot of
malignant OCCC with concurrent endometriosis (blue triangles) clusters separately from
benign endometrioma (red circles) using UMAP1 and UMAP2. B) Similarly, principal
component (PC) analysis of malignant OCCC with concurrent endometriosis (blue

circles) clusters separately from benign endometrioma samples (red circles), using PC1

and PC2.
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Matrisome, secreted factors, cell cycle, and DNA replication pathways are dysregulated

in OCCC with concurrent endometriosis.

To explore potentially impactful molecular processes, we performed pathway
enrichment analysis of the upregulated and downregulated genes using a hypergeometric
test and Gene Set Enrichment Analysis (GSEA) against MSigDB v6 canonical pathway
set, with a significant cutoff determined by P < 0.005 [346-348]. Complete lists of the
pathways significantly enriched by upregulated and downregulated genes can be found at

https://www.ncbi.nlm.nih.eov/geo/query/acc.cgi?acc=GSE230956. We observed a

limited list of pathways from upregulated genes in OCCC with concurrent endometriosis
(Table 3-2). The upregulated genes showed significant enrichment in cell cycle and DNA
replication pathways, including cyclin A B1-mediated G2-M transition, G1-S
transcription, and E2F-mediated DNA replication (Figures 3-3A-C). Previous work has
shown that OCCC exhibited dysregulation of p27-related cell cycle effects [379].
Important drivers of p27-related cell cycle dysregulation that were upregulated in OCCC
with concurrent endometriosis include SKP2 (S-phase kinase-associated protein 2, log2
fold-change = 1.3, P = 1.1e-2), CKS2 (CDC28 protein kinase regulatory subunit 2, log2
fold-change = 2.2, P = 6.6e-9), CCNA2 (Cyclin A2, log2 fold-change = 1.7, P =2.9¢-3),
and CCNE! (Cyclin E1, log2 fold-change = 5.2, P = 8.5e-10). GSEA plots of the cyclin
A-mediated G2-M transition (P = 8.95e-6) and E2F-mediated DNA replication (P =
8.61e-4) top enriched pathways from upregulated genes are shown in Figure 3-3B-C.
Table 3-3 lists the upregulated genes involved in the cell cycle with their fold change.
There were many more significantly enriched pathways in OCCC with concurrent

endometriosis (Table 3-4). Significantly downregulated genes in OCCC with concurrent
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endometriosis showed significant enrichment in the pathways of matrisome, secreted
factors, GPCR signaling, and cytokine-cytokine-receptor interaction (Figure 3-4A).
GSEA plots of matrisome (P = 2.64¢-69) and cytokine-cytokine receptor interaction (P =
2.43e-20) pathways from downregulated genes are shown in Figure 3-4B-C. Essential
genes involved in the cytokine-cytokine receptor interaction pathway are predominantly
upregulated in endometriomas [246, 264, 380-383]. Table 3-5 shows the downregulated
genes in OCCC with concurrent endometriosis compared to endometrioma in the

cytokine-cytokine receptor interaction pathway.
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Table 3-2. Gene Set Enrichment Analysis of upregulated genes.

hits pathway_size | p.value
REACTOME _CYCLIN A Bl ASSOCIATED EVENTS DURING G2 M TRANSITION 10 15 8.95E-06
REACTOME_G1_S SPECIFIC_TRANSCRIPTION 10 18 8.41E-05
REACTOME E2F MEDIATED REGULATION OF DNA REPLICATION 13 34 8.61E-04
KEGG_TASTE TRANSDUCTION 14 39 1.14E-03
PID FOXM1 PATHWAY 14 39 1.14E-03
REACTOME TIGHT JUNCTION_ INTERACTIONS 10 24 1.58E-03
PID_ AURORA B PATHWAY 13 37 2.12E-03
KEGG_CELL CYCLE 32 124 2.27E-03
REACTOME CELL CYCLE 74 350 2.60E-03
BIOCARTA_SRCRPTP_PATHWAY 6 11 2.77E-03
REACTOME_TRANSPORT OF INORGANIC CATIONS ANIONS AND AMINO ACIDS OLIGOPEPTIDES | 23 82 2.82E-03
REACTOME G2 M_CHECKPOINTS 14 41 3.18E-03
REACTOME_AMINO_ACID AND OLIGOPEPTIDE SLC TRANSPORTERS 14 42 3.58E-03
REACTOME _CELL CYCLE MITOTIC 64 303 4.73E-03
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Figure 3-3. Cell cycle and DNA replication/repair pathways are enriched in

upregulated genes from OCCC with concurrent endometriosis. A) Waterfall plot of
significantly upregulated pathways in OCCC with concurrent endometriosis. Gene set

enrichment plots for B)

REACTOME CYCLIN A Bl ASSOCIATED EVENTS DURING G2 M TRANSIT

ION and C)

REACTOME _E2F MEDIATED REGULATION OF DNA REPLICATION.
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Figure 3-4. Matrisome and cytokine pathways are enriched in downregulated genes
from OCCC with concurrent endometriosis. A) Waterfall plot of significantly
downregulated pathways in OCCC with concurrent endometriosis. Gene set enrichment

plots for B) NABA MATRISOME and C)

KEGG _CYTOKINE CYTOKINE RECEPTOR INTERACTION.
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Table 3-3. Genes dysregulated in OCCC and involved in cell cycle.

Gene Symbol | Gene Name log2FoldChange | padj
SMCIB structural maintenance of chromosomes | 6.0 1.98E-08
1B
TERT telomerase reverse transcriptase 53 1.18E-02
CCNEI cyclin E1 5.1 8.49E-10
RRM?2 ribonucleotide reductase regulatory 4.2 6.04E-08
subunit M2
PKMYTI protein kinase, membrane associated 4.2 4.85E-08
tyrosine/threonine 1
ESPLI extra spindle pole bodies like 1, separase | 3.9 4.53E-07
NEK?2 NIMA related kinase 2 3.9 1.84E-11
CDTI chromatin licensing and DNA 3.8 1.86E-06
replication factor 1
UBE2C ubiquitin conjugating enzyme E2 C 3.8 1.94E-05
AURKB aurora kinase B 3.7 4.07E-05
CDC20 cell division cycle 20 3.4 1.47E-06
CDC25C cell division cycle 25C 34 2.76E-05
ORC6 origin recognition complex subunit 6 3.3 3.91E-07
CDCAS8 cell division cycle associated 8 3.2 1.46E-08
MYBL2 MYB proto-oncogene like 2 3.1 6.74E-04
FOXM1 forkhead box M1 3.1 7.97E-05
CDC45 cell division cycle 45 3.1 1.51E-07
CENPF centromere protein F 3.0 1.14E-07
MCMI10 minichromosome maintenance 10 2.9 1.17E-04
replication initiation factor
TYMS thymidylate synthetase 2.8 2.15E-05
E2F2 E2F transcription factor 2 2.8 3.85E-04
NUF2 NUF2 component of NDC80 2.7 8.94E-06
kinetochore complex
KNTCI1 kinetochore associated 1 2.7 6.80E-06
HJURP Holliday junction recognition protein 2.7 6.74E-04
KIF2C kinesin family member 2C 2.7 2.16E-04
PLK] polo like kinase 1 2.7 1.79E-05
CENPM centromere protein M 2.6 2.20E-07
KIF204 kinesin family member 20A 2.6 1.06E-03
ERCC6L ERCC excision repair 6 like, spindle 2.6 9.54E-05
assembly checkpoint helicase
SYNE?2 spectrin repeat containing nuclear 2.6 6.40E-13
envelope protein 2
ORCI origin recognition complex subunit 1 2.6 2.50E-07
GINS1 GINS complex subunit 1 2.5 9.82E-06
NCAPH non-SMC condensin I complex subunit | 2.5 5.56E-04
H
TTK TTK protein kinase 2.5 4.91E-04
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DNA2 DNA replication helicase/nuclease 2 2.5 2.60E-12

CCNBI cyclin Bl 24 2.59E-09

CDC25B cell division cycle 25B 2.4 2.71E-03

CDK1 cyclin dependent kinase 1 2.4 1.11E-04

NCAPG non-SMC condensin I complex subunit | 2.4 2.40E-03
G

BUBIB BUBI mitotic checkpoint 23 4.91E-05
serine/threonine kinase B

MCMS minichromosome maintenance 8 2.2 1.99E-06
homologous recombination repair factor

PTTGI PTTG] regulator of sister chromatid 2.2 4.76E-03
separation, securin

SKAI spindle and kinetochore associated 2.2 5.45E-03
complex subunit 1

SPC25 SPC25 component of NDC80 2.2 1.10E-03
kinetochore complex

E2F1 E2F transcription factor 1 2.1 8.94E-04

BUBI BUBI mitotic checkpoint 2.1 9.31E-04
serine/threonine kinase

CDC6 cell division cycle 6 2.1 2.38E-05

ZWINT ZW 10 interacting kinetochore protein 2.0 3.87E-05

KIF184 kinesin family member 18A 2.0 3.72E-03

NDC80 NDC80 kinetochore complex component | 2.0 4.81E-03

BRCAI BRCA1 DNA repair associated 2.0 3.40E-08

E2F5 E2F transcription factor 5 1.9 8.95E-08

CCNB2 cyclin B2 1.8 2.81E-03

CDC254 cell division cycle 25A 1.8 3.50E-03

OFDI OFDI centriole and centriolar satellite 1.8 6.84E-08
protein

GINS2 GINS complex subunit 2 1.8 2.48E-03

CENPK centromere protein K 1.8 2.77E-03

CCNA2 cyclin A2 1.7 2.88E-03

KIF23 kinesin family member 23 1.7 6.41E-03

SMC4 structural maintenance of chromosomes | 1.5 5.80E-03
4

NINL ninein like 1.5 9.34E-05

SRC SRC proto-oncogene, non-receptor 1.5 2.96E-09
tyrosine kinase

MCM4 minichromosome maintenance complex | 1.5 2.63E-04
component 4

CEP72 centrosomal protein 72 1.5 1.06E-03

CENPO centromere protein O 1.5 6.55E-03

LMNBI lamin B1 1.4 2.93E-02

PLK4 polo like kinase 4 1.4 2.71E-03
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POLE DNA polymerase epsilon, catalytic 1.4 6.00E-04
subunit

EP300 E1A binding protein p300 1.3 1.92E-06

CHEK1 checkpoint kinase 1 1.3 3.22E-02

RANGAPI Ran GTPase activating protein | 1.3 1.94E-05

SKP2 S-phase kinase associated protein 2 1.3 1.09E-02

MCM?2 minichromosome maintenance complex | 1.2 3.85E-04
component 2

CDK7 cyclin dependent kinase 7 1.2 7.26E-03

HSP90AAI heat shock protein 90 alpha family class | 1.2 7.89E-06
A member 1

TERFI telomeric repeat binding factor 1 1.2 1.12E-03

TUBGI tubulin gamma 1 1.2 4.06E-03

SDCCAGS SHH signaling and ciliogenesis regulator | 1.1 5.07E-03
SDCCAGS

INCENP inner centromere protein 1.1 4.67E-03

CSNK1D casein kinase 1 delta 1.1 2.57E-03

CREBBP CREB binding protein 1.1 1.28E-03

OIP5 Opa interacting protein 5 1.1 3.11E-02

NCAPD?2 non-SMC condensin I complex subunit | 1.0 3.57E-03

D2
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Table 3-4. Gene Set Enrichment Analysis of downregulated genes.

hits | pathway size | p.value

NABA MATRISOME 325 | 881 2.64E-69
NABA MATRISOME ASSOCIATED 230 | 632 6.53E-48
NABA CORE MATRISOME 95 | 249 3.28E-22
NABA SECRETED FACTORS 102 | 279 4.23E-22
REACTOME SIGNALING BY GPCR 157 | 540 4.46E-21
KEGG CYTOKINE CYTOKINE RECEPTOR INTERACTION 88 | 233 2.43E-20
REACTOME_GPCR_LIGAND BINDING 102 | 311 4.12E-18
REACTOME GPCR DOWNSTREAM SIGNALING 131 | 448 6.54E-18
NABA _ECM_REGULATORS 77 | 205 8.00E-18
REACTOME PEPTIDE CHAIN ELONGATION 54 | 116 9.99E-18
NABA _ECM_GLYCOPROTEINS 68 | 173 4.18E-17
KEGG HEMATOPOIETIC CELL LINEAGE 42 |78 5.11E-17
REACTOME CLASS A1 RHODOPSIN LIKE RECEPTORS 81 | 231 1.27E-16
REACTOME 3 UTR MEDIATED TRANSLATIONAL REGULATION 56 | 137 3.18E-15
KEGG _CHEMOKINE SIGNALING PATHWAY 66 | 178 3.61E-15
REACTOME INFLUENZA VIRAL RNA TRANSCRIPTION AND REPLICATION 54 | 132 9.46E-15
KEGG _SYSTEMIC LUPUS ERYTHEMATOSUS 32 |55 1.36E-14
REACTOME_SRP DEPENDENT COTRANSLATIONAL PROTEIN TARGETING TO MEMBRANE 55 | 139 291E-14
KEGG RIBOSOME 41 | 86 2.97E-14
KEGG _CELL_ADHESION MOLECULES CAMS 51 | 125 5.87E-14
REACTOME NONSENSE MEDIATED DECAY ENHANCED BY THE EXON JUNCTION COMPLEX 54 | 137 5.99E-14
REACTOME _HEMOSTASIS 112 | 410 2.40E-13
KEGG COMPLEMENT AND COAGULATION CASCADES 34 | 66 2.63E-13
REACTOME _IMMUNOREGULATORY_ INTERACTIONS BETWEEN A LYMPHOID AND A NON LYMPH | 29 | 57 2.21E-11
OID CELL

KEGG LEISHMANIA INFECTION 32 |69 4.84E-11
REACTOME IMMUNE SYSTEM 181 | 829 7.56E-11
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REACTOME TRANSLATION
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178

7.90E-11

NABA_ECM_AFFILIATED 51 | 148 1.06E-10
REACTOME_INFLUENZA_LIFE_CYCLE 54 | 164 2.47E-10
REACTOME_CHEMOKINE_RECEPTORS_BIND CHEMOKINES 25 |49 4.89E-10
REACTOME_G_ALPHA I SIGNALLING EVENTS 51 | 155 8.16E-10
REACTOME_G_ALPHA_Q SIGNALLING EVENTS 50 | 154 1.83E-09
KEGG_FOCAL_ADHESION 58 | 192 2.24E-09
REACTOME_GASTRIN_CREB_SIGNALLING PATHWAY_VIA PKC_AND MAPK 54 | 175 3.22E-09
REACTOME_PLATELET ACTIVATION SIGNALING _AND_AGGREGATION 58 | 194 3.23E-09
KEGG_VIRAL_MYOCARDITIS 28 |64 3.99E-09
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 32 |80 4.81E-09
PID _IL4 2PATHWAY 27 |6l 5.53E-09
KEGG_CALCIUM_SIGNALING PATHWAY 51 | 164 7.03E-09
REACTOME_PEPTIDE_LIGAND BINDING RECEPTORS 45 [ 139 1.32E-08
REACTOME_SMOOTH_MUSCLE_CONTRACTION 15 |23 1.70E-08
BIOCARTA_COMP_PATHWAY 13 |18 2.42E-08
KEGG_VASCULAR_SMOOTH_MUSCLE_CONTRACTION 37 | 106 2.48E-08
KEGG_NEUROACTIVE_LIGAND RECEPTOR_INTERACTION 62 | 224 3.86E-08
PID_INTEGRIN2 PATHWAY 16 |27 4.06E-08
PID_INTEGRINI PATHWAY 27 |66 4.28E-08
REACTOME_NEURONAL_SYSTEM 66 | 247 6.27E-08
BIOCARTA_CLASSIC_ PATHWAY 11 |14 7.32E-08
REACTOME_COMPLEMENT CASCADE 16 |28 8.26E-08
KEGG_ARRHYTHMOGENIC RIGHT VENTRICULAR_CARDIOMYOPATHY_ ARVC 26 | 67 2.66E-07
KEGG_DILATED CARDIOMYOPATHY 29 |80 3.10E-07
REACTOME_GLYCOSAMINOGLYCAN_METABOLISM 35 | 107 5.10E-07
REACTOME_INNATE_IMMUNE_SYSTEM 58 | 222 6.43E-07
BIOCARTA_BLYMPHOCYTE_PATHWAY 9 |11 6.86E-07




Table 3-5. Cytokine genes that are dysregulated in OCCC.

Gene Gene Name log2FoldChange | padj
CXCLI2 C-X-C motif chemokine ligand 12 -4.5 1.08E-34
PDGFRA | platelet derived growth factor receptor -3.6 1.21E-24
alpha
TGFBRI1 transforming growth factor beta receptor 1 | -2.1 7.71E-22
CCL21 C-C motif chemokine ligand 21 -7.8 8.63E-22
TGFB3 transforming growth factor beta 3 -3.1 2.05E-12
ILI1IRA interleukin 11 receptor subunit alpha -1.9 5.56E-12
IFNGRI1 interferon gamma receptor 1 -2.3 1.32E-11
IL7R interleukin 7 receptor -4.4 1.00E-10
TNFSF12 | TNF superfamily member 12 -2.4 1.04E-10
CCLI11 C-C motif chemokine ligand 11 -7.8 8.74E-10
IL10 interleukin 10 -4.8 1.25E-09
ILISRI interleukin 18 receptor 1 -4.4 1.52E-09
CCL2 C-C motif chemokine ligand 2 -5.5 1.57E-09
CSF1 colony stimulating factor 1 -2.2 3.02E-09
CCL26 C-C motif chemokine ligand 26 -6.4 7.53E-09
PLEKHO? | pleckstrin homology domain containing -2.7 1.59E-08
02
ILI3RAI interleukin 13 receptor subunit alpha 1 -1.6 1.60E-08
TNFSF§ TNF superfamily member 8 -4.0 2.57E-08
IFNGR2 interferon gamma receptor 2 -1.7 5.52E-08
IL6ST interleukin 6 cytokine family signal -2.1 9.59E-08
transducer
CSF3 colony stimulating factor 3 -8.2 1.23E-07
IL5RA interleukin 5 receptor subunit alpha -4.8 2.98E-07
CCR6 C-C motif chemokine receptor 6 -2.7 4.73E-07
FLT3LG fms related receptor tyrosine kinase 3 -2.3 6.65E-07
ligand
1L20 interleukin 20 -6.9 7.26E-07
CCR2 C-C motif chemokine receptor 2 -3.9 1.50E-06
VEGFC vascular endothelial growth factor C -2.6 5.74E-06
INHBA inhibin subunit beta A -4.6 6.25E-06
CCL23 C-C motif chemokine ligand 23 -8.1 9.18E-06
ILISRAP | interleukin 18 receptor accessory protein -3.1 1.42E-05
LIF LIF interleukin 6 family cytokine -4.0 1.73E-05
HGF hepatocyte growth factor -2.5 2.69E-05
CCLI3 C-C motif chemokine ligand 13 -6.3 4.80E-05
ACVR2A activin A receptor type 2A -1.5 5.14E-05
CCLI1S8 C-C motif chemokine ligand 18 -5.7 7.17E-05
CCL14 C-C motif chemokine ligand 14 -4.1 7.54E-05
TNFSF13B | TNF superfamily member 13b -2.1 1.03E-04
CXCL6 C-X-C motif chemokine ligand 6 -5.2 1.43E-04
NGFR nerve growth factor receptor -3.9 1.62E-04
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PDGFRB | platelet derived growth factor receptor beta | -2.5 2.64E-04
BMPRIB | bone morphogenetic protein receptor type | -3.3 2.78E-04
1B
AMHR?2 anti-Mullerian hormone receptor type 2 -3.0 2.84E-04
ILI0RA interleukin 10 receptor subunit alpha -2.7 3.26E-04
ILIORB interleukin 10 receptor subunit beta -1.3 4.54E-04
CCL4 C-C motif chemokine ligand 4 -3.2 7.54E-04
BMPR?2 bone morphogenetic protein receptor type | -1.3 8.40E-04
2
CXCL5 C-X-C motif chemokine ligand 5 -4.8 9.81E-04
CCR7 C-C motif chemokine receptor 7 -2.9 1.19E-03
CD40 CD40 molecule -2.0 1.30E-03
CCLS C-C motif chemokine ligand 8 -3.8 1.71E-03
CXCR2 C-X-C motif chemokine receptor 2 -2.1 1.73E-03
CCL24 C-C motif chemokine ligand 24 -4.7 1.92E-03
XCRI X-C motif chemokine receptor 1 -3.2 1.96E-03
TNFSF4 TNF superfamily member 4 -3.4 2.05E-03
ILIB interleukin 1 beta -3.4 2.37E-03
CXCRS5 C-X-C motif chemokine receptor 5 -5.3 2.48E-03
CCRI1 C-C motif chemokine receptor 1 -2.9 2.57E-03
LEPR leptin receptor -1.9 2.73E-03
IL3RA NA -2.2 3.42E-03
TNFRSFS8 | TNF receptor superfamily member 8 -2.9 4.28E-03
CCRI0 C-C motif chemokine receptor 10 -2.2 5.25E-03
RELT RELT TNF receptor -1.9 6.53E-03
ILIRAP interleukin 1 receptor accessory protein -1.9 8.86E-03
IL15RA interleukin 15 receptor subunit alpha -1.1 1.03E-02
IL19 interleukin 19 -2.9 1.10E-02
TNFSF18 | TNF superfamily member 18 -2.8 1.14E-02
CCR4 C-C motif chemokine receptor 4 -4.3 1.17E-02
KIT KIT proto-oncogene, receptor tyrosine -1.7 1.22E-02
kinase
CCL17 C-C motif chemokine ligand 17 -5.0 1.27E-02
PDGFC platelet derived growth factor C -1.7 1.42E-02
IL3RA interleukin 3 receptor subunit alpha -2.0 1.59E-02
TNFSF14 | TNF superfamily member 14 -3.0 1.61E-02
CCL3 C-C motif chemokine ligand 3 -2.8 1.72E-02
CSFIR colony stimulating factor 1 receptor -1.9 2.69E-02
BMPRIA | bone morphogenetic protein receptor type | -1.0 3.13E-02
1A
CXCR4 C-X-C motif chemokine receptor 4 -1.7 3.41E-02
ILIRI interleukin 1 receptor type 1 -1.9 3.58E-02
CCLI19 C-C motif chemokine ligand 19 -4.0 3.83E-02
CCL15 C-C motif chemokine ligand 15 -4.2 3.87E-02
CXCR6 C-X-C motif chemokine receptor 6 -3.4 3.87E-02
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CCL3L3 C-C motif chemokine ligand 3 like 3 -3.5 4.00E-02
CCL4L2 C-C motif chemokine ligand 4 like 2 -3.1 4.14E-02
KITLG KIT ligand -1.8 4.43E-02
CCL22 C-C motif chemokine ligand 22 -2.7 4.50E-02
CXCRI C-X-C motif chemokine receptor 1 -2.2 4.57E-02
IL124 interleukin 12A -1.8 4.61E-02
CCR5 C-C motif chemokine receptor 5 -2.4 4.98E-02
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Determining a model cell line of OCCC with concurrent endometriosis based on human

gene expression by RNA sequencing.

Genomically, OCCC cell lines frequently classify as OCCC rather than other
histological subtypes of epithelial ovarian cancer [60, 80, 116, 384-386]. However, none
of the widely shared or commercially available OCCC cell lines are characterized as
being derived from OCCC with concurrent endometriosis. To determine which available
cell lines most closely recapitulate our transcriptomic profiling data from OCCC with
concurrent endometriosis, we used bioinformatic analysis of datasets from the Cancer
Cell Line Encyclopedia (CCLE) [349]. Gene expression datasets for ovarian carcinoma
cell lines [endometrioid/clear cell (IGROV-1, SKOV3, A2780), clear cell (TOV-21G,
OVTOKO, OVISE, OVMANA, JHOC 5), p53-altered clear cell (RMG-I, ES-2),
endometrioid (TOV112D), high-grade serous (OVCARS), and low-grade serous
(HEY A8)], endometrial cancer cell lines (AN3CA, HEC1A, ISHIKAWA, HEC1B), and
a leukemia cell line (JURKAT) were downloaded and used. For the RNA-seq gene
expression data from the OCCC with concurrent endometriosis tissue samples and
endometrioma samples, we utilized multiclass logistic regression with variable selection
by L1 penalty. We selected pathways whose pathway activity scores (PAS) are most
predictive of cancer types. PAS of the 394 cancer-types predictive pathways were
computed for OCCC with concurrent endometriosis tissue, endometrioma, and the
selected cell line samples. In order to measure the similarity, we computed a Pearson
correlation between the PAS of 394 pathways in tissue and cell line data.

Examination of the PAS results (Figure 3-5) showed that endometrioma samples

(Eomal, Eoma4, Eoma5) clustered most closely to endometrioma sample 3 (Eoma3),
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ES2, and HEYAS. ES-2 is considered a p53-altered OCCC cell line [84, 385], and
HEYAS is considered a KRAS-mutant low-grade serous line [84]. Studies suggest that
both HEY A8 and ES-2 most closely represent low-grade serous [386]. The dendrogram
suggests that ES2 and HEY A8 cluster more closely to each other than Eoma3. OCCC
samples with concurrent endometriosis (OCCC4, OCCC2) clustered together with
OCCC5, OVTOKO, OVISE, RMG-I, and OVMANA. OVTOKO, OVISE, and
OVMANA are considered clear cell ovarian cancer cell lines as they were derived from
metastatic lesions of OCCC and contain a mutant ARID1A [357, 384, 386]. RMG-I may
be a p53-mutant clear cell type rather than a mutant ARID1A type [59, 116, 386]. OCCC
sample with concurrent endometriosis 1 (OCCC1) clustered with IGROV-1, JHOCS,
SKOV3, and TOV-21G. IGROV-1 is derived from a mixed histology tumor and contains
mutant ARID1A and PIK3CA and could be considered a clear cell-like line [60, 84, 385,
386]. SKOV3 was derived from ascites of ovarian adenocarcinoma and contains mutant
ARID1A and PIK3CA and is frequently more closely associated with clear cell tumors
[60, 84, 363, 385, 386]. TOV-21G is considered a clear cell line as it was derived from
OCCC and contains mutations in ARIDIA and PIK3CA [60, 84, 354, 385, 386] (Table 3-

6).
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Figure 3-5. Molecular comparison of cell line transcriptomic profiles with clinical
samples. Pathway activation score (PAS) analysis of molecular features from clinical
samples (Eoma, benign endometrioma or OCCC, OCCC with concurrent endometriosis)
or cell lines from CCLE. Cell line nomenclature is the CCLE name of the line_tissue

type. A yellow color represents a higher PAS; blue, a lower PAS.
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Table 3-6. Common characteristics of ovarian carcinoma cell lines used in experiments.

Cell Line | Original Putative Genetic Mutations Drug Response References
Tissue Histotype by
Derivation Molecular
Studies
A2780 Ovarian Endometrioid ARIDIA - nonsense & frameshift | Cisplatin — sensitive [60, 80, 84,
adenocarcinoma deletion Doxorubicin — sensitive 349, 361,
PTEN - in frame deletion Paclitaxel — sensitive 384, 387-
PICK3CA — missense mutation 389]
ES-2 Ovarian Clear cell TP53 — missense mutation Cisplatin — sensitive [60, 80, 84,
adenocarcinoma Oxaliplatin — sensitive 349, 352,
— clear cell Carboplatin — sensitive 384, 387-
(primary tumor, Docetaxel — sensitive 389]
poorly Paclitaxel — intermediate
differentiated) response
IGROV-1 | Ovarian Endometrioid / ARID1A — frameshift deletion & | Cisplatin — sensitive [60, 80, 84,
adenocarcinoma | Clear cell frameshift insertion Cyclophosphamide — 384, 389,
- endometrioid TP53 — splice site & frameshift resistant 390]
with serous and insertion
clear cell PTEN — missense & frameshift
features insertion
PIK3CA — missense & nonstop
mutation
KK Ovarian Clear cell ARID1A - truncating mutation Cisplatin — resistant [359, 385,
adenocarcinoma PIK3CA- missense mutation 391, 392]
— clear cell BRCAZ2- deletion
OVAS Ovarian Clear cell ARID1A — truncating mutation Cisplatin — resistant [151, 391,
adenocarcinoma PIK3CA — missense mutation 392]
— clear cell
OVISE Ovarian Clear cell ARIDIA — insertion and Cisplatin — intermediate [60, 84,
adenocarcinoma truncating deletion response 151, 349,
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— clear cell PIK3CA — missense mutation Cyclophosphamide — 357, 384,
(pelvic resistant 389]
metastasis)

OVTOKO | Ovarian Clear cell ARIDI1A —frameshift deletion Cisplatin- sensitive [60, 84,
adenocarcinoma Cyclophosphamide — 349, 357,
— clear cell resistant 391, 393]
(spleen
metastasis)

RMG-I Ovarian p53-mutant clear | TP53 - homozygous deletion Cisplatin — resistant [60, 84,
adenocarcinoma | cell type 151, 364,
— clear cell 384, 389,
(ascites) 391]

SKOV3 Ovarian Endometrioid / ARIDI1A — nonsense, truncating Cisplatin — resistant [60, 80, 84,
adenocarcinoma | Clear cell mutation 151, 363,
(ascites) PIK3CA - missense mutation 384, 388,

P53 - frameshift deletion 389, 394]

SMOV-2 | Ovarian Clear cell ARID1A — truncating mutation Cisplatin — sensitive [151, 360,
adenocarcinoma PIK3CA — missense mutation Paclitaxel — sensitive 391]
— clear cell

TOV-21G | Ovarian Clear cell ARIDIA — frameshift insertion Carboplatin — resistant [60, 80, 84,
adenocarcinoma KRAS — missense mutation 354, 384,
— clear cell PTEN — frameshift deletion 389, 391]

PIK3CA — missense mutation
TP53 — missense mutation




3.3 Discussion

Given that the current analysis was performed to compare a malignant disease to a
non-malignant disease, it was expected that the finding that OCCC with concurrent
endometriosis would be molecularly distinct from benign endometriomas. However, the
large number of significantly differentially expressed genes was unexpected. Because
endometriosis and ovarian cancers are commonly considered inflammatory and
proliferative diseases, we were not expecting some of the highest dysregulations to occur
in related pathways. Surprisingly, the greatest dysregulated pathways found with GSEA
were proliferation (cell cycle G2 M, cell cycle G1 S, and DNA replication) and
inflammatory signaling (matrisome, cytokine, and inflammatory response). As the OCCC
and EOMA samples clustered distinctly in MDS, UMAP, and PCA analyses, it was
expected that they would cluster more closely when using their transcriptomic profiles to
determine the best in vitro models for OCCC with concurrent endometriosis. From the
first bifurcation of the hierarchical clustering, 3 of the 4 OCCC samples are most closely
modeled by RMG-I, OVISE, OVMANA, and OVTOKO. The other OCCC sample was
distinctly clustered but was most closely related to other OCCC cell lines SKOV3,
IGROV-1, and JHOCS. In MDS and PCA analysis, the EOMA samples were more
tightly clustered, which translated to close clustering by PAS analysis. Though one
sample, EOMA3, was separated by an additional node with hierarchical clustering and
similarity to ES-2 and HEY A8, the EOMA samples were more similar to each other
rather than any of the cell lines analyzed. Unfortunately, due to the lower number of

OCCC transcriptomic studies available at the time of analysis, OCCC cell lines such as
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SMOV-2 and KK did not have comparable transcriptomic profiles available to include in

the analysis.
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CHAPTER 4: SMALL RNA TRANSCRIPTOMIC PROFILING IDENTIFYING
MIR-10A OVEREXPRESSION AND ITS RELATIONSHIP TO

CHEMORESISTANCE IN OCCC

4.1 Background

MiRNAs are single-stranded, 22-24 nucleotide RNA molecules that function
through an eight-nucleotide seed sequence to modulate gene networks [284]. MiRNAs
are dysregulated in malignant and benign gynecological diseases and play impactful,
functional roles in endometriomas and OCCC cell lines [120, 264, 284, 395]. For
example, previous work has shown that endometriomas have distinct miRNA profiles and
specific miRNAs, including miR-29c, play critical roles in uterine dysfunction [264]. As
another example, next-generation sequencing of OCCC cell lines showed that miR-100
played a critical role in rapamycin resistance in vitro [120]. These limited studies suggest
that miRNA molecules play essential roles. However, miRNA profiles in OCCC with
concurrent endometriosis have not been examined. As a multi-platform approach, we
integrated small RNA sequencing for miRNAs on matched samples of OCCC from
women with pathology-confirmed concurrent endometriosis. From our list of
dysregulated miRNAs, miR-10a was chosen to explore potential cellular and molecular

associations in OCCC cell lines.

4.2 Results

OCCC with concurrent endometriosis have dysregulated miRNA expressions

MiRNAs are impactful for their potential as disease biomarkers and role as

upstream regulators of multiple signaling pathways in diseases of the female reproductive
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tract [284, 395]. However, large-scale profiling of miRNAs has focused broadly on
epithelial ovarian cancers without a direct analysis of OCCC, included only a small
number of OCCC samples, or did not describe any samples with a history of or
pathology-proven endometriosis [114, 396-399]. To complement our protein-coding
transcriptomic studies, we profiled miRNAs on RNA isolated from clinical samples (n =
8), including endometrioma (n = 4) and OCCC with concurrent endometriosis (n = 4).
Small RNA sequencing gave over 43 million reads (mean: 5,382,728 + 644,063
mapped reads per clinical sample). There were no significant differences in the mirDeep2
total mapped count percentage between endometrioma and OCCC with concurrent
endometriosis (Table 4-1). Of the 2588 human mature miRNA molecules, 446 were
expressed in at least one clinical sample. Principal component analysis (Figure 4-1A)
with miRNA expression profiles showed PC1 and PC2 differential clustering of the
OCCC with concurrent endometriosis from the benign endometrioma. Differential
miRNA expression analysis was conducted with DESeq2. A comparison of dysregulated
miRNAs between endometrioma and OCCC with endometriosis is shown on the volcano
plot (Figure 4-1B). Significant differential expression was determined using a false
discovery rate < 0.05, giving 128 significantly differentially expressed mature miRNA
molecules. Limiting to log2 fold change > |1] identified 64 upregulated and 61

downregulated mature miRNA molecules (Table 4-2 — 4-3).
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Table 4-1. Small RNA Sequencing Summary.

Sample Label Eoma 1 Eoma 3 Eoma 4 Eoma 5 OCCC 1 |OCCC 2 |0OCCC 4 |ocece s
Sample CW44 CW9 LCW62 CW195 G618 G506 G741 G002
TRIMMING: Read] before filtering 6,120,66
total reads 5,077,288 | 5,398,895 | 5,634,161 | 5,325,907 | 4,306,222 | 4,911,428 | 6,287,257 | 9
TRIMMING: Read] after filtering total 5,290,75
reads 4,856,700 | 4,998,221 | 5,322,652 | 5,140,647 | 4,075,055 | 4,553,826 | 5,941,947 | 6
TRIMMING: Percent after filtering total

reads 95.66% 92.58% 94.47% 96.52% 94.63% 92.72% 94.51% 86.44%
TRIMMING: Filtering result reads

failed due to low quality 13,377 18,142 13,581 12,305 10,500 12,451 14,005 16,371
TRIMMING: Filtering result reads

failed due to too many N 36 34 44 43 33 29 38 28
TRIMMING: Filtering result reads

failed due to too short 207,175 382,498 297,884 172,912 220,634 345,122 331,267 813,514
TRIMMING: Filtering result reads with 5,428,21
adapter trimmed 4,351,674 | 4,865,939 | 4,887,023 | 4,728,035 | 3,757,745 | 4,248,171 | 5,651,876 | 5
TRIMMING: Duplication rate (may be

overestimated since this is SE data) 95.77 94.46 84.68 87.81 87.33 86.03 95.16 90.6
MAPPING: 3,850,47
mirDeep2TotalMappedCount 4,012,351 | 2,930,562 | 4,639,874 | 4,670,822 | 3,507,601 | 3,935,907 | 4,349,815 | 8
MAPPING:

mirDeep2TotalMappedCount% 82.61% 58.63% 87.17% 90.86% 86.07% 86.43% 73.21% 72.78%
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Figure 4-1. OCCC with concurrent endometriosis is molecularly distinct from benign endometrioma using miRNA expression.
A) Principal component (PC) analysis of malignant OCCC with concurrent endometriosis (triangles, OCCC) clusters separately from
benign endometrioma samples (circles, Eoma), using PC1 and PC2. B) Volcano plot of the significantly dysregulated miRNAs. Red
represents miRNAs with P < 0.05, log2 fold-change > |1|. Blue dots represent miRNAs log2 fold-change > |1|. Green represents

miRNAs with P < 0.05. Purple dots represent non-statistically significant miRNAs. The labeled dot represents hsa-miR-10a-5p.



Table 4-2. Upregulated miRNA in OCCC compared to endometrioma.

miRNA baseMean log2FoldChange padj
hsa-miR-200c¢c-3p 607.094365 5.66916129 9.91E-20
hsa-miR-203a-3p 186.221097 5.21648412 2.43E-18
hsa-miR-10a-5p 126649.249 4.3691492 2.43E-18
hsa-miR-141-3p 7868.77882 4.66647942 1.31E-15
hsa-miR-30a-3p 587.469956 4.05525273 1.09E-14
hsa-miR-200a-3p 256.501802 5.32072348 6.07E-14
hsa-miR-429 43.5327066 6.07738512 1.37E-12
hsa-miR-30a-5p 38986.2312 2.8669583 1.37E-12
hsa-miR-200b-3p 256.305643 5.44184353 7.45E-11
hsa-miR-345-5p 120.308225 3.41784325 2.88E-08
hsa-miR-335-3p 546.624927 6.13062781 8.61E-08
hsa-miR-1307-3p 60.7449127 3.47336228 4.94E-07
hsa-miR-3180 25.9012757 8.34819059 2.55E-06
hsa-miR-3180-3p 25.9012757 8.34819059 2.55E-06
hsa-miR-224-5p 33.587884 5.65089325 3.10E-06
hsa-miR-30b-5p 589.504625 1.80726541 3.10E-06
hsa-miR-200b-5p 6.64581117 6.38936842 3.68E-06
hsa-miR-30c-2-3p 15.3707792 3.30585684 4.28E-06
hsa-miR-183-5p 1436.86507 4.61713257 4.90E-06
hsa-miR-885-5p 23.3474239 6.75712666 1.10E-05
hsa-miR-30d-5p 5252.0051 1.63180778 1.44E-05
hsa-miR-10a-3p 7.67353569 5.87071805 1.61E-05
hsa-miR-96-5p 34.6772153 4.14401135 1.74E-05
hsa-miR-7706 21.8222699 2.85297709 1.93E-05
hsa-miR-30c-5p 822.021349 1.98239083 2.39E-05
hsa-miR-200a-5p 8.96933632 5.35742255 5.30E-05
hsa-miR-141-5p 6.02167 5.49753096 6.67E-05
hsa-miR-516a-5p 7.84286492 6.62466231 0.00011195
hsa-miR-335-5p 108.927108 3.41962003 0.00011946
hsa-miR-182-5p 2152.39576 3.76812169 0.00049358
hsa-miR-1301-3p 10.9583202 2.65369595 0.0005142
hsa-miR-1910-5p 7.41755196 5.78262093 0.00059763
hsa-miR-205-5p 24.5787964 5.79884224 0.0008466
hsa-miR-324-5p 12.7866504 2.05751494 0.00155912
hsa-miR-98-5p 2918.31403 1.38801617 0.00286713
hsa-miR-522-3p 3.39424874 5.38283151 0.00303948
hsa-miR-365a-3p 35.7462187 1.86973503 0.00416146
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hsa-miR-365b-3p 35.7462187 1.86973503 0.00416146
hsa-miR-210-3p 55.7405817 3.10850748 0.00466097
hsa-miR-148b-5p 9.16377202 2.20628312 0.00466097
hsa-miR-7-5p 78.2019354 2.20069596 0.00475872
hsa-miR-452-5p 15.8614538 3.24623185 0.00504673
hsa-miR-135b-5p 16.0806609 3.13936716 0.00561583
hsa-miR-519a-3p 2.86157732 5.138562 0.00607174
hsa-miR-148b-3p 924.656332 1.0227384 0.00637582
hsa-miR-191-5p 4315.6881 1.24056735 0.00686553
hsa-miR-375-3p 10.8626465 4.33884577 0.00772848
hsa-miR-330-5p 6.31691425 2.85939164 0.00881403
hsa-miR-10399-3p 14.7421068 2.05182976 0.01076066
hsa-miR-525-5p 3.74112188 5.53452011 0.01112687
hsa-miR-941 128.068855 1.53830603 0.01653753
hsa-miR-744-5p 21.9039333 1.20439591 0.01849868
hsa-miR-10527-5p 1.76623046 4.48588164 0.02130695
hsa-miR-425-3p 20.5839853 1.29746952 0.02294365
hsa-miR-769-5p 120.965676 1.12987461 0.02294365
hsa-miR-3180-5p 2.54415861 4.98812893 0.02364663
hsa-miR-203b-3p 1.57010818 4.33386598 0.02722978
hsa-miR-1268a 2.29029029 4.02826544 0.02722978
hsa-miR-1268b 2.29029029 4.02826544 0.02722978
hsa-miR-362-5p 244.14105 1.70774603 0.03612069
hsa-miR-512-3p 2.53853575 4.98764301 0.03696841
hsa-miR-1307-5p 111.894291 1.3950378 0.03696867
hsa-miR-378a-3p 472.049095 1.29710684 0.0375021

hsa-miR-378c 12.7153093 1.56330515 0.04796444

74




Table 4-3. Downregulated miRNA in OCCC compared to endometrioma.

miRNA baseMean log2FoldChange Padj
hsa-let-7b-3p 32.4896153 -2.0157326 0.00785447
hsa-let-7¢-5p 2414.63619 -3.093993 0.00021081
hsa-miR-1-3p 23.5847964 -5.088709 8.66E-05
hsa-miR-101-3p 505.726498 -1.5123444 0.01122919
hsa-miR-1247-5p 4.37790957 -4.7194631 0.00286713
hsa-miR-125b-1-3p 48.740264 -2.0526296 0.00466097
hsa-miR-125b-2-3p 407.96742 -3.2131467 0.00020762
hsa-miR-125b-5p 579.521942 -2.7671218 0.00286713
hsa-miR-126-3p 691.629998 -2.2178797 0.02294365
hsa-miR-127-3p 1458.27972 -1.9120607 1.41E-08
hsa-miR-127-5p 9.04878054 -1.6171368 0.02724738
hsa-miR-133a-3p 21.9803772 -4.0716559 0.00455933
hsa-miR-134-5p 52.0566278 -1.330546 0.007579
hsa-miR-136-3p 86.0574124 -1.8328965 0.00138271
hsa-miR-136-5p 14.6595972 -2.6072189 0.00035358
hsa-miR-142-5p 613.240826 -2.4894117 0.00921626
hsa-miR-143-3p 113163.691 -2.8134704 6.61E-09
hsa-miR-144-5p 64.0081074 -4.0921469 0.00555847
hsa-miR-145-3p 206.343578 -3.3210702 1.18E-07
hsa-miR-145-5p 287.789302 -2.3095195 0.00020333
hsa-miR-146b-3p 25.5629326 -1.9599174 0.03826396
hsa-miR-146b-5p 37585.2789 -2.1174841 0.01181794
hsa-miR-150-5p 41.0884577 -2.4750721 0.00286713
hsa-miR-195-3p 6.14414576 -2.7524025 0.02913558
hsa-miR-195-5p 685.395789 -2.2944599 0.00455933
hsa-miR-199a-3p 2580.62568 -2.3797924 0.0038595
hsa-miR-199a-5p 1498.43626 -2.18183 0.01311134
hsa-miR-199b-3p 2580.62568 -2.3797924 0.0038595
hsa-miR-202-5p 112.379418 -2.4050144 0.01817374
hsa-miR-204-5p 239.20754 -2.8994667 0.00266256
hsa-miR-214-3p 185.33253 -2.0947345 0.0122558
hsa-miR-214-5p 16.30874 -2.8467732 0.00146092
hsa-miR-221-3p 430.247562 -1.2710857 0.04593454
hsa-miR-221-5p 18.6868814 -1.5794003 0.02256096
hsa-miR-222-3p 99.9990384 -1.460045 0.00849902
hsa-miR-2355-5p 2.31666026 -4.5496881 0.00716545
hsa-miR-23b-3p 761.958015 -1.5991522 0.04234259
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hsa-miR-27a-5p 8.10349774 -3.0748754 0.03793
hsa-miR-27b-3p 5508.38467 -1.803258 0.00286713
hsa-miR-299-3p 7.78091779 -1.8577889 0.02294365
hsa-miR-299-5p 3.49295461 -4.3923757 0.00627837
hsa-miR-376¢-3p 18.947238 -1.2019421 0.0375021
hsa-miR-379-5p 137.783592 -2.0420822 1.24E-06
hsa-miR-381-3p 252.060633 -2.5341455 1.40E-09
hsa-miR-382-3p 2.48812893 -3.8492218 0.02271921
hsa-miR-409-3p 64.4641897 -1.4271159 0.03609127
hsa-miR-410-3p 44.5513533 -1.4554711 0.02026921
hsa-miR-411-5p 34.2605388 -1.8588757 2.97E-05
hsa-miR-432-5p 17.8369712 -1.2865298 0.0451098
hsa-miR-450b-5p 14.077348 -2.3182739 0.02072044
hsa-miR-493-3p 13.3677405 -2.282124 0.00186347
hsa-miR-493-5p 34.8427075 -1.1308913 0.04130029
hsa-miR-539-3p 7.61920918 -3.2099923 0.00286713
hsa-miR-654-3p 71.3993942 -1.4071681 0.01637212
hsa-miR-708-3p 12.2810205 -2.5205111 0.04252431
hsa-miR-708-5p 56.3109887 -2.0355844 0.02294365
hsa-miR-874-3p 42.1341068 -1.414821 0.00921626
hsa-miR-887-3p 17.7180029 -1.6865918 0.01200672
hsa-miR-889-3p 36.7902618 -1.8571781 0.0103908
hsa-miR-99a-3p 5.59574996 -3.2332694 0.01250923
hsa-miR-99a-5p 1391.84917 -3.5652137 0.00116158
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Because fold change up- or downregulated is a relative number, we examined the
most abundant miRNA molecules in endometriomas with statistically significant lower
expression in OCCC with concurrent endometriosis. The most abundant miRNA in
endometriomas was hsa-miR-143-3p, representing 14.5%. Hsa-miR-146b-5p represented
nearly 5% (or 4.47%) of endometrioma miRNAs. Table 4-4 shows the top ten
downregulated mature miRNA molecules in OCCC with concurrent endometriosis. Table
4-5 shows the top ten upregulated mature miRNA molecules in OCCC with concurrent
endometriosis. MiR-10a-5p was the most abundant miRNA in OCCC with concurrent
endometriosis, representing nearly a quarter of all miRNAs (21.5%). Other significantly
abundant and upregulated miRNAs included hsa-miR-30a-5p (6.1%), two other miR-30
family members [hsa-miR30d-5p (0.71%) and hsa-miR-30c-5p (0.12%)], and hsa-miR-
141-3p (1.35%). Three mature miRNA molecules had a log2 fold change >4 and were in
the top ten in terms of abundance in OCCC with concurrent endometriosis: hsa-miR-10a-
5p (log2 fold change =4.37, P =2.43e-18), hsa-miR-141-3p (log2 fold change = 4.67, P
=1.31e-15), and hsa-miR-183-5p (log2 fold change = 4.62, P = 4.90e-6).

Overexpression of miR-10a has been found in breast, cervical, acute myeloid
leukemia, and pancreatic ductal adenocarcinomas [311, 314, 319, 322, 327, 400-402].
Further, miR-10a overexpression was correlated with increased risk of recurrent breast
cancer and decreased response to platinum agents in vitro [327, 400, 401, 403]. Disease
progression on first-line platinum therapy is a hallmark of OCCC, with response rates to
chemotherapy ranging as low as 11% [152, 153, 155, 404-406]. While platinum
resistance is the most common reason for death from recurrence across all ovarian

cancers, progression on platinum therapy is more prevalent in OCCC [153, 405, 407].
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Thus, we explored the cellular and molecular effects of miR-10a in OCCC. QPCR
expression showed that benign endometrioma exhibited a significantly lower expression
of miR-10a-5p than OCCC with or without endometriosis (one-way ANOVA, P <0.05,
Figure 4-2). OCCC with concurrent endometriosis exhibited an 8-fold overexpression of
miR-10a-5p compared to benign endometrioma (Student’s t-test, P = 0.01). However,
there was no statistically significant difference in miR-10a-5p expression between OCCC
with concurrent endometriosis and OCCC without endometriosis (Student’s t-test, P =

0.90).
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Table 4-4: Top ten downregulated mature miRNAs

in OCCC with concurrent endometriosis

Mature miRNA | log2FoldChange | Pag;

hsa-miR-143-3p | -2.81 6.61E-09
hsa-miR-127-3p [ -1.91 1.41E-08
hsa-let-7c-5p -3.09 2.11E-04
hsa-miR-99a-5p | -3.57 1.16E-03
hsa-miR-27b-3p | -1.80 2.87E-03
hsa-miR-199a-3p | -2.38 3.86E-03
hsa-miR-199b-3p | -2.38 3.86E-03
hsa-miR-146b-5p | -2.12 1.18E-02
hsa-miR-199a-5p | -2.18 1.31E-02
hsa-miR-23b-3p | -1.60 4.23E-02
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Table 4-5: Top ten upregulated mature miRNA in
OCCC with concurrent endometriosis

Mature miRNA | log2FoldChange | Pag;

hsa-miR-10a-5p | 4.37 2.43E-18
hsa-miR-141-3p | 4.67 1.31E-15
hsa-miR-30a-5p | 2.87 1.37E-12
hsa-miR-183-5p | 4.62 4.90E-06
hsa-miR-30d-5p | 1.63 1.44E-05
hsa-miR-30c-5p | 1.98 2.39E-05
hsa-miR-182-5p | 3.77 4.94E-04
hsa-miR-98-5p 1.39 2.87E-03
hsa-miR-148b-3p | 1.02 6.38E-03
hsa-miR-191-5p [ 1.24 6.87E-03
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Figure 4-2. MiR-10a-5p is significantly upregulated in human tissue samples of
ovarian clear cell carcinoma. Examination of miR-10a-5p expression in endometrioma
(EOMA, n = 8), ovarian clear cell carcinoma from women with concurrent endometriosis
(OCCC & ENDO, n = 8), and ovarian clear cell carcinoma from women without
pathologically confirmed endometriosis (OCCC, n =9). RQ, the relative quantity of hsa-
miR-10a-5p to U6 snRNA, normalized to EOMA. Error bars represent + SEM. *P <

0.05, one-way ANOVA.
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MiR-10a-5p expression in human OCCC cell lines correlates with carboplatin IC50.

To explore the role of miR-10a in OCCC, the expression of miR-10a-5p was
examined in a panel of human ovarian cancer cell lines (Figure 4-3A). There appeared to
be two groups of cell lines — those with low miR-10a expression (A2780, OVISE, TOV-
21G, OVTOKO, KK, and SMOV-2) and those with high miR-10a expression
(A2780CRS5, SKOV3ipl, RMG-I, SKOV3, OVAS, ES-2). To confirm similar results, we
analyzed the next-generation small RNA sequencing data from Nagaraja et al. [120]. The
relative expression of miR-10a in each cell line was similar to our expression. There was
low miR-10a expression in OVISE, TOV-21G, SMOV-2, and KK, and those with high
relative miR-10a expression included RMG-I, ES-2, and OVAS (Figure 4-4).

A2780CRS cells are an isogenic line of A2780 that is resistant to platinum [362].
Interestingly, the miR-10a-5p expression was 3.3-fold higher in the platinum-resistant
line, A2780CRS (Mann-Whitney, P < 0.01) than in A2780. Increased miR-10a
expression has previously been correlated with platinum resistance in lung cancer [326,
403]. As a result of this increased miR-10a-5p expression in the platinum-resistant line,
carboplatin response was compared across OCCC cell lines. Carboplatin response was
expressed as the half maximum inhibitory capacity (IC50) and correlated with miR-10a-
5p expression. A positive correlation (R?>= 0.93) was found between miR-10a expression

and carboplatin IC50 (Figure 4-3B).
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Figure 4-3. MiR-10a-5p expression across a panel of ovarian cancer cell lines. A) RQ, the relative quantity of hsa-miR-10a-5p to
U6 snRNA, normalized to A2780. ***P<0.001, **P<0.001, *P < 0.05, Brown-Forsythe and Welch ANOVA. A2780 (n = 6),
A2780CRS5 (n = 2), SKOV3ipl (n=3), RMG-I (n = 2), SKOV3 (n =4), OVAS (n=4), ES-2 (n =4), OVISE (n =9), TOV-21G (n =
4), OVTOKO (n =17), KK (rn = 3), and SMOV-2 (n = 6). B) Correlation of miR-10a-5p expression to carboplatin IC50 in OCCC cell
lines. RMG-I (n =2), OVAS (n=4), ES-2 OVISE (n =9), TOV-21G (n =2), OVTOKO (n = 7), KK (n = 2), and SMOV-2 (n = 6).

Carboplatin IC50 is n > 5 for each cell line.
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Figure 4-4. Expression of hsa-miR-10a-5p across OCCC cell lines. A plot of read
counts from Nagaraja et al., 2010. RQ, the relative quantity of hsa-miR-10a-5p
normalized read counts in each cell line normalized to primary cultures of normal ovarian
surface epithelium (NOSE). Error bars represent = SEM. Each cell line n = 1; NOSE, n =

4.
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4.3 Discussion

Given the large number of significantly differentially expressed genes in OCCC
with concurrent endometriosis compared to endometrioma, it was not surprising to find
128 dysregulated miRNAs in OCCC with concurrent endometriosis compared to
endometrioma. However, the finding that hsa-miR-10a-5p (miR-10a) represented nearly
a quarter (21.5%) of miRNA sequencing reads in OCCC with concurrent endometriosis
was unexpected, particularly given the next most abundant miRNA, hsa-miR-30a-5p,
accounted for 6.1% of reads in OCCC with concurrent endometriosis. Not only was miR-
10a a large portion of miRNA molecules in OCCC with concurrent endometriosis, but it
was also one of the most significantly upregulated (log2 fold change =4.37, P =2.43e-
18) miRNAs in OCCC with concurrent endometriosis compared to endometriomas.
Interestingly, this overexpression of miR-10a in OCCC with concurrent endometriosis,
compared to endometrioma, was replicated in OCCC human tissue samples where
pathology did not note any endometriosis. These results suggest that miR-10a is
upregulated in OCCC independent of endometriosis status thus broadening its potential
as a disease biomarker.

MiR-10a has been found to be overexpressed in a variety of other cancers and
[306-321] correlated with decreased response to platinum-based agents [325, 326] [327,
328]. Since miR-10a, a molecule correlated with platinum-resistance was found to be
overexpressed in OCCC, a commonly platinum-resistance disease, we were interested in
exploring the relationship between miR-10a expression in human OCCC cell lines and
their response to platinum therapy in vitro. Interestingly, the A2780CRS5 cell line, known

to be platinum-resistant [362], had a significantly increased (3.3 fold, P < 0.01) basal
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expression of miR-10a compared to the platinum-sensitive A2780, from which
A2780CRS was derived. OCCC cell lines with the highest miR-10a expression also
required higher carboplatin concentrations to reach their IC50 (R? = 0.93). Overall, these
results suggest that miR-10a plays a role in the in vitro platinum response of OCCC cell

lines.
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CHAPTER 5: MIR-10A OVEREXPRESSION EFFECTS ON OCCC
PROLIFERATION AND CELL CYCLE

5.1 Background

MiR-10a as a tumor suppressor and oncogene in cancer

Hsa-miR-10a-5p (miR-10a) is part of the larger miR-10 family containing miR-
99a, miR-100, miR-10b, miR-125b(-1 and -2), miR-125a, and miR-99b [292-294]. In the
ovary, miR-10a expression regulates the proliferation and apoptosis of granulosa cells
[296]. Other non-diseased state functions of miR-10a are the regulation of angiogenesis
[297], the transcription of actin cytoskeleton [298], and ephrin receptor signaling [298]. It
has varied expression in normal tissues [299] and is dysregulated in multiple cancers
[300]. MiR-10a has potential oncogenic and tumor suppressor effects, depending on
tissue type. MiR-10a has been implicated as a tumor suppressor in prostate cancer [301],
breast carcinomas [302-304], and osteosarcoma [305]. In other cases, miR-10a has
oncogenic properties in cutaneous squamous cell carcinoma [306], squamous cell
cervical carcinomas [307-311], non-small cell lung carcinomas [312-314], acute myeloid
leukemias [315], granulosa cell tumors [316], and pancreatic ductal adenocarcinomas
[317-321]. Interestingly, while miR-10a is overexpressed (oncogenic) in these
carcinomas, its direct functional effects are inconsistent across diseases, nor are the
critical target genes studies. For example, in cervical carcinomas, miR-10a-5p
overexpression has been shown to be involved in tumorigenesis, hyper-proliferation,
metastasis, and invasion [307, 311, 322], while another study found overexpression of
miR-10a decreased cellular proliferation [309]. For example, in breast cancer [302] and

kidney cancer cells [323], miR-10a overexpression was found to inhibit proliferation.

87



Along with regulating cellular functions, miR-10a expression has been implicated
in chemotherapy response. In acute myeloid leukemia, miR-10a overexpression was
found to be a strong predictor of insensitivity to the MDM2 inhibitor and cytarabine
therapy [324]. Similarly, overexpression of miR-10a has been seen in platinum-resistant
lung cancers [325, 326] and gemcitabine-resistant pancreatic ductal adenocarcinomas
[319]. MiR-10a has also been found to be overexpressed in an isogenic platinum-resistant
MCF-7, a breast cancer cell line [327]. In Benson et al., miR-10a was one of the miRNAs
that were significantly altered in women considered responsive to treatment (P = 0.024),
showing that miR-10a can be detected in minimally invasive blood draws and suggesting
expression changes in serum could serve as a biomarker for treatment response [328].
The wide array of functions and resistance pathways involving miR-10a suggest its
potential as a molecule of interest in the platinum-resistance disease of OCCC.
Particularly, miR-10a expression changes to therapy make it a potential biomarker for
predicting OCCC response to chemotherapy. Here we explored the effects of miR-10a

overexpression in vitro on OCCC cell lines.

5.2 Results

MiR-10a-5p overexpression decreases cellular proliferation

SKOV3iplcells are a xenograft-derived line of the SKOV3 ovarian cancer cell
line. Previous work showed increased cellular proliferation of SKOV3ipl cells compared
to SKOV3 [356]. The miR-10a-5p expression was almost 2-fold higher in SKOV3ipl
(un-paired t-test, P < 0.05) than in SKOV3. In vitro studies overexpressing miR-10a-5p

showed potentially cancer-type specific effects on cellular proliferation. For example,
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overexpression of miR-10a in melanoma, acute myeloid leukemia, and laryngeal
squamous cell carcinoma cells decreased cellular proliferation in these cancers [408-410].
To study the effects of miR-10a overexpression on proliferation in OCCC cell
lines, SMOV-2 and KK were transiently transfected with a mature miR-10a-5p mimic.
After optimization of transfection conditions (data not shown), overexpression of miR-
10a was confirmed (Figure 5-1). SMOV-2 and KK miR-10a overexpressing cells
(SMOV2-10a and KK-10a) had a statistically significant and sustained decrease in
cellular proliferation compared to the non-targeting control transfected cells (SMOV2-
10actl and KK-10actl) (Figure 5-2). For SMOV-2 cells, there was a statistically
significant decrease in proliferation beginning at 96 hours. Overexpression of miR-10a in
SMOV-2 cells showed an almost 2-fold increase in doubling time, from 42.8 hours to
84.9 hours. A statistically significant decrease in cell density was noted beginning at 72
hours in KK cells overexpressing miR-10a compared to a non-targeting control, and
continuing through 120 hours, there was a statistically significant decrease in
proliferation. Overexpression of miR-10a in KK cells lengthened the double time from

40.9 hours to 47.2 hours.
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Figure 5-1. MiR-10a-5p is significantly overexpressed in SMOV-2 and KK cells transfected with a miR-10a-5p mimic. SMOV-
2 and KK cells were transfected with 25nM, 50nM, and 100nM of siGlo Red Transfection agent (Horizon Discovery) and imaged
using an RFP cube on EVOS FL (ThermoFisher). RQ, the relative quantity of hsa-miR-10a-5p to U6 snRNA, normalized to each
negative control transfected line. Cells transfected with 100nM mature miRNA mimics for miR-10a (SMOV2-10a and KK-10a) were
compared to cells transfected with 100nM Negative Control #1 (SMOV2-10actl and KK-10actl). Error bars represent + SEM. KK

transfection, n = 6; SMOV2-10a, n = 5. **P < (.05, using Mann-Whitney two-tailed test.
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Figure 5-2. MiR-10a overexpression resulted in a significant decrease in cellular proliferation in SMOV-2 and KK cells. MTS
was normalized to the growth medium for each measurement. Cells transfected with mature miRNA mimic for miR-10a (SMOV2-10a
and KK-10a) were compared to cells transfected with negative control #1 (SMOV2-10actl and KK-10actl) for each cell line and each

time point. ***P < 0.0001, ** P <0.001, * P <0.05, Student’s two-tailed t-test at each time point. n = 6 for each cell line, timepoint,

and transfection condition.



MiR-10a-5p overexpression shifts cells from S and G> to G1 phase

Cell cycle distribution was analyzed in SMOV-2 and KK cells overexpressing
miR-10a-5p compared to non-targeting control transfected cells. SMOV-2 and KK cells
overexpressing miR-10a-5p had a statistically significant increase in the Gi population
and a decrease in S and G populations (P < 0.001) (Figure 5-3). SMOV2-10a had more
than a 6% increase in the G population with a 4.5% decrease percent in the S phase (P <
0.0001). KK-10a had a similar 7% increase in cells in the G| phase, but KK-10a cells had
a more distributed decrease in S phase (4%, P =0.01) and G2 (3%, P = 0.002). The
amount of cellular debris was not significantly changed in either SMOV-2 or KK samples

(Figure 5-3).
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Figure 5-3. Overexpression of hsa-miR-10a-5p shifts cell cycle from S and G2 phase

to G1. Cells transfected with mature miRNA mimic for miR-10a (SMOV2-10a and KK-

10a) were compared to cells transfected with negative control #1 (SMOV2-10actl and

KK-10actl) for each cell line. The flow histograms depict a representative biological

replicate for A) SMOV-2 and B) KK. Graphical depictions represent n = 6 for each cell

line and transfection condition. Statistical analysis was conducted using a 2-tailed

Student’s #-test: *** P <0.0001, ** P <0.001, * P <0.05.
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Predicted miR-10a-5p target genes dysregulated in OCCC with endometriosis play a role

in signaling receptor binding

MiRNA molecules are considered epigenetic regulators of gene expression [411].
Overexpression of miRNA molecules leads to downregulation largely by destabilization
of mRNA transcripts. Importantly, most mRNA molecules are targets of miRNAs [255].
Each miRNA molecule has relative specificity of gene targets based on nucleotide
sequence in the 3’UTR of the target gene. In silico prediction of genes that could be
targeted by individual miRNA families is available in several databases. Target Scan
predicts miRNA binding through complementary binding of the seed region of the mature
miRNA molecule to the mRNA molecule, typically within the 3’UTR [256, 366, 367].
As a slightly different algorithm for miRNA target gene predictions, miRDB uses in
silico predicted miRNA binding to mRNA targets and downregulation of target gene
expression from high-throughput sequencing data to identify putative targets. Additional
predictions are added to miRDB from computational modeling and literature curation
[368, 369]. As another resource, miR TarBase uses natural language processing (NLP) to
extract miRNA-predicted target gene data across the literature, to give miRNA-target
interactions (MTIs). Examples of MTIs from miRTarBase include direct interaction
studies of miRNA and target genes from CLIP-seq data, in silico seed sequence binding
to mRNA from miRanda and miRBase, and experimental validation through reporter
assays, western blots, or gPCR [370]. To determine which dysregulated genes in OCCC
with concurrent endometriosis were predicted targets of miR-10a-5p, miRNA:mRNA
functional interaction prediction was undertaken using datasets from Target Scan v7.2,

miRDB, and miRTarBase 2022 [365]. Target Scan predicted 59 (Table 5-1), miRDB
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predicted 62 (Table 5-2), and miRTarBase predicted 67 (Table 5-3) unique protein-
coding genes downregulated in OCCC with concurrent endometriosis to be putative miR-
10a-5p targets.

While 151 unique protein-coding genes were predicted to be miR-10a-5p target
genes in at least one of the three algorithms, BDNF (brain-derived neurotrophic factor,
log2 fold-change -2.42, P = 6.8e-5), RORA (RAR related orphan receptor A, log2 fold-
change -1.98, P =1.48e-7), CSRNP3 (cysteine and serine-rich nuclear protein3, log2
fold-change -1.93, P =1.57¢-3), CHL1 (cell adhesion molecule L1 like, log2 fold-change
-3.08, P=2.09¢-5), LIX1L (limb and CNS expressed 1 like, log2 fold-change -1.13, P =
7.11e-5), and RAP2A (RAP2A, member of RAS oncogene family, log2 fold-change -
1.52, P =2.63e-5) were genes predicted to be miR-10a-5p targets in each of the three
datasets (Figure 5-4). Using the 151 genes as input, the WEB-based Gene SeT AnaLysis
Toolkit [WebGestalt [412]] revealed that the top network for miRNA targeting was the
miR-10 family as expected (enrichment ratio = 13.67, Table 5-4). Gene ontology
molecular function analysis (Table 5-5) showed enrichment in signaling receptor binding
genes (enrichment ratio = 1.97, P = 1.5¢-3). Pathway analysis (Table 5-6) showed
enrichment in cellular senescence genes (enrichment ratio =4.71, P = 4.24e-3) and TGFb
signaling pathway (enrichment ratio = 7.17, P = 2.34e-3). A listing of the downregulated
predicted miR-10a-5p target genes from the signaling receptor binding molecular
function is listed in Table 5-7. Signaling receptor binding, cellular senescence, and

TGFB-signaling all involve the cell cycle.
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Table 5-1. MiR-10a Target Genes Identified by TargetScan.

miRNA Symbol Gene Name
hsa-miR-10a-5p | ARRDC3 Arrestin domain containing 3
hsa-miR-10a-5p | ARSJ Arylsulfatase family member J
hsa-miR-10a-5p | ATCAY ATCAY kinesin light chain interacting caytaxin
hsa-miR-10a-5p | BACH2 BTB domain and CNC homolog 2
hsa-miR-10a-5p | BCL6 BCL6 transcription repressor
hsa-miR-10a-5p | BDNF Brain derived neurotrophic factor
hsa-miR-10a-5p | BMP2K BMP2 inducible kinase
hsa-miR-10a-5p | Ci4orf28 Chromosome 14 open reading frame 28
hsa-miR-10a-5p | CEPI15 Centrosomal protein 15
hsa-miR-10a-5p | CCDC71L Coiled-coil domain containing 71 like
hsa-miR-10a-5p | CCDC884 Coiled-coil domain containing 88A
hsa-miR-10a-5p | CDK6 Cyclin dependent kinase 6
hsa-miR-10a-5p | CELF?2 CUGBP Elav-like family member 2
hsa-miR-10a-5p | CHLI Cell adhesion molecule L1 like
hsa-miR-10a-5p | CSRNP3 Cysteine and serine rich nuclear protein 3
hsa-miR-10a-5p | DOCK11 Dedicator of cytokinesis 11
hsa-miR-10a-5p | ELAVL?2 ELAYV like RNA binding protein 2
hsa-miR-10a-5p | EPHA4 EPH receptor A4
hsa-miR-10a-5p | INSYN2A Inhibitory synaptic factor 2A
hsa-miR-10a-5p | FBX030 F-box protein 30

Fibronectin leucine rich transmembrane protein 2
hsa-miR-10a-5p | FLRT2
hsa-miR-10a-5p | GATA6 GATA binding protein 6
hsa-miR-10a-5p | IRS! Insulin receptor substrate 1
hsa-miR-10a-5p | ITSNI Intersectin 1

Potassium voltage-grated channel subfamily A
hsa-miR-10a-5p | KCNA6 member 6
hsa-miR-10a-5p | JCAD Junctional cadherin 5 associated
hsa-miR-10a-5p | KLF11 KLF transcription factor 11
hsa-miR-10a-5p | KLF7 KLF transcription factor 7
hsa-miR-10a-5p | KPNAS Karyopherin subunit alpha 5
hsa-miR-10a-5p | LIXIL Limb and CNS expressed 1 like

Lymphatic vessel endothelial hyaluronan
hsa-miR-10a-5p | LYVE] receptor 1
hsa-miR-10a-5p | NEDD4 NEDD4 E3 ubiquitin protein lipase
hsa-miR-10a-5p | NFASC Neurofascin
hsa-miR-10a-5p | NFIX Nuclear factor I X
hsa-miR-10a-5p | NPAS3 Neuronal PAS domain protein 3
hsa-miR-10a-5p | PALM2-AKAP2 | PALM?2 and AKAP2 fusion
hsa-miR-10a-5p | PCDHI10 Protocadherin 10
hsa-miR-10a-5p | PEA1S5 Proliferation and apoptosis adaptor protein 15
hsa-miR-10a-5p | RAP24 RAP2A, member of RAS oncogene family
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hsa-miR-10a-5p | RASL10B RAS like family 10 member B

RNA binding motif single stranded interacting
hsa-miR-10a-5p | RBMS3 protein 3
hsa-miR-10a-5p | RORA RAR related orphan receptor A
hsa-miR-10a-5p | RORB RAR related orphan receptor B
hsa-miR-10a-5p | SAMD14 Sterile alpha motif domain containing 14
hsa-miR-10a-5p | SCARB?2 Scavenger receptor class B member 2
hsa-miR-10a-5p | SERPINEI Serpin family E member 1
hsa-miR-10a-5p | SESN3 Sestrin 3
hsa-miR-10a-5p | SH3D19 SH3 domain containing 19
hsa-miR-10a-5p | SLC3842 Solute carrier family 38 member 2
hsa-miR-10a-5p | SNX12 Sorting nexin 12
hsa-miR-10a-5p | SNXI8 Sorting nexin 18
hsa-miR-10a-5p | SOBP Sine oculis binding protein homolog

ST6 N-acetylgalactosamide alpha-2,6-
hsa-miR-10a-5p | ST6GALNAC6 sialytranferase 6
hsa-miR-10a-5p | THRA Thyroid hormone receptor alpha
hsa-miR-10a-5p | TMEM167B Transmembrane protein 167B
hsa-miR-10a-5p | TMEM170B Transmembrane protein 170B

Transient receptor potential cation channel
hsa-miR-10a-5p | TRPCI subfamily C member 1
hsa-miR-10a-5p | TSPANY Tetraspanin 9
hsa-miR-10a-5p | ZBTBI16 Zinc finger and BTB domain containing 16
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Table 5-2. MiR-10a Target Genes Identified by miRDB.

miRNA Symbol Gene Name

hsa-miR-10a-5p | ACVR2A4 Activin A receptor type 2A

hsa-miR-10a-5p | ARSJ Arylsulfatase family member J

hsa-miR-10a-5p | ATCAY ATCAY kinesin light chain interactin caytaxin

hsa-miR-10a-5p | BACH2 BTB domain and CNC homolog 2

hsa-miR-10a-5p | BDNF Brain derived neurotrophic factor

hsa-miR-10a-5p | CAVIN2 Caveolae associated protein 2

hsa-miR-10a-5p | CCDC88A4 | Coiled-coil domain containing 88A

hsa-miR-10a-5p | CDK6 Cyclin dependent kinase 6

hsa-miR-10a-5p | CHLI Cell adhesion molecule L1 like

hsa-miR-10a-5p | CHST4 Carbohydrate sulfotransferase 4

hsa-miR-10a-5p | CNNI Calponin 1

hsa-miR-10a-5p | CSRNP3 Cysteine and serine rich nuclear protein 3

hsa-miR-10a-5p | DOCKI1 | Dedicator of cytokinesis 11

hsa-miR-10a-5p | EIF542 Eukaryotic translation initiation factor SA2

hsa-miR-10a-5p | GATA6 GATA binding protein 6

hsa-miR-10a-5p | GIMAPS GTPase, IMAP family member 8

hsa-miR-10a-5p | GRIK! Glutamate ionotropic receptor kainate type subunit 1

hsa-miR-10a-5p | IL5RA Interleukin 5 receptor subunit alpha

hsa-miR-10a-5p | INSYN2A4 | Inhibitory synaptic factor 2A

hsa-miR-10a-5p | ITSN] Intersectin 1

hsa-miR-10a-5p | KLF'11 KLF transcription factor 11

hsa-miR-10a-5p | KLF4 KLF transcription factor 4

hsa-miR-10a-5p | LCAS Lebercilin LCAS

hsa-miR-10a-5p | LIXIL Limb and CNS expressed 1 like

hsa-miR-10a-5p | LRRCS8C | Leucine rich repeat containing 8 VRAC subunit C

hsa-miR-10a-5p | NDUFA4 | NDUFA4 mitochondrial complex associated

hsa-miR-10a-5p | OTULINL | OUT deubiquitinase with linear linkage specificity like
. RBMS3 RNA binding motif single stranded interacting protein

hsa-miR-10a-5p 3

hsa-miR-10a-5p | RGSS Regulator of G protein signaling 8

hsa-miR-10a-5p | RORA RAR related orphan receptor A

hsa-miR-10a-5p | SERTM1 Serine rich and transmembrane domain containing 1

hsa-miR-10a-5p | SH3D19 SH3 domaining containing 19

hsa-miR-10a-5p | SIGLECI1 | Sialic acid binding Ig like lectin 11

hsa-miR-10a-5p | SLC3842 | Solute carrier family 38 member 2

hsa-miR-10a-5p | SNXI8 Sorting nexin 18

hsa-miR-10a-5p | SSPN Sarcospan

hsa-miR-10a-5p | TMEM119 | Transmembrane protein 119

hsa-miR-10a-5p | TNFSF$§ TNF superfamily member 8

hsa-miR-10a-5p | TPM4 Tropomyosin 4

hsa-miR-10a-5p | TXLNB Taxilin beta

hsa-miR-10a-5p | UNC5D unc-5 netrin receptor D

hsa-miR-10a-5p | VDR Vitamin D receptor
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hsa-miR-10a-5p | XYLT1 Xylosyltransferase 1

hsa-miR-10a-5p | ZBTB6 Zinc finger and BTB domain containing 6
hsa-miR-10a-5p | ZNF'154 Zinc finger protein 154

hsa-miR-10a-5p | ZNF660 Zinc finger protein 660
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Table 5-3. MiR-10a Target Genes Identifies with miRTarBase.

miRNA Symbol Gene Name

hsa-miR-10a-5p | ABCG2 ATP binding cassette subfamily G member 2

hsa-miR-10a-5p | ACVR2A Activin A receptor type 2A

hsa-miR-10a-5p | AGBL2 AGBL carboxypeptidase 2

hsa-miR-10a-5p | AMPD1 Adenosine monophosphate deaminase 1

hsa-miR-10a-5p | ANO6 Anoctamin 6

hsa-miR-10a-5p | ARHGAP18 | Rho GTPase activating protein 18

hsa-miR-10a-5p | AXL AXL receptor tyrosine kinase

hsa-miR-10a-5p | BAMBI BMP and activin membrane bound inhibitor

hsa-miR-10a-5p | BCL6 BCL6 transcription repressor

hsa-miR-10a-5p | BDNF Brain derived neurotrophic factor

hsa-miR-10a-5p | C6orf89 Chromosome 6 open reading frame 89

hsa-miR-10a-5p | CAB39L Calcium binding protein 39 like

hsa-miR-10a-5p | CD3D CD3 delta subunit T-cell receptor complex

hsa-miR-10a-5p | CD59 CD59 molecule

hsa-miR-10a-5p | CHLI Cell adhesion molecule L1 like

hsa-miR-10a-5p | CHMPIB Charged mulivesicular body protein 1B

hsa-miR-10a-5p | CNTLN Centlein

hsa-miR-10a-5p | COL6A42 Collagen type VI alpha 2 chain

hsa-miR-10a-5p | CPEDI Cadherin like and PC-esterase domain containing 1

hsa-miR-10a-5p | CRY2 Cryptochrome circadian regulator 2

hsa-miR-10a-5p | CSRNP3 Cysteine and serine rich nuclear protein 3

hsa-miR-10a-5p | DLG4 Discs large MAGUK scaffold protein 4

hsa-miR-10a-5p | DPYSL2 Dihydropyrimidinase like 2

hsa-miR-10a-5p | EMB Embigin

hsa-miR-10a-5p | EPHA4 EPH receptor A4

hsa-miR-10a-5p | ETS1 ETS proto-oncogene 1, transcription factor

hsa-miR-10a-5p | FAM1684 Faily with sequence similarity 168 member A

hsa-miR-10a-5p | FAT2 FAT atypical cadherin 2

hsa-miR-10a-5p | FEMIB Fem-1 homolog B

hsa-miR-10a-5p | FHL2 Four and a half LIM domains 2

hsa-miR-10a-5p | GNAL G protein subunit alpha L

hsa-miR-10a-5p | GPR63 G protein-coupled receptor 63

hsa-miR-10a-5p | H6PD Hexose-6-phosphate dehydrogenase/glucose 1-
dehydrogenase

hsa-miR-10a-5p | HLA-E Major histocompatibility complex, class I, E

hsa-miR-10a-5p | ID4 Inhibitor of DNA binding 4

hsa-miR-10a-5p | IL12A4 Interleukin 12A

hsa-miR-10a-5p | JHY Juntional cadherin complex regulator

hsa-miR-10a-5p | KIAA1143 KIAA1143

hsa-miR-10a-5p | KLHDC8A | Kelch domain containing 8A

hsa-miR-10a-5p | KLHL6 Kelch like family member 6
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hsa-miR-10a-5p | LCAS Lebercilin LCAS

hsa-miR-10a-5p | LILRA2 Leukocyte immunoglobulin like receptor A2

hsa-miR-10a-5p | LIXIL Limb and CNS expressed 1 like

hsa-miR-10a-5p | LRP3 LDL receptor related protein 3

hsa-miR-10a-5p | MMP14 Matrix metallopeptidase 14

hsa-miR-10a-5p | MOB3C MOB kinase activator 3C

hsa-miR-10a-5p | MRC2 Mannose receptor C type 2

hsa-miR-10a-5p | NEK7 NIMA related kinase 7

hsa-miR-10a-5p | O4Z1 Ornithine decarboxylase antizyme 1

hsa-miR-10a-5p | PANXI Pannexin 1

hsa-miR-10a-5p | PIK3CG Phosphatidylin951t01-4,5-bisphosphate-3-kinase
catalytic subunit gamma

hsa-miR-10a-5p | PLSCRI Phospholipid scramblase 1

hsa-miR-10a-5p | PTPRG Protein tyrosine phosphatase receptor type G

hsa-miR-10a-5p | RAP24 RAP2A member of RAS oncogene family

hsa-miR-10a-5p | RORA RAR related orphan receptor A

hsa-miR-10a-5p | RPL15 Ribosomal protein L15

hsa-miR-10a-5p | RPS154 Ribosomal protein S15a

hsa-miR-10a-5p | RPS29 Ribosomal protein S29

hsa-miR-10a-5p | RUNDC3B | RUN domain containing 3B

hsa-miR-10a-5p | SERPINEI Serpine family E member 1

hsa-miR-10a-5p | SLC243 Solute carrier family 2 member 3

hsa-miR-10a-5p | SLC4841 Solute carrier family 48 member 1

hsa-miR-10a-5p | SPARC Secreted protein acidic and cysteine rich

hsa-miR-10a-5p | TGFB3 Transforming growth factor beta 3

hsa-miR-10a-5p | TMEM109 Transmembrane protein 109

hsa-miR-10a-5p | TPM4 Tropomyosin 4

hsa-miR-10a-5p | TUBAIA Tubulin alpha la
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Figure 5-4. MiR-10a-5p potential target genes from MiRNA:mRNA target
prediction software. MiRTarBase predicted 145 total target gene sites for miR-10a, with
67 being unique target genes (Red). TargetScan prediction found 59 unique potential
target genes for miR-10a-5p (Yellow). MiRDB predicted 106 total target sites for miR-
10a-5p on 62 unique genes (Blue). MiRTarBase and TargetScan shared 10 unique genes.
MiRTarBase and miRDB shared 10 unique potential target genes. TargetScan and
miRDB shared 23 unique potential miR-10-5p target genes. MiRTarBase, TargetScan,

and miRDB shared 6 unique potential miR-10a-5p target genes.
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Table 5-4. WebGesalt miR-10a.

ID: ACAGGGT,MIR-10A,MIR-10B; Name:

size=123; overlap=20; expect=1.46; enrichmentRatio=13.67; PValue=0.000e+0;
FDR=0.000e+0

Gene Entrez
User ID Symbol | Gene Name Gene
BDNF BDNF brain derived neurotrophic factor 627
1D4 ID4 inhibitor of DNA binding 4, HLH protein 3400
EPHA4 EPHA4 EPH receptor A4 2043
KLFI11 KLF11 Kruppel like factor 11 8462
RAP2A RAP2A RAP2A, member of RAS oncogene family 5911
BACH2 BACH2 | BTB domain and CNC homolog 2 60468
SLC38A2 | SLC3842 | solute carrier family 38 member 2 54407
BCL6 BCL6 BCL6, transcription repressor 604
DOCKI11 | DOCKII | dedicator of cytokinesis 11 139818
GATA6 GATA6 GATA binding protein 6 2627
ITSN1 ITSN1 intersectin 1 6453

potassium voltage-gated channel subfamily A

KCNA6 KCNA6 | member 6 3742
NFASC NFASC | neurofascin 23114
SOBP SOBP sine oculis binding protein homolog 55084
ARRDC3 | ARRDC3 | arrestin domain containing 3 57561
Cl4orf28 | Cl4orf28 | chromosome 14 open reading frame 28 122525
CELF2 CELF?2 CUGBP Elav-like family member 2 10659
ELAVL2 | ELAVL2 | ELAV like RNA binding protein 2 1993
NFIX NFIX nuclear factor I X 4784
PALM?2 PALM2 | paralemmin 2 114299
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Table 5-5. WebGesalt miR-10a pathways.

ID: GO:0005102; Name: signaling receptor binding

size=1538; overlap=22; expect=11.14; enrichmentRatio=1.97;
PValue=1.469¢-3; FDR=4.871e-1

Gene Entrez
User ID Symbol Gene Name Gene
ACVR2A | ACVR24 activin A receptor type 2A 92
ARRDC3 | ARRDC3 arrestin domain containing 3 57561
BAMBI BAMBI BMP and activin membrane bound inhibitor 25805
BDNF BDNF brain derived neurotrophic factor 627
DLG4 DLG4 discs large MAGUK scaffold protein 4 1742
EPHA4 EPHA4 EPH receptor A4 2043
FEMIB FEMIB fem-1 homolog B 10116
FHL2 FHL? four and a half LIM domains 2 2274
FLRT2 FLRT2 fibronectin leucine rich transmembrane protein 2 23768
GNAL GNAL G protein subunit alpha L 2774
HLA-E HLA-E major histocompatibility complex, class I, E 3133
IL12A IL124 interleukin 12A 3592
IRS1 IRS1 insulin receptor substrate 1 3667
MMP14 MMP14 matrix metallopeptidase 14 4323

neural precursor cell expressed, developmentally
NEDD4 NEDD4 down-regulated 4, E3 ubiquitin protein ligase 4734
PANX1 PANXI pannexin 1 24145
phosphatidylinositol-4,5-bisphosphate 3-kinase

PIK3CG PIK3CG catalytic subunit gamma 5294
PLSCRI1 PLSCRI1 phospholipid scramblase 1 5359
SERPINE1 | SERPINEI | serpin family E member 1 5054
TGFB3 TGFB3 transforming growth factor beta 3 7043
TNFSF8 TNFSF§8 TNF superfamily member 8 944
VDR VDR vitamin D receptor 7421
ID: hsa04218; Name: Cellular senescence
size=160; overlap=5; expect=1.06; enrichmentRatio=4.71; PValue=4.245¢-3;
FDR=6.653¢-1

Gene Entrez
User ID Symbol Gene Name Gene
CDK6 CDK6 cyclin dependent kinase 6 1021
ETSI ETSI ETS proto-oncogene 1, transcription factor 2113
HLA-E HLA-E major histocompatibility complex, class I, E 3133
SERPINE1 | SERPINEI | serpin family E member 1 5054
TGFB3 TGFB3 transforming growth factor beta 3 7043
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ID: hsa04350; Name: TGF-beta signaling pathway

size=84; overlap=4; expect=0.56; enrichmentRatio=7.17; PValue=2.347¢-3;

FDR=4.205e-1

Gene Entrez
User ID Symbol Gene Name Gene
ACVR2A | ACVR24 activin A receptor type 2A 92
BAMBI BAMBI BMP and activin membrane bound inhibitor 25805
1D4 ID4 inhibitor of DNA binding 4, HLH protein 3400
TGFB3 TGFB3 transforming growth factor beta 3 7043
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Table 5-6: Putative miR-10a-5p target genes downregulated in OCCC with concurrent
endometriosis within the receptor signaling pathway.

Gene Name | description log2FoldChange Pagj
ACVR2A4 activin A receptor type 2A -1.52 5.14E-05
ARRDC3 arrestin domain containing 3 -2.11 1.38E-05
BMP and activin membrane bound
BAMBI inhibitor -2.57 1.03E-10
BDNF brain derived neurotrophic factor -2.42 4.93E-04
DLG4 discs large MAGUK scaffold protein 4 -1.55 7.17E-06
EPHA4 EPH receptor A4 -3.29 2.75E-13
FEMIB fem-1 homolog B -1.56 3.87E-09
FHL2 four and a half LIM domains 2 -2.70 1.60E-08
fibronectin leucine rich transmembrane
FLRT? protein 2 -3.15 5.94E-13
GNAL G protein subunit alpha L -3.60 3.56E-06
major histocompatibility complex, class
HLA-E LLE -1.32 4.39E-03
IL124 interleukin 12A -1.82 4.61E-02
IRS1 insulin receptor substrate 1 -1.54 1.10E-02
MMP14 matrix metallopeptidase 14 -2.98 9.40E-06
NEDD4 NEDD4 E3 ubiquitin protein ligase -1.48 6.79E-05
PANXI pannexin 1 -2.03 2.86E-06
phosphatidylinositol-4,5-bisphosphate 3-
PIK3CG kinase catalytic subunit gamma -2.49 2.24E-05
PLSCRI phospholipid scramblase 1 -1.37 4.91E-02
SERPINE1 | serpin family E member 1 -4.78 1.10E-06
TGFB3 transforming growth factor beta 3 -3.11 2.05E-12
TNFRSFS TNF receptor superfamily member 8 -2.93 4.28E-03
VDR vitamin D receptor -2.12 4.67E-02
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MiR-10a-5p overexpression results in downregulation of genes involved in proliferation

and cell cycle progression

The 151 genes downregulated in OCCC with concurrent endometriosis, which
were putative miR-10a-5p target genes, were manually annotated for functional roles in
proliferation or cell cycle. To examine the association of miR-10a-5p expression on these
hand-selected putative target genes, mature miR-10a-5p was overexpressed in OCCC cell
lines and target gene expression was examined by qPCR. Overexpression of miR-10a
resulted in a nearly 2-fold decrease in PALM2-AKAP2 in SMOV-2 cells (P < 0.01, Figure
5-5A). A smaller, non-statistically significant effect was demonstrated in KK cells
overexpressing miR-10a (P = 0.12, Figure 5-5B). PALM2-AKAP?2 is a newly named
fusion gene with a yet unknown function, but it has been correlated with functions similar
to the previously distinct PALM?2 and AKAP2 genes, such as proliferation in colorectal
cancer cell lines [413]. Similarly, decreased AKAP2 decreased cellular proliferation in
ovarian cancer and decreased proliferation through the regulation of ERK1/2 [414, 415].
Overexpression of miR-10a-5p was associated with a 2.4-fold decrease in Cyclin
dependent kinase 6 (CDK6) gene expression in both SMOV-2 and KK cells (P < 0.05,
Figure 5-5A-B). CDKG6 is a critical molecule for cellular proliferation and cell cycle
progression from G1 to S phase [416, 417]. Dysregulation of CDK6 is common in
cancers and has previously been implicated in dysfunctional proliferation and disease
progression in ovarian carcinomas [418, 419]. Overexpression of miR-10a-5p was
associated with a 2-fold decrease in RAP2A4, member of RAS oncogene family (RAP2A)
gene expression in SMOV-2 (P <0.01, Figure 5-5A), and a 3-fold decrease in KK cells

(P <0.001, Figure 5-5B). RAP24 is involved in cellular proliferation, has been positively
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correlated with increased platinum resistance in gastric cancer cells, and is a downstream
target of 7P53 in cell cycle regulation [420-422]. Overexpression of miR-10a-5p was
associated with a more than 3-fold decrease in Serpin Family E Member 1 (SERPINE])
gene expression in KK cells (P = 0.01, Figure 5-5B). SERPINE has been found to
increase cancer cell proliferation through its regulation by miR-10a in clear cell renal
carcinoma [323]. Overexpression of miR-10a-5p was associated with a non-statistically
significant decrease in Ephrin type A receptor 4 (EPHA4) gene expression in SMOV-2
cells (P <0.07, Figure 5-5A). EPHA4 is a receptor involved in cancer cell proliferation in
breast cancer cells through AKT signaling, where downregulation of EPHA4 decreased
proliferation and increasing EPHA4 increased proliferation [423, 424]. EPHA4 is not

expressed in KK cells (data not shown).
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Figure 5-5. Putative miR-10a target genes, involved in cellular proliferation and the
G1/S checkpoint, are downregulated with miR-10a-5p overexpression. Cells
transfected with mature miRNA mimics for miR-10a (SMOV2-10a and KK-10a) were
compared to cells transfected with negative control #1 (SMOV2-10actl and KK-10actl)
for each cell line. A) SMOV-2 and B) KK gene expression panels. RQ, the relative
quantity of gene of interest to AC7B, normalized to negative control #1. Expression is
plotted as mean + SEM. Each gene was run with n = 6 for each cell line and treatment
group. ** P <0.001, * P <0.05, TP < 0.07 using unpaired Mann-Whitney or Welch’s

one-tailed t-test within cell lines.
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5.3 Discussion

MiR-10a expression leads to variable effects on cancers that are tissue-specific
[296-298, 301-321]. Some studies report that miR-10a acts as a tumor suppressor effects
(i.e., decreased proliferation, increased apoptosis, or clinical correlation to better
treatment outcomes) [301-305], while other studies report oncogenic features of
increased proliferation, metastasis, invasion, and decreased response to therapeutics in
vitro or in vivo [306-321]. During our original analyses, we attempted to draw simple
correlations between cell line miR-10a expression, common mutations (i.e., ARIDIA
mutants), and cellular proliferation. However, we were unable to determine clear
genotypic or phenotypic correlations for cell lines with lower and higher basal miR-10a
expression. For example, when analyzing the mutational profiling results of the eleven
cell lines in Table 2-3, seven out of eleven cell lines were profiled as ARID 14 mutant cell
lines (loss of function) [60, 80, 84]. Four of the cell lines in Table 2-3 are known as are
published as ARID 1A wildtype: ES-2, KK, RMG-I, and SKOV3 [60, 80, 84]. Three of
these four ARID 14 wild-type cell lines had higher expression of basal miR-10a, while the
KK cell line had one of the lowest miR-10a expression levels. The seven ARID1A
mutant cell lines varied in miR-10a expression, with OVAS and ES-2 as the highest to
SMOV-2 exhibiting the lowest expression (Figure 4-3). Furthermore, the same variability
between ARID1A4 mutation status and miR-10a basal expression also occurred when
evaluating the doubling times of the cell lines. Although doubling times vary by cell
culture protocol and conditions in laboratories (i.e., preferred growth medium and
supplements), a clear delineation of the doubling time of the cell lines used in Table 2-3

did not correlate with miR-10a expression. For example, using the reported doubling

110



times for TOV-21G (25 hours), SKOV3 (27 hours), and ES-2 (19 hours) [80], TOV-21G
had a low basal miR-10a, whereas SKOV3 and ES-2 had a higher basal expression of

miR-10a even though their doubling times were not similar to one another.

In order to investigate the role of miR-10a on OCCC proliferation, we chose two
cell lines with the lowest expression of miR-10a and no published contraindications to
being an OCCC cell line: SMOV-2 and KK. Increasing miR-10a expression in SMOV-2
and KK cell lines resulted in a significant decrease in proliferation for both cell lines after
96 hours following transfection with miR-10a mimics. This time delay is likely due to the
40+ hour doubling time for SMOV-2 and KK cells. Interestingly, PI staining of the cells
24 hours after transfection showed early effects of miR-10a expression on the cell cycle.
Both SMOV2-10a and KK-10a overexpressing cells showed a significant shift in the
percentage of cells in the three phases of the cell cycle, as quantified by flow cytometry.
The amount of cells in G was significantly increased in both SMOV2-10a and KK-10a
samples, with a decrease in the amount of cells (peaks) in S and G». This cell cycle shift
suggests that cells are spending longer in G1 or could potentially be shifting into a Go/
state of senescence as an effect of increased miR-10a. The percentage of cell debris was
not changed by miR-10a expression, suggesting these cells are not undergoing apoptosis,
but further testing with a Caspase-3 assay, for example, would provide better evidence on
the effects of apoptosis. PI staining is unable to differentiate between Gi and the
senescent state of Go; therefore, other assays such as beta-galactosidase staining would

provide more insight into the true nature of miR-10a’s effect on the cell cycle.

While increasing miR-10a expression in cells would result in a change in

proliferation and cell cycle, targeting miRNAs clinically has previously been difficult
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[425]. Due to the clinical difficulty of targeting miRNAs, finding a downstream target of
miR-10a that could be clinically significant to the effect of miR-10a was pursued in our
study. Using three target prediction software following the previously published protocol
for identifying potential target genes [365], we identified 151 unique protein-coding
genes as potential miR-10a targets using reciprocal expression in OCCC with concurrent
endometriosis compared to endometrioma. Further analysis of these 151 genes using
WebGestalt revealed that these genes were involved in receptor signaling pathways,
proliferation, and cell cycle progression (Table 5-5). The 151 potential miR-10a target
genes were manually annotated based on their functional roles in proliferation and cell
cycle to highlight PALM2-AKAP2, CDK6, RAP2A, EPHA4, and SERPINEI. These genes
were evaluated in SMOV2-10a and KK-10a cells and found to be significantly
downregulated by miR-10a overexpression (Figure 5-3). Having these genes
downregulated by miR-10a expression suggests them as direct factors in the change in
proliferation and cell cycle. Overall, these findings provide insight into a mechanism for

miR-10a in OCCC proliferation and cell cycle.
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CHAPTER 6: DISCUSSION

The goal of this dissertation was to explore the transcriptomic contributions of
concurrent endometriosis to OCCC to identify potential contributors to disease and
clinically relevant biomarkers. We observed a positive relationship between miR-10a
overexpression and chemoresistance in vitro. Furthermore, we identified a mechanism by
which miR-10a regulates OCCC proliferation, and potential chemotherapeutic response
involves disruption of the cell cycle (Figure 6-1). These results warrant further study in
primary tissues and patient samples to corroborate miR-10a as a biomarker for

chemotherapy response.

Transcriptomic Profiling of EOC

While multi-platform analyses are attempting to categorize epithelial ovarian
cancers beyond histology to discover molecular features that can be targeted for
therapeutic benefit [64, 98, 371], current first-line therapy for women with ovarian
carcinomas remains similar for all histological subtypes and includes surgical debulking
to remove maximum tumor tissue and six cycles of carboplatin and paclitaxel or
neoadjuvant chemotherapy [134, 426]. Fortunately, 70% of women with high-grade
serous ovarian carcinomas show a complete response to these standard regimens [427].
Unfortunately, up to 89% of women with OCCC show progression of disease with this
standard protocol [150-152]. These epidemiological data highlight a critical need for
further understanding of the molecular features of OCCC to improve treatment options

and discoveries.
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Towards this need for understanding the molecular underpinnings of ovarian
cancer to develop novel therapeutic interventions, various -omics studies have been
undertaken such as multi-platform epigenetic (i.e., DNA methylation, histone binding),
genomic (i.e., whole genome sequencing, exome sequencing, targeted gene sequencing,
copy number variant), transcriptomic (i.e., bulk RNA, small RNA, target gene
expression), and proteomic (i.e., targeted immunohistochemistry, reverse phase protein
array). Furthermore, many of the multi-platform studies utilized the much more abundant
sample numbers from HGSOC [64].

Transcriptomic discoveries have contributed to new therapeutic interventions for
women with EOC to add to the standard of care regimen of carboplatin and paclitaxel for
some subtypes and stages of EOC (i.e., stage [I+ HGSOC) [134]. For example,
bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor
(VEGF) [428], was approved as a new treatment option for women with ovarian cancer in
2014 for women with platinum-resistant, recurrent ovarian cancer [429, 430]. VEGF
expression was first quantified in ascitic fluid of women with ovarian cancer in 1993
[431], and transcriptomically within ovarian tissue in 1994 [432]. Further approval of
bevacizumab as part of first-line treatment for women with stage 11+ EOC occurring in
2018 [433, 434]. Ovarian cancers typically overexpress VEGF [435] with the negative
outcomes of increased angiogenesis and blood supply to the cancer cells [206]. While
recent yet small population studies focusing on OCCC have found a survival benefit for
women with advanced OCCC [436], unfortunately, most of the original clinical evidence

and benefit of bevacizumab was contained to women with HGSOC [430, 437-439].
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Currently, there are few publicly available transcriptomic datasets for OCCC
listed in the gene expression omnibus (GEO), and some of them do not yet appear to be
published as peer-reviewed articles (Supplementary Table 2-3). Moreover, many OCCC
transcriptomic profiling studies utilize OCCC cell lines that do not represent women with
OCCC and concurrent endometriosis [120, 374]. For example, Yamaguchi ef al. [374]
created an OCCC signature from OCCC cell lines and compared it to multiple published
or publicly available OCCC datasets. Nagaraja et al. [120] integrated transcriptomic
microarray data with small RNA data from next-generation sequencing of a panel of
OCCC cell lines compared to primary cultures of normal ovarian surface epithelium.
While up to 50% of OCCCs are associated with endometriosis [225, 376], most
transcriptomic studies of primary tumors classified as OCCC do not characterize samples
as coming from women with concurrent endometriosis, pathology-proven endometriosis
or even a history of endometriosis [59, 129, 247, 250, 374, 375]. One of the few studies
that delineated endometriosis status as part of their samples was from Bolton ef al. where
they performed the largest multi-platform sequencing of OCCC to date. They used both
genomic (n =421 samples) and transcriptomic (n = 211 samples) profiling [59]. While
more than 10% of their samples of OCCC were classified as coming from women with
endometriosis [59], they did not analyze data from OCCC with concurrent endometriosis
independently from those without endometriosis. This lack of concurrent endometriosis
analysis could have been due to the endometriosis being based on patient-reported history
and only confirmed by histology on samples from one institution. One study that did
delineate samples’ endometriosis status, Shih et al. [129] included the following sample

sets: endometriosis from women without OCCC, endometriosis adjacent to OCCC,
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atypical endometriosis, and OCCC. Their results showed that transcriptomic profiles
from endometriosis adjacent to OCCC were most similar to atypical endometriosis.
Similar to our results, they also showed that transcriptomic profiling of endometriosis
samples from women without OCCC was distinct from the +OCCC samples [129].
However, Shih ef al. [129] did not examine OCCC samples from women with concurrent
endometriosis even though they used laser capture microdissection to retrieve their
samples. They focused more on the separated endometriosis samples and the
transcriptomic transformation from endometriosis to atypical endometriosis to OCCC.

Our study is unique for its inclusion of OCCC samples with pathologically-
confirmed endometriosis from women with concurrent endometriosis. All OCCC with
concurrent endometriosis samples were primary tumor tissue with the presence of
concurrent endometriosis confirmed by pathology reports. Unfortunately, these strict
inclusion criteria, as well as the limited availability of samples due to OCCC’s rarity,
restricted the sample size in our study. Future studies would be warranted to obtain
matched samples of endometrioma and adjacent OCCC.

For another multi-platform transcriptomic approach, we also profiled small RNA
molecules in OCCC with concurrent endometriosis. Small RNA sequencing of these
samples identified miR-141-3p, miR-183-5p, and miR-10a-5p as the top three most
upregulated miRNAs in OCCC with concurrent endometriosis. MiR-141-3p
overexpression has been demonstrated in a panel of platinum-resistant cell ovarian cancer
lines [440]. Further, increased expression of miR-141-3p was associated with increased
cellular proliferation in esophageal cancer [441]. Like miR-141-3p, studies of miR-183-

Sp in ovarian carcinoma are limited, but bioinformatic analysis in high-grade serous
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ovarian carcinoma correlated miR-183-5p with platinum-resistance [442]. The specific
role of these miRNAs in OCCC is currently unknown and will be crucial components in
future studies. To our knowledge, this represents the first small RNA sequencing analysis
of OCCC with concurrent endometriosis.

Previously, transcriptomic analysis with small RNAs has been oriented as a
targeted therapeutic mechanism, with clinical trials unfortunately not progressing to
Phase III commonly due to difficulty in delivery mechanisms causing off-target effects
and severe toxicity profiles [443, 444]. However, non-invasive or minimally invasive
laboratory testing (i.e., urine and plasma samples) have been used to detect miRNA
expression [328, 445], suggesting using miRNA expression as a biomarker of disease or
therapeutic response marker is more feasible and an earlier step of understanding miR-

10a expression in OCCC in future studies.

MiR-10a regulation of genes at critical pathways in OCCC and the cell cycle

Our transcriptomic profiling analyses revealed miR-10a-5p as the most abundant
miRNA in OCCC with concurrent endometriosis, comprising 21% of the miRNA
molecules. MiR-10a has been found to be upregulated in primary ductal breast
carcinomas, squamous cell cervical carcinomas, acute myeloid leukemia, and pancreatic
ductal adenocarcinomas and correlated with disease progression and platinum-resistance
[311, 314, 319, 322, 327, 400-402, 446, 447]. Similar to other cancers, our study
observed a strong, positive relationship between miR-10a-5p expression and platinum
response in a panel of OCCC cell lines (R? = 0.93). Focusing on benign disease and

ovarian function, previous studies have shown that miR-10a-5p expression is
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significantly lower in endometriomas compared to matched and unmatched eutopic
endometrium [264, 448]. Further, increased expression of miR-10a-5p in granulosa cells
resulted in decreased proliferation [449], consistent with our results in OCCC cell lines.
Moreover, increased expression of miR-10a-5p in granulosa cells led to cell cycle
deficiencies, mediated through indirect regulation of cyclin-dependent kinase 2 [449].
Dysregulated genes in the cell cycle and DNA repair pathways have been implicated in
OCCC and associated with its disease progression and platinum-resistant phenotype.
These genes include RAP2A [450-452], CDK6 [418, 419, 453], SERPINE1] [454, 455],
and EPHA4 [456-459] and are involved in disease progression, drug response, and are
markers of progression. Overexpression of miR-10a-5p in OCCC cell lines showed an
associated decrease in the expression of these genes, and although not directly tested in
this study, provide support as being putative miR-10a-5p target genes as several
published studies have shown direct effects or associated effects of miR-10a on
SERPINE] [323] and EPHA4 [459, 460] gene expression.

Our results led to a working hypothesis that miR-10a overexpression in OCCC
prolongs G or arrests cells in the Go/1 phase. A limitation of the miR-10a overexpression
data collection from our cell lines is the skewed interpretation of the results related to cell
cycle/proliferation based on samples collected at different time points for cells with
various doubling times. SMOV-2 and KK have long doubling times of 43 and 41 hours
(Figure 5-2) that were lengthened to 85 and 48 hours in SMOV2-10a and KK-10a,
respectively (Figure 5-2). Experimental design modifications could be done for future

studies to increase the homogeneity between cell lines and collection times, such as cell
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cycle synchronization using pharmacological intervention (nocodazole) or serum

starvation of the cell culture media.

Overall summary and working hypothesis

Figure 6-1 shows our working hypothesis of the role of miR-10a-5p effects on
cell cycle progression in OCCC. In summary, we found a significant decrease in cellular
proliferation with overexpression of miR-10a-5p in OCCC. This decrease in proliferation
may be due to a deficit in the G1/S checkpoint as a significant increase in cell population
in G was seen in cell cycle analysis while also having a significant decrease in cells in
both S and G phases. Upon further evaluation of miR-10a target genes involved in
proliferation, genes that regulated the G1/S checkpoint were downregulated in SMOV-2
and KK cells transfected to overexpress miR-10a. More specifically, the miR-10a-5p
target gene, CDKO6, is well known for its regulation of a cell’s progression to the S phase
through its dimer with Cyclin-dependent kinase 4 (CDK4) [461]. Other genes, including
EPHA4 [424], RAP2A4 [422], and SERPINE1] [462] have been implicated in cell cycle
progression. Of particular interest to the increased number of cells in G; are CDK6 and
EPHA4, with downregulation of both being linked to cells remaining in Go/G1 [424, 463].
The increase in this population of cells is clinically significant for the cell cycle phases in
which platinum and taxanes show efficacy [464, 465]. These drugs are commonly
effective during the S and M phases, causing DNA and mitotic spindle damage, leading
to cell death. However, if OCCC cells are overexpressing miR-10a and stuck in a
senescent or earlier stage of the cell cycle for an extended period, they will be less likely

to undergo damage and death from cytotoxic platinum and taxane agents, leading to
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resistant tumors. While future studies are needed to explore this hypothesis further, this
study provides insight that miR-10a-5p is an impactful, potentially oncogenic molecule in

OCCC that can lead to use as a potential biomarker and therapeutic target.

120



A G1/S
) G1 Phase Transition S Phase

DNA
Replication/Cell
Cycle Progression

B) G1/S
G1 Phase Transition S Phase M Phase

Platinum-containing agent Taxane

active

phase
DNA "

=P Replication/Cell == ==p- I |\

Cycle Progression [ I“ e

G1/S
) G1 Phase Transition S Phase M Phase

Platinu“ning agent

Figure 6-1. The working hypothesis for the mechanism of miR-10a-5p
overexpression in OCCC Go or G1/S Checkpoint. A) Simplified representation of cell

cycle progression function in non-cancerous cells, whereby CDK6 phosphorylates Rb
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freeing E2F for DNA replication in the S phase. B) Infographic representation of cell
cycle progression in non-malignant cells treated with platinum and/or taxane-containing
agents. Cells will sustain DNA and/or microtubule damage resulting in no continued
progression through the cell cycle and subsequent cell death. C) Represents the working
hypothesis for cell cycle progression in miR-10a-5p overexpressing OCCC cells. MiR-
10a-5p downregulates CDK6 and other important regulators of the cell cycle slowing or
halting phosphorylation of Rb leading to inactive or prolonged inactivation of E2F and
transition to S Phase and DNA replication. Cells slowed in Gi or senescing in Go miss the

critical chemotherapeutic effects in the S and M phases (red “X”’s).
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Supplementary Table 1. Clinical characteristics and experimental use of patient samples.

Tube ID

Cw44

CW9

LCW62

CW195

CW145

CW153

Cw2

Tissue category

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Tissue
type
Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Tissue
Source
Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

Age

30

43

25

36

29

21

42

Endometrial
cycle phase
Proliferative

Proliferative

Proliferative

Unknown

Proliferative

Proliferative

Secretory

Race
Ethnicity
Asian

Latina

Asian

Latina

Latina

Latina

Latina

Surgical
Indication
Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain;
infertility

Adnexal
mass;
pelvic pain;
AUB

Location of
endometriosis
Cyst
wall/ovarian
endometrioma

Cyst
wall/ovarian
endometrioma

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma

OVCA
Stage
NA

NA

NA

NA

NA

NA

NA

%Tumor
Cellularity
NA

NA

NA

NA

NA

NA

NA

Experimental
Use

Poly-A RNA
sequencing;
Small RNA
sequencing
Poly-A RNA
sequencing;
Small RNA
sequencing
Poly-A RNA
sequencing;
Small RNA
sequencing

Poly-A RNA
sequencing;
Small RNA
sequencing

qPCR

qPCR

qPCR
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CW119

CWo98

CW14

CW7

CWI19

CW142

CW99

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Endometrioma

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Ovarian
cyst
wall

Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

Hawkins

42

23

30

23

48

21

41

Endometritis

Unknown

Proliferative

Proliferative

Interval

Unknown

Unknown

Latina

Non-
Hispanic
white

Non-
Hispanic
white

Non-
Hispanic
white

Latina

Latina

Latina

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain;
infertility

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain;
infertility

Adnexal
mass;
pelvic pain

Adnexal
mass;
pelvic pain

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

Cyst
wall/ovarian
endometrioma

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR
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CWM2

CW82a

2005-09-G923

UH1310-47

UHO0011-43

UH0001-22

UH9811-13

UH9510-31

UH9908-26

UH0602-38

2003-04-G261

UH9510-07C

Endometrioma

Endometrioma

Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)
Ovarian clear
cell carcinoma
(OCCC)

Ovarian
cyst
wall
Ovarian
cyst
wall

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Hawkins

Hawkins

NRG BB

IuscccC

IuscccC

IuscccC

IuscccC

IuscccC

Iusccc

IuscccC

NRG BB

IuscccC

37

31

63

39

52

79

59

72

52

72

54

53

Prior
hysterectomy

IUD

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

NA

Unknown

African
American

Latina

Unknown

Non-
Hispanic
white
Non-
Hispanic
white
Non-
Hispanic
white
Non-
Hispanic
white
Non-
Hispanic
white
Non-
Hispanic
white
African
American

Unknown
Non-

Hispanic
white

Adnexal
mass;
pelvic pain
Adnexal
mass;
pelvic pain

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Cyst
wall/ovarian
endometrioma
Cyst
wall/ovarian
endometrioma;
extensive
peritoneal
disease

none

none

none

none

none

none

none

none

none

none

NA

NA

11B

IA

IA

1A

IA

1A

ITA

1IC

v

v

NA

NA

50%

50%

50-80%

50-80%

50-80%

50-80%

50-80%

50-80%

75%

50-80%

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR



LTI

2001-04-G618

2001-05-G002

2005-04-G741

2003-03-G506

2003-02-G506

2004-03-G712

2008-03-G526

Ovarian clear
cell carcinoma
with concurrent
endometriosis
(ocCcCc-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(occCc-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(OCCcC-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(OCCcC-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(OCCcC-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(OoCcCc-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

Ovary

NRG BB

NRG BB

NRG BB

NRG BB

NRG BB

NRG BB

NRG BB

52

48

51

50

55

72

66

Unknown

Proliferative

Atrophic

Proliferative

Atrophic

Inactive

Atrophic

Non-
Hispanic
white

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Adnexal
mass

Left ovary;
Pelvic
peritoneum

Right and left
ovary, pelvic
peritoneum

Left ovary;
sigmoid serosa;
uterine serosa

Right ovary,
appendix

Right ovary;
Left ovary; left
fallopian tube;
right fallopian
tube

Right ovary,
left ovary and
tube uterine
serosa

Right ovary,
uterine serosa

IA

IA

11B

1IC

1A

IA

ITA

>90%

60%

80%

80%

60-70%

>90%

50%

Poly-A RNA
sequencing;
Small RNA
sequencing;
qPCR

Poly-A RNA
sequencing;
Small RNA
sequencing;
qPCR

Poly-A RNA
sequencing;
Small RNA
sequencing;
qPCR
Poly-A RNA
sequencing;
Small RNA
sequencing;
qPCR

qPCR

qPCR

qPCR
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2005-01-G677

98-11-G630

(OCCcC-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(0CCcC-
ENDO)
Ovarian clear
cell carcinoma
with concurrent
endometriosis
(OCcCc-
ENDO)

Ovary

Ovary

NRG BB

NRG BB

45 Proliferative

49 = Unknown

Unknown

Unknown

Adnexal
mass

Adnexal
mass

Pelvic
peritoneum;
uterine serosa

Right ovary

11B

IITA2

70%

60-70%

qPCR

qPCR
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Supplementary Table 2. Gene Omnibus OCCC transcriptomic datasets cell lines.

GEO Total 0CCC Endometriosis References
Accession Sample Type Samples Samples Samples Platform
IMlumina HiSeq 2500 [466]
and Illumina NextSeq
GSE101974 TOV-21G 22 22 0 500
GSE107201 TOV-21G 3 3 0 Illumina NextSeq 500 [467]
GSE110448 TOV-21G 2 2 0 [llumina NextSeq 500 [468]
GSE110449 TOV-21G 5 5 0 Illumina NextSeq 500 [468]
[llumina HumanHT-12 | [469]
Extracellular vesicles V4.0 expression
GSE113440 from ES-2 6 6 0 beadchip
ES-2, JHOC-5, and [470]
GSE114332 RMG-II 18 3 0 Illumina NextSeq 500
Agilent-028004 [471]
SurePrint G3 Human
GSE122926 RMG-I and TOV-21G | 12 4 0 GE 8x60K Microarray
OCI-C5x cell line and [472]
GSE123426 11 clones 12 12 0 Illumina HiSeq 2000
Patient Derived Cell NanoString nCounter [473]
Lines: OCI-P5x and human PanCancer
GSE153440 OCI-C5x 2 1 0 Pathways Panel
ES-2, KK, OVAS, [120]
OVISE, OVMANA,
OVSAYO, OVTOKO, Illumina HumanHT-12
RMG-I, SMOV-2, and V3.0 expression
GSE16574 TOV-21G 40 34 0 beadchip
GSE172016 TOV-21G 19 6 0 Ilumina HiSeq 2500 [474]
OVISE, TOV-21G, [475]
GSE189552 ES-2, and JHOC-5 24 24 0 Illumina NovaSeq 6000
GSE200509 TOV-21G 6 3 0 Illumina NovaSeq 6000 | [476]
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FFPE and Frozen [477]
Primary Tissue and
Immortalized Cell
Lines (ES-2, TOV-
GSE200852 21G, and SKOV3) 52 27 [llumina MiSeq
Affymetrix N/A
Patient Derived Multispecies miRNA-4
GSE214239 Extracellular Vesicles | 8 4 Array
Affymetrix Human [478]
GSE25212 SKOV-3 16 16 Gene 1.0 ST Array
SKOV-3, TOV-21G, [479]
SKOV-2, IGROV-1, Human SMD
GSE27225 and ES-2 59 14 Print 1360
Derived from GPL7088 | [480]
IGROV-1 and SKOV- -CCDTM
GSE28472 3 74 2 Hs CCDTM36k
SKOV-3, JHOC-5, [374]
JHOC-7, JHOC-8,
JHOC-9, OVISE,
OVTOKO, RMG-1, Affymetrix Human
RMG-2, RMG-5, Genome U133A 2.0
GSE29175 TOV-21G, IGROV-1 38 13 Array
KK, OVISE, [481]
OVTOKO, RMG-1, CodeLink Human 20K
GSE3001 and SKOV-3 10 5 ver4.1
Affymetrix Human [482]
Genome U133 Plus 2.0
GSE30501 TOV-21G 6 6 Array
Agilent-014850 Whole | N/A
Human Genome
Microarray 4x44K
GSE34396 RMG-1 2 2 G4112F
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OVISE, OVTOKO, Affymetrix Human [349]
ES-2, IGROV-1, Genome U133 Plus 2.0
JHOC-5, EFO21, Array and Affymetrix
OAWA42, and Genome-Wide Human
GSE36139 OVMANA 1864 11 SNP 6.0 Array
Affymetrix Human N/A
Genome U133 Plus 2.0
GSE37290 RMG-2 20 20 Array
Human Cancer Array N/A
GSE39216 RMG-1 2 2 11K
Primary Ovarian llumina HumanHT-12 N/A
Cancer Tissue, SKOV- V4.0 expression
GSE40785 3, and RMG-1 37 12 beadchip
Affymetrix Mapping [388]
250K Sty2 SNP Array,
[llumina HumanHT-12
V4.0 expression
beadchip, and
Primary Ovarian Affymetrix
Tissue, SKOV-3, and OncoScan™ FFPE
GSE40788 RMG-1 103 7 Express
[llumina HumanHT-12 | [483, 484]
V4.0 expression
GSE49577 HOX424 101 50 beadchip
[llumina HumanHT-12 | [485]
SKOV-3 and SKOV- V3.0 expression
GSE52999 3ipl 6 6 beadchip
ES-2, SKOV-3, Affymetrix Human [80]
GSES53418 IGROV-1, TOV-21G | 32 4 Exon 1.0 ST Array
Illumina HumanHT-12 | [486]
V4.0 expression
GSE54979 OVISE 9 9 beadchip
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Affymetrix Human N/A
GSE60252 RMG-I 10 2 Gene 1.1 ST Array
Primary Ovarian [487]
Cancer Tissue, ES-2,
IGROV-1, OVAS,
OVMANA,
OVTOKO, RMG-I,
GSE66729 and TOV-21G 376 8 [llumina HiSeq 2000
IGROV-1, SKOV-3, Almac Ovarian Cancer | [389]
GSE73637 ES-2, TOV-21G 52 12 Disease Specific Array
[llumina HumanHT-12 | [488]
V4.0 expression
GSE82304 SKOV-3 6 6 beadchip
GSEg4405 TOV-21G 5 5 Illumina NextSeq 500 [489]
Agilent-014850 Whole | [490]
Human Genome
Microarray 4x44K
GSE90132 SKOV-3 12 8 G4112F
ES-2, JHOC-5, JHOC- [491]
9, RMG-1, SKOV-3,
GSE94304 TOV-21G 41 6 Illumina HiSeq 2000
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Supplementary Table 3. Gene Omnibus OCCC transcriptomic datasets primary tumor samples.

Total occc Endometriosis References
GEO Accession | Sample Type Samples Samples Samples Platform
Frozen Primary Illumina NextSeq 500 (Homo | [492-494]
GSE121103 Tissue 59 5 0 sapiens)
Nanostring nCounter Gene [495]
GSE128990 FFPE Primary Tissue | 96 96 0 Expression Assay
Frozen Primary Affymetrix Human [116]
GSE129617 Tissue 25 25 0 Transcriptome Array 2.0
Frozen Primary Affymetrix Human Genome [496]
GSE14764 Tissue 80 2 0 UI133A Array
Patient Derived Cell NanoString nCounter human | [473]
GSE153440 Lines 2 1 0 PanCancer Pathways Panel
FFPE Primary Tissue [129]
with laser capture
GSE157153 microdissection 66 17 37 Ion Torrent Proton
GSE160692 FFPE Primary Tissue | 16 11 0 Illumina HiSeq 2000 [497]
Frozen Primary [475]
GSE189553 Tissue 23 11 0 Illumina HiSeq 2500
Frozen and OCT Affymetrix Human Gene 1.0 [498]
embedded tissue, ST Array and Affymetrix
lymphocytic DNA Genome-Wide Human SNP
GSE19539 from blood samples 140 9 0 6.0 Array
FFPE and Frozen [477]
Primary Tissue and
Immortalized Cell
Lines (ES-2, TOV-
GSE200852 21G, and SKOV3) 52 27 0 Illumina MiSeq
Affymetrix Human Genome N/A
GSE2109 Primary Tissue 2158 2 0 U133 Plus 2.0 Array
NanoString nCounter Human | [499]
GX PanCancer Pathway Panel
GSE212670 FFPE Primary Tissue | 24 24 0 and Custom Probe Set
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Extracellular Vesicles N/A
from Primary Tissue Affymetrix Multispecies
GSE214239 Samples 8 4 miRNA-4 Array
Affymetrix Human Genome [62, 500-
GSE26193 Primary Tissue 107 6 U133 Plus 2.0 Array 502]
Human SMD Print_1355, [479]
Human SMD Print_1360,
Human SMD Print_1365, and
GSE27223 Primary Tissue 49 5 Human SMD Print 1372
Frozen Primary [503]
Tissue with laser Affymetrix Human Genome
GSE29450 microdissection 20 10 U133 Plus 2.0 Array
Affymetrix Human Genome [504]
GSE30161 FFPE Primary Tissue | 58 5 U133 Plus 2.0 Array
Frozen Primary Affymetrix Human Gene 1.0 [505]
GSE30274 Tissue 56 12 ST Array
Frozen Primary Affymetrix Human Gene 1.0 [505]
GSE30284 Tissue 46 9 ST Array
FFPE Sections of [llumina HumanRef-8 WG- [506]
GSE37394 Primary Tissue 67 15 DASL v3.0
Affymetrix Human Genome [507, 508]
GSE39204 Patient Ascites 64 17 U133 Plus 2.0 Array
Affymetrix Mapping 250K [388]
Sty2 SNP Array, Illumina
HumanHT-12 V4.0
Primary Tissue and expression beadchip, and
Ovarian Cancer Cell Affymetrix OncoScan™
GSE40788 Lines 103 7 FFPE Express
Frozen Primary Affymetrix Human Genome [509, 510]
GSE44104 Tissue 60 12 U133 Plus 2.0 Array
Agilent-026652 Whole N/A
Frozen Primary Human Genome Microarray
GSE49888 Tissue 19 2 4x44K v2
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Primary Tumors and

Agilent-012097 Human 1A

[511]

GSES51088 Reference Pool 106 2 Microarray (V2) G4110B
Agilent-014850 Whole [45]
Primary Tumors and Human Genome Microarray
GSES53963 Reference Pool 106 2 4x44K G4112F
Affymetrix Human Gene 1.0 [512]
GSE54807 FFPE Primary Tissue | 11 5 ST Array
NanoString nCounter Human | [512]
GSES55056 FFPE Primary Tissue | 11 5 Cancer Reference Kit
Affymetrix Human Genome [508, 513]
GSE55512 Primary Tissue 12 2 U133 Plus 2.0 Array
Affymetrix Human Genome [514-518]
GSE6008 Primary Tissue 103 8 U133A Array
Frozen Primary Affymetrix Human Genome [519, 520]
GSE63885 Tissue 101 9 U133 Plus 2.0 Array
Affymetrix Human Genome [113, 521]
GSE65986 Primary Tissue 55 25 U133 Plus 2.0 Array
Primary Ovarian [487]
Cancer Tissue, ES-2,
IGROV-1, OVAS,
OVMANA,
OVTOKO, RMG-I,
GSE66729 and TOV-21G 376 8 Illumina HiSeq 2000
Affymetrix Human Full N/A
GSE6822 Primary Tissue 74 12 Length HuGeneFL Array
Affymetrix Human Full [522]
GSE68600 Primary Tissue 113 9 Length HuGeneFL Array
Almac Ovarian Cancer [389]
GSE73551 Primary Tissue 50 12 Disease Specific Array
Agilent-014850 Whole [94]
Human Genome Microarray
GSE73614 Primary Tissue 107 24 4x44K G4112F
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GSE74357

Primary Tissue

529

Agilent-014850 Whole
Human Genome Microarray
4x44K G4112F

[523]

GSEg82007

Primary Tissue

61

Hs-ATC7.6k-
v5px 16Bx22Cx22R

[524]

GSEg8841

Primary Tissue

83

16

Agilent Human 1 cDNA
Microarray (G4100A)

[525]

GSE8842

Primary Tissue

83

16

Agilent Human 1 cDNA
Microarray (G4100A)

[525]
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