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ABSTRACT 

HINA SALAM REHMANI 

A Novel RNA Aptamer-Based Targeted Therapy for Ovarian Cancer with PRKCI Gene 

Amplification  

(Under the direction of SHUANG HUANG) 

Ranked fifth in cancer death among women, ovarian cancer cure rates have 

remained low over the past two decades due to unsuccessful detection of early-stage 

disease, stagnant methodologies of treatment, and high relapse rates. Stage IV invasive 

epithelial ovarian cancer patients have a meager 17% relative 5-year survival rate and 

around 70% of patients relapse within the first two years of diagnosis. Accounting for 

more deaths than any other cancer of the female reproductive system, it is paramount to 

strategically offer ovarian cancer patients targeted therapies to improve outcome.  

Ovarian cancer contains a host of copy number aberrations (CNA) that can lead to 

the silencing or amplification of tumor suppressor genes, oncogenes, or non-coding 

RNAs that modify the expression of genes. Clinically, gene amplifications have 

prognostic and diagnostic usefulness as they can be a mechanism to promote 

tumorigenesis and/or attainment of drug resistance.  

Protein kinase C iota (PKCiota), a cytoplasmic serine-threonine protein kinase, is 

highly amplified and overexpressed within the 3q26 amplicon in ovarian cancer and is 

identified as an oncogene in multiple cancers. However, selectively targeting the iota 

isoform with small molecule inhibitors is challenging since it shares a 72% overall 

homology with another atypical PKC isoform, zeta. We found that small-molecule 



inhibitors currently being investigated do not offer selective inhibition nor specificity in 

ovarian cancer cell lines.  

We hypothesize that PRKCI amplification offers a unique opportunity to stratify 

patients into different risk categories and that specifically targeting PRKCI using a 

siRNA-aptamer can offer therapeutic benefits by impairing ovarian cancer cell 

tumorigenesis. We expect this approach to provide potent and selective anti-tumor 

activity compared to targeting using other pharmaceutical approaches. To test this 

hypothesis, we identified ovarian cancer cell lines with PRKCI gene amplification, 

identified a pattern of onco-addiction specificity in cell lines with amplification, and 

created an RNA-based aptamer that efficiently becomes internalized in ovarian cancer 

cells and mediates PRKCI mRNA silencing.  

In conclusion, we have identified a rationale to target, specifically, the PKCiota 

gene amplification in ovarian cancer and our RNA-based aptamer prevents ovarian 

tumorigenesis both in vitro and in vivo, opening a door for future therapies.  

 

KEY WORDS: Ovarian Cancer, Protein Kinase C iota, EpCAM, Aptamer 
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I. INTRODUCTION 

A. Overview of Dissertation 

This dissertation will start by focusing on the significance of ovarian cancer and 

justification that more targeted therapies need to be explored. While the treatment 

paradigm has not changed much for ovarian cancer in the last 30 years, this dissertation 

identifies a rationale for stratifying patients based on PKCiota amplification status and 

specific targeting of the iota isoform along with EpCAM. 

PKCiota and EpCAM both have oncogenic characteristics that are used by 

ovarian cancer to promote tumorigenesis and this dissertation will go into great detail 

about the characteristics of this addiction. We found that ovarian cancer cell lines with 

PRKCI gene amplification undergo growth inhibition and apoptosis after PKCiota 

silencing and that the effect is isoform specific as no detectable effect is noticed with 

PKCzeta silencing. Importantly, we found that inhibitors, such as Aurothiomalate, that 

are used in the literature and clinic to suppress PKCiota’s protein-protein interaction 

capability and thus decrease tumorigenesis in other cancers, do not offer any selectivity 

nor sensitivity in ovarian cancer cell lines.  

To emphasize the importance and remedy the lack of ovarian-specific PKCiota 

inhibitors, this dissertation will focus on the ability of using an RNA-based aptamer to 

deliver siRNA to mediate PKCiota silencing along with an EpCAM sequence to mediate 

sequestering of the aptamer into ovarian cancer cells. In this dissertation, we have 

demonstrated the rationale to specifically target PRKCI gene amplification in ovarian 

cancer and shown that the EpCAM-siPKCiota RNA-based aptamer prevents ovarian 

tumorigenesis both in vitro and in vivo.  
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B. Ovarian Cancer 

1. Background 

Ovarian cancer is the leading cause of death among gynecologic malignancies. It 

affects nearly 300,000 women worldwide (World Cancer Research Fund, 2018) and has a 

30% cure rate. 

Ovarian cancer is the 11th most common cancer among women but cancer 

survival rates are much lower than other cancers that affect women. The relative five-year 

survival rate overall is 46.5% but can jump to 90% if the disease is found early enough 

that it is still in Stage I and has not spread outside of the ovary. Unfortunately, only 

14.8% of ovarian cancers are found at this early-stage mainly, due to lack of obvious 

symptoms. A lack of FDA-approved, accurate screening methods, in addition, makes 

early detection rare and leaves a poor prognosis for women. Survival rates vary greatly 

depending on the stage of diagnosis. As expected, those that are diagnosed early have a 

much higher five-year survival rate than those diagnosed at a later stage. It is no surprise, 

therefore, that survival rates for Stage IV ovarian cancer are the lowest, ranging between 

17 to 20%. 

In addition, patients under 50 have considerably better five-year survival statistics 

than older patients in all stages: 40% compared to 15%. Unfortunately, the highest 

incidence of ovarian cancer is among patients who are 65-74 years old. The median age 

of death from ovarian cancer is 70 (American Cancer Society, 2019). 
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Table 1: Estimated New Cancer Cases and Deaths Worldwide for Ovarian Cancer & all Cancers in 

Women (*Excludes non-melanoma skin cancer) 

 
 Year 2018 2012 2008 2002 2000 1990 

Estimated 
Number of 
New Cases 
Worldwide 
(Women) 

Ovarian 
Cancer 

295,414 238,719 225,500 204,499 192,000 166,000 

All 
Cancers* 

8,622,539 6,663,001 6,038,400 5,060,657 4,700,000 3,790,000 

 
 Year 2018 2012 2008 2002 2000 1990 

Estimated 
Number of 

Deaths 
Worldwide 
(Women) 

Ovarian 
Cancer 

184,799 151,905 140,200 124,860 114,000 101,000 

All 
Cancers* 

4,169,387 3,547,898 3,345,800 2,927,896 2,130,000 2,225,000 

 
 
Being exclusive to the female body, ovarian cancer statistics can best be analyzed by the number of women 

that acquire cancer and die from it. The top table shows the estimated number of women with new cases of 

ovarian cancer and all cancers, worldwide. The bottom table shows the estimated number of women that 

die from ovarian cancer and all cancers, worldwide. Figures were obtained from GLOBOCAN reports 

generated by the International Agency for Research on Cancer (IARC), part of the World Health 

Organization (WHO). Between 1990 and 2018, a span of 28 years, there has been a 0.95% reduction in the 

number of new ovarian cancer cases but there has been a much less reduction in the number of deaths 

(0.11%) in that same timeframe. Ovarian cancer is the 18th most common cancer in women, worldwide. 
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Figure 1: 2019 Ovarian Cancer Statistics for American Women (Adapted from the American Cancer 

Society) 

 

Ovarian cancer is the 5th deadliest cancer in American women, with almost 14,000 women expected to die 

from it in 2019. The average annual incidence rate is 11.4% and the overall 5-year survival from ovarian 

cancer is 47%. Half of the women suffering from ovarian cancer in the U.S. are 63 years of age or older.  
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Stage I involves the cancer being confined to the ovary and/or fallopian tube. 

Stage II involves growth of the cancer into the pelvic region. Stage III involves the cancer 

spreading beyond the pelvis, to the lymph nodes, liver and/or spleen. Stage IV is when 

the cancer growth is widely spread throughout the body (Doubeni, 2016).  

Relapses are frequently found in ovarian cancer, with around 70% of patients 

relapsing within the first two years of diagnosis, even after surgery and standard first-line 

chemotherapy with carboplatin/paclitaxel. Even stage I or II patients have a 20%-25% 

relapse rate (American Cancer Society, 2019). Second-line chemotherapy, to date, has 

been very disappointing in all forms of ovarian cancer as the disease most often becomes 

chemotherapy-resistant.  

Symptoms of ovarian cancer are subtle, non-specific, and easily mistaken for 

other more common medical conditions. Signs and symptoms of ovarian cancer can 

include: pelvic or abdominal pain, difficulty eating or feeling full quickly, urinary 

symptoms such as urgency or frequency, fatigue, upset stomach, indigestion, back pain, 

pain with intercourse, menstrual irregularities, swelling in the pelvis or abdomen, and/or 

gastrointestinal problems such as bloating and/or constipation. Other symptoms include 

vaginal bleeding that is heavy or irregular, especially after menopause, or vaginal 

discharge that is clear, white or colored with blood. Women with ovarian cancer also deal 

with less commonly discussed side effects such as loss of libido, early menopause and 

infertility. Women with ovarian cancer may or may not present any of these symptoms, 

which adds to the difficulty of successful early detection (Doubeni, 2016; Nixon, 2017). 
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Figure 2: Clinical Features and Relative 5-Year Survival Rates of Ovarian Cancer Stages (Adapted 

from the American Cancer Society, 2019) 

 

An important tool for physicians and researchers is staging, whereby the extent of ovarian cancer spread is 

determined in patients. Stage I is designated when the cancer is confined to either the ovaries or fallopian 

tube or both. Overall survival is about 90% at this stage due to the containment of the cancer. Stage II 

involves cancer spreading to the pelvic region. Here, the overall survival drops to about 70%. Stage III is 

designated as metastatic cancer that has spread to the lymph nodes, liver, and/or spleen. Many patients are 

found at this stage. Stage IVA is designated when ovarian cancer is found in the pleural fluid of the lungs 

and Stage IVB involves metastasis to other organs, including: the lungs, brain, and bone.  

 

 

 

Stage I

•Cancer is confined to 
the ovaries or fallopian 
tubes.

•Overall: 90%

•Stage IA: 94%

•Stage IB: 92%

•Stage IC: 85%

Stage II

•Cancer grows into the 
pelvic region

•Overall: 70%

•Stage IIA: 78%

•Stage IIB: 73%

•Stage IIC: 57%

Stage III

•Cancer spreads beyond 
the pelvis, to the 
lymph nodes, liver 
and/or spleen

•Stage IIIA: 59%

•Stage IIIB: 52%

•Stage IIIC: 39%

Stage IV

•Cancer growth is 
widely spread 
throughout the body

•Stage IVA: pleural 
effusion of tumor

•Stage IVB: cancer 
found in spleen, liver, 
lungs, brain, bone, etc.

•Overall: 17%
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Ovarian cancer is now known to be a cancer made up of several distinct diseases 

depending on the type of cells they arise from. About 85 to 90% of ovarian cancers are 

epithelial cancers. These carcinomas are diseases in which malignant cancers form in the 

tissue covering the ovary, the lining of the fallopian tube or the peritoneum. Within 

epithelial ovarian cancer, high-grade serous carcinoma (HGSC) is the most common and 

invasive. Serous tumors that have low malignant potential are referred to as low-grade 

serous carcinomas (LGSC).  

The other three subtypes of epithelial ovarian cancer are clear cell carcinoma 

(CCC), endometrioid, and mucinous. Clear cell carcinoma makes up 6% of epithelial 

ovarian cancers and is found to be more resistant to platinum-based front-line 

chemotherapy. Endometriosis is a known risk factor for both CCC and endometrioid 

tumors.  

The other three types of ovarian cancer, besides epithelial ovarian cancer, make 

up the small and rare portion of ovarian cancer. They include: germ cell ovarian cancer, 

stromal cell ovarian cancer, and small cell carcinoma (SCCO) of the ovary. Germ cell 

ovarian cancer arise from the reproductive cells or eggs of the ovaries and have a 93% 

overall 5-year relative survival rate and account for about 3% of ovarian cancers. Stromal 

cell ovarian cancer arises from connective tissue cells, make up approximately 1.2% of 

ovarian cancer cases, and have an 89% overall 5-year relative survival rate. The last, 

SCCO, is quite rare (0.1% of ovarian cancer cases) and it is not certain to researchers or 

doctors their cell of origin (American Cancer Society, 2019). 

 This dissertation will focus on the most common and lethal ovarian cancer type, 

epithelial ovarian cancer.  
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2. Development and Metastasis 

The biology of ovarian carcinoma differs from the metastasizing tumors that 

originate or are carried by blood because ovarian cancer cells primarily disseminate 

within the peritoneal cavity via the peritoneal fluid. Malignant cancer cells can, however, 

metastasize through the bloodstream or the lymph nodes that drain the ovaries to the 

pelvic and paraaortic lymph nodes leading to advanced stage cancer (Lengyel, 2010).  

Diagnosis of ovarian cancer involves doctors assigning the cancer one of four 

“stages”. This categorization is based on how far the cancer has spread, the size of the 

tumor, and whether or not the cancer has spread to the lymph nodes. Staging is very 

important as it helps determine future treatment options and determines prognosis for 

physicians. Usually, clinical stages I, II, and III patients receive some type of curative 

surgery. With Stage IV, the most advanced stage, patients do not usually get surgery and 

procedures are performed for palliation purposes to make the patient comfortable 

(American Cancer Society, 2019).  

At its earliest stage (Stage I), ovarian cancer is confined to the ovaries or fallopian 

tubes and have not spread at all. Stage IA means the cancer is only in one ovary or 

fallopian tube. In this stage, the tumor being contained in this manner, it is very possible 

to remove the tumor completely intact and render the patient “cured”. In fact, some 

women with Stage IA ovarian cancer do not undergo chemotherapy. Stage IB means the 

cancer has reached either/both ovaries or the fallopian tubes but no farther. Stage IC 

means the cancer is still inside either/both ovaries or the fallopian tubes, but it has also 

broken through the surface and reached outside. In this stage, ovarian cancer cells may be 

found in the abdominal fluid. Stage II ovarian cancer involves the tumor spreading to 
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nearby organs in the pelvis, along with being found in the ovaries or fallopian tubes. In 

the case of Stage IIA, the tumor has spread to the uterus. In stage IIB, the tumor has 

spread to other nearby organs such as the colon, bladder, or rectum. Treatment of patients 

with Stage II involves surgery and chemotherapy. Stage III ovarian cancer involves the 

tumor spreading farther out of the pelvis area, along with being found in one or both 

ovaries or fallopian tubes. In Stage IIIA1, the cancer is found in the lymph nodes. In 

Stage IIIA2, the cancer may or may not be in the lymph nodes, but cells can be found in 

the abdominal cavity. The difference between Stage IIIB and IIIC is size. In Stage IIIB, 

the tumor may or may not be in the lymph nodes but the tumor that is found in the 

abdomen but is no bigger than 2centimeters in diameter. Whereas in Stage IIIC, the 

tumor found in the abdomen is bigger than 2 centimeters. This stage also is when the 

tumor has reached distant organs such as the liver or spleen. Patients in these stages often 

undergo de-bunking surgery, then chemotherapy and then perhaps more surgery. In this 

critical stage, the overall five-year survival drops to 39% (from the 90% in Stage I and 

70% in Stage II). Stage IV involves cancer that has metastasized beyond the pelvic area 

and is the most advanced stage of ovarian cancer. In Stage IVA, cancer cells are found in 

the lining of the lungs and chest wall, called malignant pleural effusion, which leads to a 

build-up of fluid and results in breathlessness. In stage IVB, ovarian cancer has spread to 

organs and tissues far beyond the ovaries and/or fallopian tubes, including the lymph 

nodes of the groin, lung, diaphragm, spleen, liver, brain and bone (Lengyel, 2010). 

At its earliest stage (stage IA/IB), the tumor is limited to one or both ovaries or to 

the fallopian tubes. Once the ovarian capsule is disrupted, the tumor spreads to adjacent 

tissues such as the uterus, bladder, the peritoneum (the mesothelial lining of the pelvic 
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cavity) and the broad ligament (a fold of peritoneum that supports the uterus). Stage II is 

sometimes referred to as primary peritoneal cancer and involves the cancer metastasizing 

to the colon and pelvic peritoneum. The peritoneal fluid carries the tumor cells to the 

omentum (peritoneal fold connected to the stomach and suspended over the intestines), 

mesentery (peritoneal fold anchoring the intestines to the posterior abdominal wall), and 

the diaphragm. This metastasis of ovarian carcinoma leads to ascites (abnormal buildup 

of fluid in the abdomen that leads to discomfort and shortness of breath), bowel 

obstruction (mechanical or function obstruction that prevents normal movement of the 

digestion products), and tumor cachexia (state of severe weight loss and tissue wasting) 

(Matulonis, 2016).  

 

3. Classification: Ovarian Epithelial Cancer, Fallopian Tube Cancer 

(FTC), and Primary Peritoneal Cancer (PPC) 

Ovarian epithelial carcinoma is a malignancy that originates from any of three 

sites: the ovary, the fallopian tube, or the mesothelium-lined peritoneal cavity. Since 

2000, the understanding that there are extraovarian sources of epithelial ovarian 

carcinomas has prompted the inclusion of the peritoneum and the fallopian tube. This is 

due to their common Müllerian epithelium derivation, shared molecular fingerprint, and 

"trademark" early peritoneal metastatic spread. Thus, ovarian epithelial cancers have 

grouped together with high-grade serous adenocarcinomas arising from the fallopian tube 

and peritoneal cavity. For the purposes of this dissertation, the use of the terminology 

"ovarian cancer" will include the extrauterine adenocarcinomas of Müllerian epithelial 

origin, as they are both staged and treated similarly.  
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There are also clear cell, endometrioid, and mucinous subtypes, the former two 

being linked to endometriosis, but they all have different gene-expression fingerprints 

than ovarian epithelial cancers of ovarian, fallopian, and peritoneum origin. Stromal and 

germ cell tumors make up less than 10% of cases but these ovarian germ cell tumors 

again have different gene-expression fingerprints and are treated differently (Berek, 

2018). 

Prior understanding was that low-grade serous ovarian cancer gave rise to high-

grade serious carcinoma, but this has since been removed since genomic variations along 

with clinical, pathological, and prognostic results do not corroborate this concept. Tumor 

molecular characterization has identified two distinct groups termed Type I and Type II 

to organize epithelial ovarian cancer. Type I include low-grade serous carcinoma, 

endometrioid carcinoma, clear cell carcinoma, and mucinous carcinoma. These Type I 

carcinomas have an overall relatively stable genomic profile and they mostly arise from 

endometriosis or fallopian tubal-related serous borderline ovarian tumors. Type II, on the 

other hand, include high-grade serous carcinoma, undifferentiated carcinoma, and 

carcinosarcoma. Type II carcinomas mostly originate in the fallopian tube epithelium and 

are associated with an aggressive phenotype (Rojas, 2016).  

According to the FIGO Cancer Report, high-grade serous ovarian, fallopian tube, 

and peritoneal cancers must be considered collectively since histologic, molecular and 

genetic evidence shows that high-grade serous carcinomas of the ovary or peritoneum is 

actually originated in the fimbrial end of the fallopian tube. The classification that these 

cancers are of ovarian origin should not be used unless it’s clearly identified as such. The 

FIGO staging classification for cancer of the ovary, fallopian tube, and peritoneum 
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includes the following: Stage I – Tumor is confined to the ovaries or fallopian tubes; 

Stage II – Tumor involves one or both ovaries or fallopian tubes with pelvic extension 

(below pelvic brim) or peritoneal cancer; Stage III – Tumor involves 1 or both ovaries or 

fallopian tubes, or peritoneal cancer, with cytologically or histologically confirmed 

spread to the peritoneum outside the pelvis and/or metastasis to the retroperitoneal lymph 

nodes; Stage IV – Distant metastasis excluding peritoneal metastases (Berek, 2018).  

The histologic classification of ovarian, fallopian tube, and peritoneal neoplasia 

is: serous tumors, mucinous tumors, endometrioid tumors, clear cell tumors, Brenner 

tumors, undifferentiated carcinomas (group of malignant tumors of epithelial structure 

but are too poorly differentiated to be placed in any other group), mixed epithelial tumors 

(composed of two or more of the five major cell types of common epithelial tumors), and 

cases with high-grade serous carcinoma in which the ovaries and fallopian tubes appear 

to be incidentally involved and not the primary origin, can be labeled as peritoneal 

carcinoma or serous carcinoma of undesignated site (Berek, 2018).  

Studies have shown that survival from recurrence in ovarian cancer has no 

prognostic relevance to histological type (serous or endometrioid versus mucinous or 

clear cell) nor tumor grade (G1 versus G2, G3). Initial clinical stage (I, IIA versus IIB-

IV), time to recurrence (<6 months versus >6 months) and treatment at recurrence 

(surgery plus chemotherapy versus other), on the other hand, do show statistical 

relevance in survival after recurrence (Gadducci, 2009). 

On a molecular level, altered patterns of gene expression in different ovarian 

cancer histotypes correlate with distinctive gene expression patterns of different 

components of the woman’s gynecological system. Epithelial ovarian cancers develop 
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from the following: fallopian tube cells give rise to serous subtype, endometrium cells 

give rise to endometrioid subtype, endocervix cells give rise to mucinous subtype, and 

vaginal cells give rise to the clear cell subtype (Bast, 2009).  

Using gene expression in normal ovarian surface epithelial cells as a standard, 

alterations in gene expression in different ovarian cancer histotypes have been compared 

with those in the mucosa of different normal organs. A significant correlation was 

observed between gene expression in normal colonic mucosa and mucinous carcinomas, 

in fallopian tube mucosa and serous carcinomas, and in endometrial mucosa and 

endometrioid and clear cell carcinomas. In contrast to previous reports, the largest 

number of differentially expressed genes was found in mucinous cancers (Marquez, 

2005). Alterations in gene expression might provide useful markers for studies of 

differentiation among the histotypes of epithelial ovarian cancer. 

Despite the distinctive gene expression pattern of each subtype, similarities have 

been noted in some studies between the serous and endometrioid subtypes and other 

studies show similarities between the endometrioid and clear-cell subtypes. Though it 

might be of value to note that in terms of platinum- and taxane-based chemotherapy, 

serous and endometrioid cancers respond better than clear-cell and mucinous (Tothill, 

2008). This may support the former theory that serous and endometrioid subtypes share 

similarities versus the endometrioid and clear-cell subtypes. 

4. Detection 

Currently, there is no clinically validated biomarker for early-stage endometrial or 

ovarian cancer that can be detected noninvasively. Since early detection promises 

reduced mortality, the drive is strong to acquire substantial, clinically-relevant 
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biomarker(s). Biomarkers are one of the best ways to diagnose cancer early, aid 

prognosis and predict therapeutic response. According to the US National Cancer 

Institute, a biomarker is a biological molecule found in blood, another body fluid or in 

tissues that is a sign of a normal or abnormal process. Generally, biomarkers are 

produced by either the tumor itself or other tissues, in response to the presence of cancer 

or other associated conditions. Tumor markers can be used for screening the general 

population, differential diagnosis in symptomatic patients and clinical staging of cancer. 

Additionally, they can be used to estimate the tumor volume, evaluate response to 

treatment, and assess recurrence through monitoring and as prognostic indicators for 

disease progression (Diamandis, 2002). Unfortunately, there are not many reliable serum 

biomarkers currently used in the clinic, and tissue-based markers require an invasive 

procedure to obtain samples for diagnostic purposes. 

In ovarian cancer, biomarker CA125 (also known as mucin 16) is currently used 

to monitor response to treatment, detect recurrent disease, and distinguish malignant from 

benign pelvic masses. However, it did not show any benefit as a biomarker for early 

detection of ovarian cancer as its expression is elevated in sera in about 65% of early-

stage ovarian cancers (Matulonis, 2016; Jin, 2017).Lysophosphatidic acid (LPA) is a 

substance that stimulates the growth of ovarian tumors and about 90% of women with 

early ovarian cancer had high levels in their blood plasma (Xu, 1998), but it also has not 

been approved for early ovarian cancer detection. 

To counter the failure of using one specific biomarker to detect ovarian cancer, 

some researchers propose using a panel of biomarkers instead. One study found that six 

serum biomarkers could discriminate between healthy and newly diagnosed ovarian 
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cancer patients with 95.3% sensitivity and with 99.4% specificity. In this study, the six 

markers were leptin, prolactin, osteopontin, insulin-like growth factor 2, microphage 

inhibitory factor, and CA125 (Visintin, 2008). However, it should be noted that the 156 

newly diagnosed ovarian cancer patients used in this study ranged in stages from I to IV 

so true early stage (I-II) detection of ovarian cancer was not performed. Researchers in 

Dr. Bast’s lab at the University of Texas M.D. Anderson Cancer Center used osteopontin 

(OPN), macrophage inhibitory factor (MIF), anti-interleukin-8 autoantibodies (anti-IL-8 

autoantibodies) along with CA125 as a four-member panel for early ovarian cancer 

detection. In this study, the researchers tested 76 patients with early stage (I-II) ovarian 

cancer, 44 patients with late stage (III-IV) ovarian cancer and 200 healthy participates. 

They found that their panel detected 82% of early stage (I-II) cancers compared to 62% 

with CA125 alone. They also found that this panel was better able to distinguish ovarian 

cancer patients from healthy controls with higher sensitivity. Their panel showed 98% 

specificity (Guo, 2019). Unfortunately, though the percentages seem high in both multi-

biomarker panel studies, successful screening strategies for ovarian cancer must 

demonstrate over 75% sensitivity and over 99.6% specificity to achieve a positive 

predictive value of 10% (Bast, 2003). 

Additionally, a lab at Johns Hopkins University School of Medicine found a 91 

region-panel of high-grade serous ovarian cancer (HGSOC)-specific hypermethylation 

when comparing fallopian tube epithelia samples from cancer free and from serous tubal 

intraepithelial carcinoma (STIC) positive women. It is theorized that STIC cells detach 

from the fallopian tube surface and disseminate to the nearby ovaries and peritoneal soft 

tissue, where they form masses. These researchers then analyzed samples collected using 
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vaginal swabs and found that this panel of methylation biomarkers was able to accurately 

identify HGSOC, even at the precursor stages (Pisanic, 2018).  

Some genes associated with a high-risk of developing ovarian cancer have been 

identified, such as germline mutations in BRCA1 or BRCA2 (Breast Cancer Type 1/2 

Susceptibility Protein) which encode proteins involved in homologous recombination 

repair of DNA damage. Identifying these mutations has had a significant impact on 

disease prevention strategies since the average lifetime risk for ovarian cancer jumps to 

around 18% with BRCA2 mutations and 40% with BRCA1 mutations. Considering the 

average lifetime risk is 1.3%, the importance of knowing the status of BRCA1 and 

BRCA2 mutations in patients is quite evident (Konecny, 2016).  

Transvaginal ultrasonography, an examination of the female pelvis from inside 

the vagina using ultrasound transducers to detect abnormalities, is another screening 

strategy used to detect ovarian cancer. The method itself is a first-line examination for 

adnexal masses, growth that occurs in or near the uterus, ovaries, fallopian tubes, and the 

connecting tissues. Adnexal masses could be due to ovarian cancer or they can also be 

caused by ovarian cysts or an ectopic pregnancy. Unfortunately, despite being researched 

extensively, studies cannot confirm any improvement regarding patient mortality with 

annual transvaginal ultrasonography screenings, thus removing this method as a useful 

early detection method for ovarian cancer. Studies did show a lower mortality in patients 

who underwent screening 7-14 years after follow-up, but the overall reductions were not 

significant. Still, despite being invasive, this procedure (along with CA125 levels) are 

used to monitor response to treatment, detect recurrent disease, and distinguish malignant 

from benign pelvic masses.  
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5. Treatment and Maintenance Options 

Standard ovarian cancer treatment options involve surgery and the use of 

chemotherapy. Surgery includes the removal of one or both ovaries, the uterus, and the 

fallopian tubes. Chemotherapy is a drug treatment which kills cancer cells. 

Chemotherapy can be directly injected into the patient’s blood or localized to the 

intraperitoneal cavity. The first-line chemotherapies used for ovarian cancer include 

platinum analogues (such as cisplatin or carboplatin), taxanes (such as paclitaxel or 

docetaxel), nucleoside analogs (such as gemcitabine), anthracyclines (such as 

doxorubicin), or combinations of these agents (Campos and Ghosh, 2010). The 

commonest given for ovarian cancer is called Carboplatin.  It is given intravenously (IV) 

once every three weeks for six cycles.  Paclitaxel (Taxol), another drug given into veins, 

may also be used in addition. In fact, the addition of paclitaxel to standard platinum 

therapy was first presented back in 1996 as a way to improve progression free survival 

and overall survival in ovarian cancer (Mcguire, 1996). Symptoms of chemotherapy 

include fatigue, nausea, hair loss, and a reduction in the immune system. These may 

resolve once treatment is complete. Front-line treatment has not changed much in the past 

decade, but new treatments have been added to the mix recently including: oral therapies 

instead of IV, intraperitoneal (IP) regimens instead of IV, combination of immuno- and 

anti-angiogenic therapies; and PARP inhibitors. Most of these are for recurrent disease 

and may be based on genetic testing results.  

About 75% of women with ovarian cancer receive their diagnosis when the 

disease is at stage III or IV. Most of them are treated by debulking surgery, in which a 

surgeon will remove as much of the visible tumor and cancerous tissue as they can. The 
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microscopic cancer cells and cancerous tissue that cannot be surgically removed is then 

treated with chemotherapy – typically, carboplatin and paclitaxel (Taxol). Some doctors 

recommend surgery before the standard six cycle of chemotherapy, but some recommend 

three cycles, surgery and then three more cycles. Surgery may be the first step if the 

tumor is causing pain or physical issues such as bowel obstruction. Not all patients, 

however, are candidates for surgery if the cancer is too extensive or if the surgeon thinks 

that enough of the diseased tissue cannot be removed. In this instance, the patient 

typically receives chemotherapy every three weeks (two weeks on, one week off) or 

weekly. After three cycles (or nine weeks) of treatment, imaging is repeated and CA125 

levels are measured from the blood. CA125 testing can indicate a rise in ovarian cancer 

growth and determine how well the patient is responding to chemotherapy. If the 

chemotherapy is working, patients who have not yet had surgery may be scheduled 

(Cortez, 2018). In June 2018, the Food and Drug Administration (FDA) approved 

Avastin (bevacizumab), an angiogenesis inhibitor, to use with chemotherapy and then 

alone for about a year for women with stage III or IV ovarian epithelial cancer that 

underwent surgical removal of their cancer. Data shows that this combination does not 

improve overall survival but does increase recurrence-free survival by about four months.  
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Table 2: List of some FDA approved Drugs for Ovarian Cancer (Part 1/2) 

Alkylating Agents 

Altretamine (Hexalen) 
Medimmune Oncology, 

Inc. 
1990 

Treatment of advanced adenocarcinoma of the 
ovary. Single agent palliative treatment of 

patients with persistent or recurrent ovarian 
cancer following first-line therapy with a 
cisplatin and/or alkylating agent-based 

combination. 

260mg/m² daily capsule in four 
divided doses for either 14 or 21 

consecutive days in a 28-day cycle 

Carboplatin (Paraplatin) 
Bristol-Myers Sqibb 

March 1989 

Carboplatin is a platinum chemotherapy 
approved for the initial treatment of advanced 
ovarian carcinoma in established combination 
with other approved chemotherapeutic agents, 

and for the palliative treatment of patients 
with ovarian carcinoma recurrent after prior 

chemotherapy.  

10mg/mL IV infusion solution. 
Advanced ovarian cancer (previously 
untreated): 300mg/m² on Day 1 every 

4wks for 6 cycles 
Recurrent ovarian cancer: 360mg/m² 

on Day 1 every 4wks  

Cisplatin (Platinol) 
Bristol-Myers Squibb 

December 1978 

Cisplatin is administered through a vein 
(intravenously or IV) as an infusion for many 
cancers, including metastatic ovarian cancer. 

75–100mg/m² IV per cycle once every 
3–4wks on Day 1 

Cyclophosphamide 
1959 

Interferes with the duplication of DNA and 
the creation of RNA. Treatment of ovarian 
germ cell tumors as part of an alternative 

combination regimen. 

25mg, 50mg tablets at 1-5mg/kg/day 
or 40–50mg/kg in divided doses over 
2–5 days or 10–15mg/kg every 7–10 

days or 3–5mg/kg twice weekly 

Melphalan (Alkeran) 
GlaxoSmithKline 

January1964 
 

Melphalan is a bischloroethylamine alkylating 
agent that crosslinks DNA by binding at the 
N7 position of guanine, with activity against 

resting and proliferating cells. 

2mg tablets at 0.2mg/kg/day for 5 
days; repeat every 4–5wks 

Thiotepa  
(Thioplex, Tepadina) 

Alkylating agent which produces cross-linking 
of DNA strands leading to the inhibition of 

DNA, RNA, and protein synthesis; Thiotepa is 
cell-cycle independent and has some 

immunosuppressive activity 

15mg powder for IV, intravesical, or 
intracavitary administration - 0.3–
0.4mg/kg IV once every 1–4wks 

Cytotoxic Drugs 
Doxorubicin 

Hydrochloride (Doxil: 
Doxorubicin 

Hydrochloride 
Liposome) 

(Evacet; LipoDox) 
Alza 

June 1999 

Anthracycline antitumor antibiotic 
Acts during multiple phases of cell cycle to 

interact with DNA, inducing apoptosis 
Treatment of metastatic carcinoma of the 

ovary in patients with disease that is refractory 
to both paclitaxel- and platinum-based 

chemotherapy regimens. 

IV infusion at 50mg/m2 once every 4 
weeks 

Docetaxel (Taxotere) 
Aventis 

Pharmaceuticals, Inc. 
August 2004 

In combination with carboplatin as an 
alternative regimen for the first-line treatment 

of ovarian epithelial cancer. Treatment of 
recurrent or persistent ovarian epithelial 

cancer that is platinum-resistant or platinum-
refractory 

100 mg/m2 administered every 3 
weeks as a 1hour intravenous infusion 

Antimetabolite 
Gemcitabine (Gemzar; 

Infugem) 
1996 

Pyrimidine antagonist, inhibits cell division 
IV infusion at 1000mg/m2 on Days 1 

and 8 of each 21-day cycle 

Antimicrotubule Agents 

Paclitaxel (PTX) 
(Taxol) 

Bristol-Myers Squibb 
June 1998 

Mitotic inhibitor and microtubule inhibitor. 
Approved in June 2001 for first-line and 
second-line treatment of ovarian cancer. 
Paclitaxel works by interference with the 

normal function of microtubules during cell 
division. 

175mg/m2 over 3 hours or 135mg/m2 
over 24hrs and repeated every 3 weeks 

for previously untreated ovarian 
cancer; 135mg/m2 or 175mg/m2 over 3 

hours every 3 weeks for previously 
treated ovarian cancer 

 
Information obtained from the National Cancer Institute's Drug Dictionary and CanMED.  
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Table 2: List of some FDA approved Drugs for Ovarian Cancer (Part 2/2) 

 
Poly (ADP-Ribose) Polymerase Inhibitors 

Zejula 
(NiraparibTosylate 

Monohydrate) 
Tesaro, Inc. 
March 2017 

The first PARP inhibitor approved for the 
maintenance treatment of patients who have had a 

measurable response to their platinum-based 
treatment for relapsed ovarian cancer. For patients 

with a germline BRCA mutation, maintenance 
therapy with niraparib led to a mean PFS benefit of 

3.23 years compared with placebo. For patients 
without a germline BRCA mutation, maintenance 

therapy with niraparib led to a mean PFS benefit of 
1.44 years compared with placebo. 

300 mg (three 100 mg capsules) 
taken orally once daily as a 

monotherapy 
 

Olaparib (Lynparza) 
AstraZeneca 

December 2014 

For the treatment of patients with deleterious or 
suspected deleterious germline BRCA-mutated 
advanced ovarian cancer that have been treated 
with three or more prior lines of chemotherapy. 

Later approved on August 2017 for the 
maintenance treatment of adult patients with 
recurrent epithelial ovarian, fallopian tube, or 

primary peritoneal cancer, who are in a complete 
or partial response to platinum-based 

chemotherapy. 

400mg twice daily capsules until 
disease progression or unacceptable 

toxicity (max 800mg daily) 

Rucaparib Camsylate 
(Rubraca)  

Clovis Oncology  
December 2016 

For the treatment of advanced ovarian cancer in 
women with deleterious germline or somatic 

BRCA mutation. Later approved in April 2018 for 
the maintenance treatment of recurrent epithelial 

ovarian, fallopian tube, or primary peritoneal 
cancer who are in a complete or partial response to 

platinum-based chemotherapy. 

600mg twice daily until disease 
progression or unacceptable 

toxicity 

Topoisomerase Inhibitor 
Topotecan 

Hydrochloride 
(Hycamtin) 

SmithKline Beecham 
May 1996 

Treatment for metastatic ovarian cancer 
IV infusion at 1.5mg/m2 daily for 5 
consecutive days starting on Day 1 

of a 21-day cycle 

Etoposide (Etopophos) 
Teva Pharmaceuticals 

1983 

Etoposide forms a ternary complex with DNA and 
the topoisomerase II enzyme (which aids in DNA 

unwinding), prevents re-ligation of the DNA 
strands, and by doing so causes DNA strands to 

break. 

In combination with other approved 
chemotherapeutic agents: 50 to 100 

mg/m2 IV over 30 to 60 minutes 
once a day on days 1 through 5 

every 3 to 4 weeks to 100 mg/m2 
IV over 30 to 60 minutes once a 

day on days 1, 3, and 5 every 3 to 4 
weeks 

Anti-Angiogenic 

Avastin 
(Bevacizumab) 

Genentech 
November 2014 

(initially approved 
February 2004) 

Monoclonal antibody that inhibits angiogenesis by 
binding VEGF and preventing the interaction of 
VEGF with its receptors (Flt-1 and KDR) on the 

surface of endothelial cells. Approved for 
recurrent, platinum- sensitive epithelial ovarian, 
fallopian tube, or primary peritoneal cancer in 
combination with other chemotherapies. Later 

approved in June 2018 for patients with epithelial 
ovarian, fallopian tube, or primary peritoneal 
cancer in combination with carboplatin and 

paclitaxel, followed by single-agent bevacizumab, 
for stage III or IV disease after initial surgical 

resection. 

In combination with paclitaxel and 
cisplatin OR paclitaxel and 

topotecan: 15 mg/kg IV every 3 
weeks 

 
Information obtained from the National Cancer Institute's Drug Dictionary and CanMED. 
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Alongside with early detection issues is the challenge of high recurrence 

frequency in ovarian cancer, often associated with the development of platinum-based 

chemotherapy resistance. About 70% of women with ovarian cancer will face a 

recurrence, according to the Ovarian Cancer Research Alliance. However, recurrence 

varies by stage of disease.  

Maintenance therapy can help prevent the cancer from returning after the 

completion of chemotherapy. Lynparza (olaparib), a PARP inhibitor, was initially only 

approved for patients who had a recurrence. But in December 2018, the FDA approved 

the oral medication as a first-line maintenance treatment for women with BRCA inherited 

(familial) genetic mutations — BRCA1 and BRCA2 raise a person's risk of developing 

certain cancers, such as ovarian, breast and prostate — and advanced-stage disease. 

Lynparza (olaparib) increased the progression-free survival in patients by three years 

compared with placebo. The PARP inhibitor Rubraca (rucaparib) is approved for women 

with BRCA-positive advanced ovarian cancer who received multiple lines of 

chemotherapy treatment. PARP inhibitors, regardless of BRCA mutation status, have 

already been approved as a maintenance strategy in ovarian cancer patients. Zejula 

(niraparib), for example, has been approved for use after subsequent chemotherapy, no 

matter the BRCA status.  

Though these PARP inhibitors lead to the accumulation of DNA double strand 

breaks (DSBs) and cancer cell death, they have not improved overall survival in patients. 

In fact, PARP inhibitor treatment of platinum-sensitive gynecologic malignancies has 

only improved progression free survival (PFS) and they are not recommended to be taken 
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beyond 2 years. Additionally, resistance to PARP inhibitors in the clinical setting is 

emerging as a significant medical challenge.  

For patients where chemotherapy does not work as a first-line treatment, genetic 

testing is recommended to reveal genetic markers that may respond well to other 

treatment options, such as immunotherapy. Although immunotherapy has not been highly 

successful with ovarian cancer (Ghisoni, 2019), Keytruda (pembrolizumab) was 

approved in 2017 for adult and pediatric patients with unresectable or metastatic solid 

tumors identified as microsatellite instability high (MSI-H) with some success.  

About 20% of ovarian cancer patients with advanced stage disease respond well 

to front-line chemotherapy and have no recurrence. It is still recommended, however, that 

these patients have routine CA125 level testing. Often, these patients use naltrexone at 

low doses to inhibit cancer growth and balance the immune system (Li, 2018). Also, 

some take metformin to target stromal inflammation, which may provide resistance to 

cancer growth and improve overall survival (Xu, 2018; Gong, 2019).  

 

C. The PKC Family 

There are ten cytoplasmic serine/threonine kinase members of the Protein Kinase 

C (PKC) family that are regulated by phosphorylation, binding to lipid secondary 

messengers, and by interactions with binding partners. They are divided into three 

subfamilies: conventional, novel, and atypical. The only domain that is conserved 

amongst them all is the catalytic domain within the C-terminal region (Antal, 2014).  
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Figure 3: The Protein Kinase C (PKC) family 

 

Conventional PKCs include alpha (α), beta (β), and gamma (γ). Novel PKCs include delta (δ), epsilon (ε), 

eta (η), and theta (θ). Atypical PKCs include iota (ι) and zeta (ζ).Conventional PKCs contain an N-terminal 

pseudosubstrate (green), tandem C1 domains (orange) that bind to DAG and PS, a C2 domain (purple) that 

binds PIP2 in a calcium-dependent manner, and a C-terminal kinase domain (blue). Novel PKCs have a 

similar domain composition to Conventional PKCs except that their C2 domain (purple) cannot bind 

calcium or PIP2 and their C1 domain (orange) has a higher affinity for DAG. Atypical PKCs have a 

protein-binding module, the Phox and Bem1p (PB1) domain (yellow) and an atypical C1 domain (orange) 

that cannot bind DAG. Conserved phosphorylation sites (P) among all PKCs include the activation loop 

within the kinase domain (pink), the turn motif (red), and the hydrophobic motif (brown) at the C-terminal 

end. The exception is atypical PKCs which have a phosphomimetic at their hydrophobic motif (*P). 
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D. The Atypical PKCs: PKCiota/lambda and PKCzeta 

PKCiota and PKCzeta are the two isoforms that make up the atypical category of 

the protein kinase C family in humans. The genes that encodes for PKCiota is PRKCI. 

Alternative names of PKCiota include: PKCI, nPKCι, aPKCι/λ, PRKCι/λ. PKCiota has a 

molecular weight of 68,262 Daltons and is located on Chromosome 3q26.3. PKCzeta was 

first identified by Yasutomi Nishizuka’s lab in Japan in 1989 and PKCiota was identified 

four year later by Trevor J. Biden’s lab in Australia in 1993 (Nishizuka, 1989; Biden, 

1993). A year later, the mouse counterpart to PKCiota, Protein Kinase C lambda, was 

identified from the cDNA libraries of mouse P19 embryonal carcinoma cells by the 

Shigeo Ohno Lab in Japan. Their lab was also able to distinguish that the mRNA 

(messenger RNA) of PKClambda and PKCzeta have different patterns of expression in 

most tissues and cells, despite their significant homology. Their lab also used an 

antiserum raised against a portion of PKCiota/lambda and found that the gene gives rise 

to a 74-kDa protein (Akimoto, 1994). PKCiota can traffic to and from the nucleus, 

staying localized to either the nucleus or cytosol until it becomes activated and 

translocates to the plasma membrane in polarized cells. In 2D cell culture, however, 

PKCiota is localized in the nucleus and moves to the cytosol upon activation. This 

trafficking is made possible by the nuclear localization sequence (NLS) found in the N-

terminal portion of the zinc-finger domain and the nuclear export sequence (NES) found 

in the linker region of PKCiota (Perander, 2001).  

In fact, all PKC isoforms differ in their biological functions, structure, tissue 

distribution, subcellular localization, mode of activation, and substrate specificity. The 

activation of PKC isozymes results in changes in their subcellular location following 
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translocation to specific anchoring proteins. Cell-specific isoform functions may be 

conferred by differences in their subcellular localization (Disatnik, 1994).  

Due to their incomplete C1 domain, atypical PKCs can bind phosphatidylserine 

(PS) but not diacylglycerol (DAG). Their complete lack of the C2 domain means that 

they cannot bind anionic phospholipids such as phosphatidylinositol 4,5-bisphosphate 

(PIP2) in a Ca2+-dependent manner (Nishizuka, 1995). They both are unique members of 

the PKC family as they contain a PB1 (Phox and Bem1) domain that mediates protein-

protein interactions and also a C-terminal Type I PDZ (PSD-95, disheveled, and ZO1) 

ligand motif that is involved in intracellular signal transduction and can bind PDZ 

domain-containing scaffold proteins (Antal, 2014; Sheng, 2001). Interesting to note is 

that PKCalpha, from the conventional PKC subgroup, is the only other PKC member that 

also contains a PDZ ligand motif (Oneill, 2011). Activation of the atypical PKCs is 

mainly through protein-protein interactions via the PB1 domain. Some effector molecules 

that activate the atypical PKCs include: p62, PAR-6:PAR-3, MEK5, and CDC42.  

Though both PKCiota and PKCzeta share an overall homology of 72% and a 

catalytic domain homology of 84%, only PKCiota is identified as an oncogene in 

multiple cancers, including ovarian cancer (Selbie, 1993; Akimoto, 1994; Regala, 2005; 

Zhang, 2006). Protein Kinase C iota is composed of 596 amino acids and has a molecular 

mass of 68,262 Daltons while Protein Kinase C zeta is 4 amino acids shorter with 592 

amino acids and a molecular mass of 67,660 Daltons. Despite being close in sequence, 

the roles of PKCiota and PKCzeta are distinct because of unique localization, different 

conditions of activation or expression, and alternative binding partners. Their separate 

and specific functions can be witnessed using knockout mice. PKCiota knockout is 
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embryonically lethal in mice by day nine whereas PKCzeta knockout mice survive and 

display slight alterations in the development of secondary lymphoid organs (Soloff, 2004; 

Leitges, 2001; Martin, 2002).  

The role of PKCzeta in human carcinogenesis is unclear as it is downregulated in 

glioblastoma, lung cancer, kidney renal clear cell carcinoma, melanoma, and pancreatic 

cancer but shown to be upregulated in prostate cancer, bladder cancer, and lymphomas. 

However, more research is showing that PKCzeta should be considered as a tumor 

suppressor. Some studies that support its clinical relevance in tumorigenesis use 

microarray data with limited reliable information on protein expression as the antibodies 

used for these analyses recognize both aPKCs. The negative role for PKCzeta in 

carcinogenesis contrasts with the literature for PKCiota.  

Loss of PKCiota, both in vitro and in vivo, dramatically impairs tumorigenesis in 

many cancer types. PKCiota is highly upregulated in all kinds of tumors, through gene 

amplification, increased mRNA expression, and protein overexpression (Moscat, 2009). 

In ovarian cancer, PKCiota has been shown to be genomically amplified and 

overexpressed (Zhang, 2006; Eder, 2005; Welsh, 2001; Lu, 2004). Collectively, these 

findings support a vital role for the atypical PKCs in cancer but suggest that there are 

most likely playing opposite roles. Thus, PKCiota represents a unique target for cancer 

treatment that should be explored.   
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E. Rationale for isotype-specific targeting within malignancies  

Though the numerous mechanisms that the PKC family members are involved in 

are still being elucidated, the importance of the specific roles they play have somewhat 

been understood. PKCepsilon and PKCdelta, for example, are both members of the novel 

PKC subgroup and yet they display opposing roles in the cell. In fibroblasts, PKCepsilon 

increased cell growth, anchorage dependence, and tumorigenicity while PKCdelta did the 

opposite (Mischak, 1993). In another study, researchers found that PKCepsilon offered 

cardioprotection from ischemia-induced damage, but PKC delta only increased damage 

induced by ischemia both in vitro and in vivo. They found that each of the six PKC 

isozymes in cardiac myocytes all translocate to different subcellular sites upon activation 

(Chen, 2001). When the atypical PKC family members were examined, it was shown that 

in leukemia cells, overexpression of PKCiota provided protection against taxol-induced 

cell death but PKCzeta did not (Murray & Fields, 1997).  
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F. EpCAM 

Epithelial Cell Adhesion and Activating Molecule (EpCAM) is a transmembrane 

glycoprotein that originally was thought to only mediate cell-to-cell adhesion on the 

basolateral surface of most epithelial cells in a Ca+2-independent fashion. Like PKCiota, 

it was later revealed to have more diverse functions, including cell migration, cell 

signaling, differentiation, and proliferation. Though this dissertation does not focus on 

EpCAM’s oncogenic function in ovarian cancer, it is important to note that it is highly 

expressed in female tissues, especially the fallopian tubes (from where a majority of high-

grade ovarian carcinomas arise). EpCAM does not share PKCiota’s high gene 

amplification status in ovarian cancer (about 4.7% according to The Cancer Genome 

Atlas (TCGA)), EpCAM is, however, overexpressed in most solid cancers, including 

ovarian cancer.  

EpCAM is somewhat controversial in carcinomas, with some stating that it 

promotes and other suggesting a more protective role due mainly to its pleiotropic nature 

of being able to promote or prevent epithelial cell-cell adhesions. However, within 

ovarian cancer, there is evidence of its promoting role in carcinogenesis (higher 

expression in tumor compared to normal), tumor progression (higher in larger tumors), 

metastasis (higher in metastasized tumors), and survival (shorter survival associated with 

higher EpCAM expression) (Heinzelmann, 2004; Kim, 2003; Bellone, 2009; Spizzo, 

2006). In addition, EpCAM’s expression in the peritoneal cavity, specifically, appears to 

be tumor related because other cells in the abdominal cavity (such as the mesothelial 

cells) are negative for EpCAM expression (Balzar, 1999; Reichert, 2007). Other studies 

have revealed that EpCAM induces proliferation with a direct impact on cell cycle 
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control, upregulating c-Myc and cyclins A and E, and signal transduction into the cell 

nucleus by way of the Wnt pathway.  

In April 2009, a drug called Catumaxomab (trade name: Removab) that targeted 

EpCAM went through clinical trial and was approved by the European Union for adults 

with EpCAM-positive carcinomas to treat malignant ascites where standard therapy was 

not available or no longer feasible. Catumaxomab was actually a hybrid monoclonal 

antibody that consisted of one "half" (one heavy chain and one light chain) of an anti-

EpCAM antibody and one half of an anti-CD3 (cluster of differentiation 3) antibody. It 

was developed by Fresenius Biotech and Trion Pharma (Germany) but was removed from 

the market five years after approval in 2014 due to manufacturer insolvency. Another 

drug that entered clinical trials to target EpCAM was called VB6-845. This recombinant 

fusion protein was tested in a Phase 1 study in patients with advanced solid tumors of 

epithelial origin in May 2007. Unfortunately, the study was terminated a year later in 

April 2008 due to corporate reasons unrelated to safety and efficacy (NCT00481936). 

Currently, the only clinical studies directly targeting EpCAM are the ones involving 

engineered T cells armed with chimeric antigen receptor (CAR-T) cells.  
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Table 3: EpCAM CAR-T Cell Therapies in Active Clinical Trials 

 
 

Drug, Delivery, 

and other Info 
Target Phase 

Start 

Date 

Estimated 

Completion 

ClinicalTrials.gov 

Identifier Number 

EpCAM CAR-T 

cells 

Testing in relapsed or 
refractory stomach cancer 

Phase 2 
November 

2015 
November 

2019 
NCT02725125 

EpCAM CAR-T 

cells 

Testing in relapsed or 
refractory liver cancer 

patients 
Phase 2 

November 
2015 

November 
2019 

NCT02729493 

EpCAM CAR-T 

cells 

Testing in nasopharyngeal 
carcinoma or recurrent 
breast cancer patients 

Phase 1 July 2016 July 2022 NCT02915445 

EpCAM CAR-T 

cells with two 

intracellular 

signaling domains 

derived from CD3 

zeta and CD28 

Testing in Colon, 
Esophageal, Pancreatic, 
Prostate, Gastric, and 

Hepatic Cancer patients 

Phase 1 
/Phase 2 

January 
2017 

December 
2020 

NCT03013712 

EpCAM CAR-T 

cells via peritoneal 

infusion 

Testing in gastric cancer 
patients with peritoneal 

metastasis 
Phase 1 

August 
2018 

December 
2022 

NCT03563326 

 
 
A list of active, cancer-focused clinical studies directly targeting EpCAM by using engineered T cells 

armed with chimeric antigen receptor (CAR-T) cells. These cells recognizing EpCAM are produced by 

lentiviral transduction of the 3rd generation of CAR genes. Information obtained from ClinicalTrials.gov 

(maintained by the National Library of Medicine (NLM) at the National Institute of Health (NIH)). 

 

 

 

 

 

 

 



31 
 

Though these clinical trials will end completion in future years to come, it is 

apparent to see that EpCAM is a highly popular target in cancer treatment. This is due to 

a number of factors, including: specificity between tumor and normal epithelial cells 

(much lower in the latter), diversity in the range of human adenocarcinomas affected, and 

targetable protein found on the membrane. For these reasons and that EpCAM is 

overexpressed in over 70% of ovarian cancers and is associated with tumor-specific 

peritoneal cavity expression, ascites, chemoresistance, and decreased survival rate, we 

chose this particular target for the purposes of this dissertation.  

 

G. Aptamers 

Oligonucleotides are traditionally used in the lab as: primers for PCR (polymerase 

chain reaction) to amplify DNA or cDNA, antisense sequences to block gene expression 

such as siRNAs (small interfering RNAs) or shRNAs (short hairpin RNAs), or as 

components of microarray chips to analyze genetic profiles. Though these applications 

are of great importance and use, they rely heavily on the concept of Watson-Crick base-

paring.  

Oligonucleotides, however, have been observed to exhibit different functionalities 

that are unrelated to their ability to simply hybridize. Randomized oligonucleotide 

libraries have been shown to contain oligonucleotide ligands that can tightly bind to 

various target compounds, not just other nucleic acid molecules. Numerous studies have 

shown that oligonucleotides can have binding activities beyond those specified by 

Watson-Crick base paring (Bischofberger, 1992; Bartel, 1994; Gold, 1995; Sun, 1996). 

This binding affinity may be due to the fact that RNA and single-stranded DNA 
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biopolymer molecules can form a great diversity of structures by exploiting secondary 

and tertiary interactions, including nonstandard base-pairs, hairpin loops, bulges, multi-

stem junctions, pseudoknots, and four-stranded G-quartet structures. The structural 

specificity based on their shapes help them to be able to bind to many different 

compounds, proteins, and molecules. In addition, the complex interactive forces of 

nucleotides help with binding affinity for their target. Specific interactions such as 

hydrogen bonding and phosphate group associations dictate the sequence-specific, 3-

dimensional structures of these oligonucleotide ligands, providing a rigid scaffold for the 

arrangement of aptamer chemical surfaces for target interaction, and lower the entropic 

cost of binding as compared to an induced fit interaction. Indeed, the affinity between the 

structural interactions of the target and these biopolymer molecules can be compared to 

that of antigen-antibody binding (Gold, 1995; McGown, 1995; Trotta, 1995).  

Aptamer is the terminology used to describe these oligonucleotides or single-

stranded, nucleic acid molecules (of RNA or DNA) that display high affinity for a variety 

of targets. Craig Tuerk and Larry Gold were the first to publish about the SELEX 

(Systematic Evolution of Ligands by Exponential Enrichment) process while Andy 

Ellington and Jack Szostak coined the word “aptamer” in their publication in 1990. 

Originally labeled as “nucleic acid antibodies” by Craig Tuerk, the name “aptamer” 

caught on due to their Greek origin of aptus or “to fit”. As of June 2019, there are over 

9000 publications on PubMed.gov that contain aptamer research. 

The traditional method to generate aptamers is through an iterative in vitro 

selection technique known as SELEX. This process relies on multiple cycles of protein-

limited binding to a library of RNA molecules carrying a fully randomized target region 
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embedded in a longer transcript. This transcript has invariant ends complementary to 

primer DNA oligomers used for reverse transcription and amplification by PCR (Tuerk, 

1990). The process can be further refined by using cell-based SELEX or in vivo SELEX 

techniques to facilitate additional cell type-specific targets and aptamers. A few years 

after the SELEX process was identified, the first DNA aptamer was tested in animals to 

efficiently block the proteolytic activity of thrombin, leading to rapid anticoagulation and 

successfully replaced heparin (Li, 1994). 

Advantages of aptamers can be demonstrated by their ability to neither exhibit 

intrinsic toxicity nor immunogenicity unlike antibodies which are generated in species 

different from the target host (Wlotzka, 2002; Drolet, 2003). Production-wise, automated 

oligonucleotide synthesizes are used to quickly and inexpensively generate aptamers 

while antibodies take a longer time to generate and express batch-to-batch variations.  

In 2004, the first evidence of this research shifting from “bench to bedside” was the FDA 

approval of the first aptamer drug, Pegaptanib or Macugen, an anti-VEGF aptamer, for 

the treatment of neovascular age-related macular degeneration (Ng, 2006). In the years 

since, many more aptamer designs have been researched, including the incorporation of 

siRNAs called aptamer-siRNA chimeras to mediate gene silencing in a cell type-specific 

delivery application.  
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II. Materials and Methods 

A. Cell Lines Used and Tissue Culture 

All cell lines were cultured in a humidified incubator containing 5% CO2-95% air at 

37°C. DMEM (Dulbecco’s Modification of Eagle’s Medium) (HyClone Fisher 

Biosciences) was supplemented with 10% fetal bovine serum (FBS) (Sigma) and non-

essential amino acids to generate DMEM Complete Media. Cell culture media for 

ovarian surface epithelial cells (T29 and T80) consists of a 1:1 ratio of MCDB 105 

(Sigma) and Medium 199 (Sigma) supplemented with 10% FBS, 2mM L-glutamine, 

10units/mL penicillin/streptomycin, and 10ng/mL epidermal growth factor (EGF). A 

complete list of cell lines used in this dissertation along with their source, histotype, and 

other important information is shown in Table 4. 
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Table 4. Cell Line Information 

Cell Line Source Histotype and Other Information 
HEK293T Human Embryonic Kidney Adherent 

A2780 Tumor Tissue from untreated patient 
Ovarian Endometrioid 

Adenocarcinoma Tumor 

CAOV-3 
Primary Tumor of a 54-year old Caucasian female 

with adenocarcinoma of the ovary 
Homozygous for TP53 

ES-2 Tumor from 47-year-old black female Ovarian clear cell adenocarcinoma 

HEC-1-A Tumor from 71-year-old female 
Endometrial adenocarcinoma 

Homozygous for TP53 

HEY 

Human ovarian cancer xenograft (HX-62) 
originally grown from a peritoneal deposit of a 
patient with moderately differentiated papillary 

cystadenocarcinoma of the ovary 

Serous Papillary Adenocarcinoma 
Patient was treated with radiotherapy 

IGROV-1 Primary Tumor from 47-year-old female Heterozygous for BRCA1 & TP53 

OCC1 
Ascetic fluid of patient with clear cell carcinoma 

of the ovary 
Hypertriploidy; Doubling Time: 36 

and 38hr at the 10th and 40th passages 

OVCAR-3 
Ascites from patient that was treated with 

multiple chemotherapies 
Wild Type BRCA1 

OVCAR-4 
Derived from ascites from a 42-year-old patient 

treated with multiple chemotherapies 

High grade ovarian serous 
adenocarcinoma 

Homozygous for TP53 
OVCAR-8 Patient treated with multiple chemotherapies Epigenetically silenced BRCA1 

OVCA429 
Derived from a patient with late stage, cisplatin-

resistant ovarian carcinoma. 

Ovarian cystadenocarcinoma 
capable of producing ascites and 

peritoneal implants mimicking the 
spread of ovarian cancer observed in 

patients 

OVCA433 
Derived from ascites from patient with serous 

papillary cystadenocarcinoma. 
Ovarian serous adenocarcinoma 

SK-OV-3 Ascites from patient treated with ThioTEPA Wild Type BRCA1 

T29 
The IOSE-29 (passage 14) cells were infected 
with retrovirus containing a full-length hTERT 

cDNA to generate the T29 cell line. 
Ovarian surface epithelial cell line 

T80 
The IOSE-80 (passage 14) cells were infected 
with retrovirus containing a full-length hTERT 

cDNA to generate the T80 cell line. 
Ovarian surface epithelial cell line 

TOV-21G Tumor derived from 62-year-old female Ovarian clear cell adenocarcinoma 
 

A complete list of cell lines used in this dissertation along with their source, histotype, and other important 

information.  
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B. Copy Number Analysis 

Using PKCiota and RPP1 (Ribonuclease P/MRP protein subunit - an essential protein 

subunit of the nuclear RNaseP (ribonuclease P)) PCR product as template, a standard 

curve for the PKCiota gene was created using qRT-PCR (quantitative real-time 

polymerase chain reaction) (PKCiota Primer Set – Forward: 

ACCCTTCATACGAAGTGCACAA, Reverse: TCCCCCATCAAACTGCTTCTC, 

Product Length: 185; RPP1 Primer Set – Forward: CTTGTGGGTGGTGCCATTTG, 

Reverse: GGTCAATCGCCTTCACAGGA, Product Length: 177). Genomic DNA was 

collected for 12 ovarian cancer cell lines, two OSE (ovarian surface epithelial) cell lines 

(T29 and T80), and one breast surface epithelial cell line (MCF10A1). The PKCiota and 

RPP1 Ct (cycle threshold) values were computed via qRT-PCR using the genomic DNA 

on the 7500 Fast Real-Time PCR System (Applied Biosystems). The values were then 

compared to the standard curves created, and the ratios were also compared to the ovarian 

surface epithelial cell lines (which do not have PKCiota gene amplification). The 

TaqMan Copy Number Assay (Invitrogen) was additionally used to analyze the genomic 

DNA of the ovarian cancer cell lines (2 biological replicates and with four replicate 

counts per sample, four total runs performed) to confirm the results from the standard 

curve approach. T80 was used as the calibrator sample, and all samples were normalized 

to RNaseP. RNaseP is known to be present in two copies in a diploid genome, regardless 

of the copy number of the target of interest and is used to normalize sample input and 

minimize the variation between the targets of the test and reference assays.  
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C. RNA Isolation, cDNA synthesis, and qRT-PCR 

RNA was collected using Trizol, treated with DNaseI and 1.5ug was used to generate 

cDNA (complementary DNA) for 13 ovarian cancer cell lines and two ovarian surface 

epithelial cell lines (T29 and T80). Generated cDNA was subjected to qRT-PCR to 

measure Beta Actin and PKCiota mRNA levels with specific primer sets. The expression 

levels were standardized by comparing the Ct values of targets to that of Beta Actin 

mRNA. The average fold change relative to the OSE cells (all normalized to beta-actin) 

shows that those cell lines that are gene amplified for PKCi have at least three-fold or 

higher PKCiota mRNA levels compared to those that do not.  

qRT-PCR Primers: Beta Actin Forward: CCAGCTCACCATGGATGATG; Beta Actin 

Reverse: ATGCCGGAGCCGTTGTC; PKCi Forward: AGGTCCGGGTGAAAGCCTA 

and PKCi Reverse: TGAAGAGCTGTTCGTTGTCAAA 

D. Western Blot Analysis 

For protein extraction, cells were lysed with RIPA (radio-immunoprecipitation assay) 

buffer supplemented with protease and phosphatase inhibitors (B14001, B15001, 

Bimake). Protein concentration was determined using by generating a protein standard 

using BSA (bovine serum albumin) (Promega) and Protein Assay Dye Reagent (Bio-

Rad). Equal amounts of protein were loaded per lane into an SDS-PAGE (sodium 

dodecyl sulfate-polyacrylamide) gel followed by transfer onto a 0.45µM nitrocellulose 

membrane (Invitrogen) at 1 Amp for 90 minutes (GENIE Electrophoretic Transfer, Idea 

Scientific). The blots were then blocked for 1 hour at room temperature in blocking 

buffer (5% nonfat dried milk in 1X TBST – Tris-Buffered Saline and Tween 20). After 

being washed in 1X TBST, the blots were incubated in their respective antibodies 



38 
 

overnight at 4°C. After washing three times with 1X TBST, membranes were incubated 

with secondary infrared antibodies diluted in 1X TBST, washed a further three times in 

1X TBST, and then imaged using the LICOR Odyssey Infrared Imaging System. A 

complete list of antibodies used in this dissertation along with their isotype, company, 

catalog number, expected molecular weight (MW) and dilution ratio used is shown in 

Table 5. 
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Table 5. Primary and Secondary Antibodies used 

  

Primary Antibody Name Isotype (IgG) 
Company and Catalog 

Number 
MW 

(kDa) 
Dilution 

Ratio 
Cleaved Caspase 3 (Asp175) 

(5A1E) 
Rabbit Cell Signaling 9664 17, 19 (1:1000) 

GAPDH (D4C6R) Mouse Cell Signaling 97166 37 (1:2000) 
EpCAM/CD326 Mouse Cell Signaling 2929 40 (1:1000) 

β-Actin (8H10D10) Mouse Cell Signaling 3700 45 (1:2000) 

Anti-PRKCI Rabbit 
Millipore Sigma 

ABC472 
66 (1:500) 

PKC zeta (C24E6) Rabbit Cell Signaling 9368 78 (1:1000) 
Cleaved PARP (Asp214) 

(D64E10) 
Rabbit Cell Signaling 5625 89 (1:500) 

Vinculin (H-300) Rabbit Santa Cruz SC-5573 117 (1:1000) 
 

Secondary Antibody Name Isotype (IgG) Company Catalog # 
Dilution 

Ratio 
IRDye 680RD Secondary 

Antibody 
Goat anti-

Mouse  
LICOR 

926-
68070 

1:20,000 

IRDye 800CW Secondary 
Antibody 

Goat anti-
Rabbit  

LICOR 
926-

32211 
1:20,000 

 
A complete list of antibodies used in this dissertation along with their isotype, company, catalog number, 

expected molecular weight (MW) and dilution ratio used.  

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

E. Cell Growth Assay 

Cells were seeded in two 48 well plates (4000 cells/well) in triplicates. MTT ((3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium) colorimetric assay 

was performed at two time points: 12 hours (Day 0) and 72 hours (Day 3). The relative 

cell viability (%) was expressed as a percentage relative to Day 0 values.  

F. Migration Assay  

Boyden chamber, haptotactic cell migration assay was performed using Collagen I 

(diluted in 1X PBS) and transwell Matrigel-coated chambers with 8-µm pore-size 

membranes (BD Biosciences) according to manufacturer instructions. 500uL of serum-

free media was added to the wells (lower chamber), inserts were placed inside the wells, 

and 100,000 cells were pipetted into each insert (upper chamber). Duplicates were used 

for each cell line and the experiment was repeated three times. After 24 hours, media was 

removed, and the inserts were placed in paraformaldehyde for 30 minutes and then 

moved into crystal violet solution for 2 hours. Afterwards, inserts were washed with 

water and cotton swabs were used to carefully remove the non-migratory cells from the 

inside of the insert. The inserts were placed upright (migratory cells facing up) to dry and 

then all the cells were counted and quantified using the Imaris 7.0 imaging software to 

compute the number of voxels (volumetric pixel).  

G. siRNA Transfection 

Transfections were performed using scramble control and two siPKCiota duplexes 

(Integrated DNA Technologies, Inc. - IDT) along with a siPKCzeta pool (Dharmacon) at 

50nM final concentration. Lipofectamine RNAiMAX Reagent (Invitrogen) was used as 

the transfection agent, as per the manufacturer’s protocol. 
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H. Lentivirus Infection 

To stably knockdown PKCiota expression, lentiviral constructs containing shPKCiota 

sequences were used. HEK293T cells were transfected to generate the viral supernatant 

that was then used to infect the desired cells. Stable clones were selected using 1ug/mL 

Puromycin. 

I. MTT/CCK-8 Assay 

All MTT experiments were performed in triplicates and the relative cell viability (%) was 

expressed as a percentage relative to the control (solvent). Cells were first seeded in 24 

well plates at 20,000 cells/well. The next day, the media was changed, and inhibitor was 

added. MTT assay was performed at Day 0 (12 hour) and Day 2 (48 hour) time points. 

OD values at 595nm from the plate reader were divided by the reading of the vehicle well 

to give a relative comparison of the cell’s viability after drug treatment. 

Cell Counting Kit-8 (CCK-8) assay uses a water-soluble tetrazolum salt to produce a 

formazan dye (orange) upon reduction in the presence of the electron mediator, NADH. 

All procedures for the cell proliferation and cytotoxicity assay were based on the 

manufacturer’s instructions (CCK-8, Dojindo Molecular Technologies, Inc.). Cells were 

seeded 96 well plates in 100uL of media. When ready for reading, 10uL of the CCK-8 

solution was added to each well and the plate was placed in the humidified incubator 

(37°C, 5% CO2) for 2 hours. After incubation, the absorbance was measured using a 

microplate reader at 450nm. OD values were normalized to untreated, wild type cells.  

J. FACS Cell Cycle Analysis 

Cells were infected with lentivirus and harvested in a single cell suspension after four 

days. The cells were fixed in 66% ethanol and stored at 4°C for 48 hours. The cells were 
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rehydrated in 1X PBS and then stained with a Propidium iodide (PI) and RNase solution 

for 30 minutes at 37°C in the dark. The cells were then put on ice and immediately 

analyzed via flow cytometry. All procedures followed were based on the manufacturer’s 

instructions (Propidium Iodide Flow Cytometry Kit for Cell Cycle Analysis, AB139418, 

Abcam). One representative experiment out of three is shown. 

K. Detection of Apoptosis by Flow Cytometry  

Apoptosis was detected using the FITC Annexin V Apoptosis detection kit and all 

procedures followed were based on the manufacturer’s instructions (BD Pharmingen). 

Cells were infected with shRNA for four days and then washed with cold PBS and 

resuspended in 1X Binding Buffer at a concentration of one million cells/mL. 100uL of 

this cell suspension (100,000 cells) were moved into a tube and 5uL of FITC Annexin V 

(a human vascular anticoagulant protein that binds to phosphatidylserine (PS) once it is 

exposed on the outer leaflet of apoptotic cells) and 5uL of PI (propidium iodide – a 

fluorescent intercalating agent that binds to DNA) were added to the cells. The cells were 

gently vortexed and incubated at room temperature for 15min in the dark. After 

incubation, 400uL of 1X Binding Buffer was added to the tube and the cells were 

analyzed by flow cytometry within 1 hour using the BD Accuri C6 Plus flow cytometer. 

Unstained cells, cells stained with only FITC Annexin V, and cells stained with only PI 

were all used as controls. The percentage of apoptotic cell population was determined 

using the ModFit LT 3.0 software.  

L. Materials and Dilutions of Small Molecule Inhibitors 

ATM (Sigma #157201) was dissolved in filtered 1X PBS while Oncrasin-1 (Tocris 

Bioscience #342710) and ANF (Sigma #A6733) were dissolved in DMSO.  
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M. Oligonucleotide Sequences for Aptamers 

The siRNA sequence for Scramble Control (25/27mer) is the following: 

Forward: 5’ CUUCCUCUCUUUCUCUCCCUUGUGA 3’ 

Reverse: 3’ UCACAAGGGAGAGAAAGAGAGGAAGGA 5’ 

The siRNA sequence against PKCiota (25/27mer) is the following: 

Forward: 5’ UUAUGAGCUAAACAAGGAUUCUGAA 3’ 

Reverse: 3’ GAAAUACUCGAUUUGUUCCUAAGACUU 5’ 

Partially Single-Stranded Oligo Template Design Ordering Info for Aptamers:  

T7 Promoter: 5’ AATTTAATACGACTCACTATAG 3’  

PKCi Oligo 1:  

5’ ttcagaatccttgtttagctcataattacgaccgggtaaccagtcgccTATAGTGAGTCGTATTAAATT 3’  

PKCi Oligo 2:  

5’ ctttatgagctaaacaaggattctgaattacgaccgggtaaccagtcgccTATAGTGAGTCGTATTAAATT 3’  

Partially Single-Stranded Oligo Template Design Ordering Info:  

Scramble Oligo 1:  

5’ tcacaagggagagaaagagaggaagttacgaccgggtaaccagtcgccTATAGTGAGTCGTATTAAATT 3’  

Scramble Oligo 2:  

5’ agtgttccctctctttctctccttcctttacgaccgggtaaccagtcgccTATAGTGAGTCGTATTAAATT 3’  

To anneal synthetic oligonucleotides to make a transcription template, it is only necessary 

that the promoter sequence of a template be double-stranded. The T7 Promoter sequence 

was annealed to form a double-stranded promoter using the oligonucleotides listed above. 

The oligonucleotides were suspended in TES (10mM Tris-HCl, pH 8, 1mM EDTA, 0.1M 

NaCl) and mixed in equimolar amounts to a final concentration of ~10-50µM of each 

oligonucleotide. The mixture was brought to 95°C in a heat block for a few minutes and 
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then allowed to cool to room temperature. Afterwards, these annealed, partially single-

stranded templates generated were then used in the in vitro transcription kits (Promega). 

Aptamers were generated using RNA generated from 2 sequences, hence Oligo 1 and 

Oligo 2 listed above.  

N. Visualization for Aptamers 

The Forna package is an RNA secondary structure visualization tool that was used to edit 

and display the RNA-based structures of the aptamers generated in this dissertation 

(http://rna.tbi.univie.ac.at/forna/). 

O. Aptamer Synthesis 

Control and PKCiota aptamers were individually synthesized by in vitro transcription 

(Promega) with phage promoter-containing synthetic oligonucleotides as templates 

(IDT). The oligonucleotides were PAGE or HPLC purified to remove partial sequences. 

The T7 RNA polymerase promoter is underlined and the EpCAM aptamer is bolded.  

Forward Primer for EpCAM (28nt):  

5’ TAATACGACTCACTATAGCGACTGGTTA 3’ 

ssDNA of EpCAM aptamer (62nt): 

5’ TAATACGACTCACTATAGCGACTGGTTACCCGGTCGT 3’ 

Each aptamer is composed of two RNA structures that were generated in separate in vitro 

transcription reactions but then were annealed together in a 1:1 molar ratio. Normal 

purine and pyrimidines were added to the mixture but 2’fluoro (F)-pyrimidines (TriLink 

Biotechnologies) were also added in a (1:4) ratio and the reaction mixture was adjusted to 

compensate for the additional volumes. The two RNAs were annealed to form one entity 
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by heating at 94°C for 3 minutes followed by slowly cooling to room temperature within 

1 hour. Annealed aptamers were stored in -80C.  

P. Subcloning of Luciferase into the pCDH-puro Vector 

Subcloning the luciferase gene from pGL4.23 vector into pCDH CMV Puro lentivector 

was performed by cutting both constructs with NheI and BamHI (New England Biolabs). 

The pCDH puro lentivector was 7377bp and the Luciferase gene with Poly(A) signal was 

1873bp. Maps of the vectors used to subclone pCDH-puro Luciferase are provided in 

Figure 4.  
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Figure 4. Constructs used to subclone pCDH-puro-Luciferase 

 

 

Maps of the vectors used to subclone pCDH-puro Luciferase are provided. The Luciferase gene was cut 

from the pGL4.23 vector (A) and subcloned into the pCDH-CMV-MCS-EF1-Puro vector (B).  
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Q. Luciferase Assay 

To confirm infection of the pCDH-puro-Luciferase construct in OCC1 and SK-OV-3 

cells, a luciferase assay was performed using the Promega’s Luciferase Assay System 

(E1501) and a Monolight 3010 luminometer. Briefly, growth medium from the cultured 

cells was removed. The cells were rinsed with 1X PBS and 900uL of 1X lysis reagent 

was added to the 10cm dish. Cells were scraped from the dish, transferred to a 

microcentrifuge tube, and pelleted by centrifugation. 20uL of the cell supernatant was 

added to a tube with 100uL of Luciferase Assay Reagent and the light produced was 

measured.  

R. Luciferin Solution Preparation 

Luciferin is a bioluminescent substrate of luciferase in the presence of ATP. D-Luciferin 

Potassium Salt (TargetMol) was dissolved in DPBS (no calcium or magnesium) to a final 

concentration of 15mg/mL and then filtered through a 0.22 µm syringe filter. Before 

imaging, mice were intraperitoneally injected with 10uL of Luciferin stock solution per 

gram of body weight for a standard 150mg/kg injection. A kinetic study of luciferase was 

performed for each cell line to determine the peak signal time and plateau phase.  

S. Mouse Xenograft Models, Imaging, and Drug Administration 

Luciferase-containing OCC1 and SK-OV-3 (1x107 cells/mouse) were intraperitoneally 

(i.p.) injected into 5-6 weeks old nude female mice (Ctrl:NU(NCr)-Foxn1nu (Envigo). 

These mice lack a thymus, are unable to produce T cells, and are therefore 

immunodeficient. Tumor outgrowth was measured by luciferase activity with the aid of 

the Xenogen IVIS-200 In Vivo bioluminescence imaging system. Once tumor was 

identified in the mice, they were divided into two groups (n=5) and received either 
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Control siRNA Aptamer or PKCiota siRNA Aptamer thrice a week intraperitoneally 

(200nmole/mouse). Tumor growth was monitored weekly for 12 weeks. At the end point, 

tumors were collected from peritoneal cavities of sacrificed animals for weight 

measurement and immunohistochemistry staining. The justification for performing IP is 

that ovarian cancer exclusively developed in peritoneal cavity and standard method to 

study ovarian tumor development is to monitor intraperitoneal tumor development. Since 

tumors developed in peritoneal cavity cannot be visually monitored, we monitored tumor 

burden by obtained luciferase images on the Xenogen system. 

T. Statistical Analysis 

Statistical analyses of cell growth, PKCiota mRNA levels, and tumor weights were 

performed by ANOVA and student t tests. All experiments were performed at least in 

duplicate. The results of each experiment are reported as the mean of experimental 

replicates. Error bars represent the Standard Error of Mean (S.E.M), unless otherwise 

stated. Pairwise comparisons were analyzed using the unpaired t test (GraphPad Prism) 

with Welch’s correction (not assuming for equal SDs) to determine significance between 

control and knockdown of PKCiota and PKCzeta. For all tests, p<0.05 was considered 

significant. Mann-Whitney U-test (two-sided) was performed to analyze the statistical 

difference between PRKCI gene-amplified and non-gene amplified cell lines in the cell 

growth and assay the migration assay (GraphPad Prism). Linear regression curves were 

plotted on Microsoft Excel using the x-y scatter graph function.  
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III. Significance of PKCiota amplification in ovarian cancer 

A. Introduction 

High-grade serous ovarian carcinoma (HGSOC) accounts for more than 90% of 

all epithelial ovarian cancers and it is also the most aggressive. The Cancer Genome 

Atlas (TCGA) has found that HGSOC is marked by very few recurrent somatic 

mutations. Instead, this disease exhibits a complex genomic terrain, marked by copy 

number alterations/aberrations (CNA) that are so widespread that few other cancer types 

mirror its complexity (Kroeger, 2017). CNAs refer to changes in the number of copies of 

genes with diploid (2 copies) representing a normal state.  

Cancer cells, with their aberrant DNA replication processes, are perfect 

candidates of CNAs. The number of copies can be very large and have clinical 

repercussions. Therefore, HGSOC will require individualized therapy in which tumor 

genomic profiles are used to identify altered genes or pathways that can then offer 

opportunities of therapeutic intervention.  

The chromosome 3q26 amplicon is one of the most recurrently found source of 

copy number gains in human tumors, with an estimated 20% frequency. The amplified 

amplicon ranges from chromosome 3q26 to 3q29, a region that encodes a large number 

of genes (Fields, 2016). Ovarian cancer also harbors the chromosome 3q26 amplicon and 

Table 6 highlights a selection of genes within this amplicon, specifically listing those 

genes that are found in over 30% of ovarian cancer patients from the TCGA dataset. 

Within this amplicon, PRKCI has been identified as an important oncogene.  
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To explore whether this amplification of PRKCI is isoform specific, we explored 

all nine members of the PKC family. We found that only the Protein Kinase C iota 

isoform exhibits the greatest copy number amplification in ovarian cancer patients. 

According to the TCGA dataset, over 33% of patients have PRKCI gene amplification 

(195/579). This is significantly higher than any other member of the PKC family (Table 

8). From the dataset, more than half of the ovarian cancer patients (54.2%) relapsed 

within an average of about 1.5 years (314/579). Interestingly, even amongst the relapse 

patients, the ratio of PRKCI gene amplification stays roughly the same in the population 

of patients that relapse (31.2% or 98/314) (Table 9). This further signifies the isoform-

specific importance of PRKCI in ovarian cancer.  

PKCiota has diverse functions which makes it a desirable target to be “high-

jacked” by cancer for its benefit, including: apical-basal polarity, transformation, 

membrane trafficking, inflammation, proliferation, and differentiation (Figure 5). In fact, 

PKCiota meets all ten of Hanahan and Weinberg’s “Hallmarks of Cancer” (Hanahan & 

Weinberg, 2011) (Table 7).  
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Table 6. Selected Genes within the Chromosome 3q26 Amplicon with over 30% amplification in 

patients 

Gene Name Location 
Amplification 

Percentage 
SERPINI2 serpin family I member 2 3q26.1 30.05% 
WDR49 WD repeat domain 49 3q26.1 30.40% 
PDCD10 programmed cell death 10 3q26.1 30.40% 

SERPINI1 serpin family I member 1 3q26.1 30.40% 
GOLIM4 golgi integral membrane protein 4 3q26.2 31.26% 
MIR551B microRNA 551b 3q26.2 32.82% 
MECOM MDS1 and EVI1 complex locus 3q26.2 37.48% 

TERC telomerase RNA component 3q26.2 36.10% 
ACTRT3 actin related protein T3 3q26.2 36.10% 
MYNN myoneurin 3q26.2 35.92% 

LRRC34 leucine rich repeat containing 34 3q26.2 35.92% 
LRRIQ4 leucine rich repeats and IQ motif containing 4 3q26.2 35.75% 
LRRC31 leucine rich repeat containing 31 3q26.2 35.75% 
SAMD7 sterile alpha motif domain containing 7 3q26.2 35.06% 
SEC62 SEC62 homolog, preprotein translocation factor 3q26.2 35.06% 

GPR160 G protein-coupled receptor 160 3q26.2 34.89% 
PHC3 polyhomeotic homolog 3 3q26.2 34.89% 

PRKCI protein kinase C iota 3q26.2 33.68% 

SKIL SKI like proto-oncogene 3q26.2 33.16% 
CLDN11 claudin 11 3q26.2 34.02% 
SLC7A14 solute carrier family 7 member 14 3q26.2 33.68% 
RPL22L1 ribosomal protein L22 like 1 3q26.2 32.82% 
EIF5A2 eukaryotic translation initiation factor 5A2 3q26.2 32.82% 
SLC2A2 solute carrier family 2 member 2 3q26.2 32.47% 

TNIK TRAF2 and NCK interacting kinase 3q26.2-q26.31 32.64% 
MIR569 microRNA 569 3q26.2 32.47% 

PLD1 phospholipase D1 3q26.31 32.82% 
TMEM212 transmembrane protein 212 3q26.31 32.82% 
FNDC3B fibronectin type III domain containing 3B 3q26.31 33.16% 

GHSR growth hormone secretagogue receptor 3q26.31 32.82% 
TNFSF10 TNF superfamily member 10 3q26.31 33.16% 
NCEH1 neutral cholesterol ester hydrolase 1 3q26.31 32.99% 
ECT2 epithelial cell transforming 2 3q26.31 32.47% 

SPATA16 spermatogenesis associated 16 3q26.31 32.47% 
NLGN1 neuroligin 1 3q26.31 32.12% 

 

Genes, including PRKCI, within the chromosome 3q26 amplicon and their amplification percentage in the 

ovarian cancer dataset from TCGA (579 patients). Shown here are selected genes that are amplified in over 

30% of patients.  
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Figure 5: Downstream Effects of PRKCI Amplification 

Schematic showing the Chromosome 3q26 amplicon and how the amplification of PRKCI leads to various 

advantages for cancer, either by means of phosphorylation or direct protein-protein mediated interactions 

by the PKCiota protein.  
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Table 7. PRKCI's Oncogenic Properties using the Ten Hallmarks of Cancer 

Hallmarks of 

Cancer 
Downstream Effects of PRKCI amplification 

Sustaining 

Proliferative 

Signaling 

Tumor Growth and 
Proliferation via Cyclin E, 

STAT3 

PKCiota is an important downstream mediator in the 
phosphoinositide-3-kinase (PI-3-kinase) pathway – a 
pathways used by cancer cells to sustain proliferation 

Evading 

Growth 

Suppressors 

PKCι is activated by loss of PTEN (Phosphatase and tensin homologue), a known 
tumor suppressor protein 

Avoiding 

Immune 

Destruction 

Immune-Suppression via YAP1 which activates expression of proinflammatory 
cytokines, including TNFα (tumor necrosis factor alpha) 

Enabling 

Replicative 

Immortality 

Both the regulatory and kinase domains of 
PKClambda associate directly with and 

activate p70 S6K, a kinase that progresses the 
cell cycle from G1 to S phase upon activation 
from mitogenic stimuli such as growth factors, 
cytokines, and phorbol ester. (Akimoto, 1998) 

PKCiota directly phosphorylates 
Cdk7 in a cell cycle-dependent 

manner, phosphorylating its 
downstream target, Cdk2 (major 

role in inducing G1-S phase 
progression of cells) (Desai, 2012) 

Tumor-

Promoting 

Inflammation 

Activation of NF-kappaB transcription factor (controls DNA transcription, cytokine 
production, and cell survival) 

Activating 

Invasion & 

Metastasis 

Invasion via CDC42 and 
MEK1/2 

Transformation 
via Rac1 and 

MMP10 

Establishment and maintenance of 
Epithelial Cell Polarity via PB1 

domain mediated interaction with 
PAR6 

Inducing 

Angiogenesis 

PKCiota is correlated with high 
expression of ERK and VEGF in 
gastric cancer (Kashihara, 2015) 

P62 provides a scaffold linking the PKCiota 
to the proangiogenic cytokines: tumor 
necrosis factor alpha (TNFalpha) and 
interleukin-1 (IL-1) receptor signaling 

complexes (Moscat, 2000) 
Genome 

Instability & 

Mutation 

Stemness and Asymmetric Cell Divisions via ELF3, NOTCH3, SOX2 

Resisting Cell 

Death 

PKCiota overexpression prevents leukemia 
cells from undergoing apoptosis when treated 

with protein phosphatase inhibitor okadaic acid 
(OA) and also taxol. Inhibiting PKCi 

expression sensitizes the cells to OA-induced 
apoptosis. (Murray, 1997) 

Survival/Chemoresistance via IKK 
and repression of JNK 

Deregulating 

Cellular 

Energetics 

FGF21 (a potent and robust metabolic regulator) inhibits hepatic glucose production 
by the PI3K-dependent phosphorylation of PKCiota (Kong, 2013) 

 
Examples and highlights of some mechanisms by which PRKCI's oncogenic properties promote tumors 

using the “Ten Hallmarks of Cancer” from the literature.  
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B. Results 

1. High levels of PRKCI amplification in patients overall and in relapse 

patients confirms the isoform-specific importance of PRKCI in 

ovarian cancer.  

Our investigation into the significance of PKCiota in ovarian cancer first started 

by analyzing datasets of ovarian cancer patients from the TCGA. We found that over 

33% of ovarian cancer patients and over 31% of relapsed ovarian cancer patients harbor 

PRKCI amplification (Figure 6). The relevance of PKCiota’s role in tumorigenesis along 

with its unique amplification in ovarian cancer, especially considering the levels of the 

other eight isotypes in its family, displays the malignant role PKCiota plays in ovarian 

cancer. No other member of the PKC family exhibits the level of amplification that 

PKCiota presents in ovarian cancer. The next highest PKC family member is PKC theta 

with 8.29% amplification, a difference of about 25% compared to iota. According to the 

TCGA dataset, over 80% of patients have some form of PRKCI gene amplification 

(combined low-level and high-level). This is significantly higher than any other member 

of the PKC family. Interestingly, even amongst relapse patients, Protein Kinase C iota 

exhibits the greatest copy number amplification amongst all other members, further 

signifying the importance of PRKCI specifically in ovarian cancer (Table 7 and 8). This 

amplification positively correlated with increased PRKCI mRNA expression in patients, 

as we would expect (Figure 7).  
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2. Levels of PKCiota correlate with PRKCI gene copy number in both 

ovarian tumor specimens and established cell lines 

We next analyzed if ovarian cancer cell lines would express the same distribution 

of PRKCI amplification and used the Broad Institute’s large cell line database to find that 

there indeed was a strong correlation to PRKCI copy number and gene expression 

(Figure 8). In our own analysis of cell lines, we found several PRKCI amplified cell 

lines: CAOV-3, OCC1, OVCAR-3, OVCAR-4, OVCA433, and SK-OV-3) (Figure 8). 

Protein levels of PKCiota in these cell lines also correlated well with amplification status 

(Figure 10). Of note is the OSE cell lines that displayed very little PKCiota levels, 

emphasizing the cancer-specific nature of PKCiota. Likewise, when PRKCI mRNA 

levels of PKCiota in our panel of cell lines was analyzed, they also correlated well with 

amplification status (Figure 11).  

3. Relevance of PRKCI gene copy abnormality to ovarian cancer 

malignancies  

Though PRKCI amplification was present in a high proportion of ovarian cancer 

patients and in several cell lines from our panel, we did not find significance in ovarian 

cancer patient overall survival nor progression free survival (Figure 12). It is understood 

that clinical features such as age, stage, and degree of debulking are known prognostic 

factors for ovarian cancer. However, additional variations in outcome among patients 

remains unexplained and this provides some reasoning as to why the 10-year overall 

survival remains around 30%. Causality is not necessarily established by a correlation 

between a set of genes and clinical endpoints. Though PFS and OS was not significant, it 

does not deter us from the fact that PKCiota is amplified in a large subset of the ovarian 
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cancer patient population (over 30%) and this amplification can be also be seen in 

relapsed patients. Copy number alterations, such as amplification of PRKCI, may be 

susceptible to inherited changes which lead to differential ovarian cancer outcome.   

4. No difference seen in growth or migration when comparing PRKCI 

amplified cell lines versus those without.  

When analyzing a panel of cell lines with PRKCI amplification and those without, 

we did not find any statistical difference between these two groups in terms of growth 

(Figure 13) or migration (Figure 14).  

However, these observations, along with the fact that PRKCI amplification 

percentages in both primary and relapse tumors are almost identical raised the possibility 

that perhaps PRKCI may not be a facilitator of ovary tumorigenesis but perhaps an 

ovarian cancer driver gene.  
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Figure 6. Copy number of PRKCI in ovarian cancer patients and relapsed ovarian cancer patients 

(TCGA). 

Using the ovarian carcinoma TCGA dataset with 579 patients, we found that 33.7% of patients harbor gene 

amplification for PRKCI (A). Within this dataset, we found that 314 patients relapsed after receiving 

treatment. Within these relapsed patients, we found that 31.2% harbor gene amplification for PRKCI (B).  
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Table 8: TCGA Copy Number Analysis of Ovarian Cancer Patients (579 patients) 

 

PKC Family 

Member 

Protein 

Kinase 

C Alpha 

Protein 

Kinase 

C Beta 

Protein 

Kinase 

C 

Gamma 

Protein 

Kinase 

C Delta 

Protein 

Kinase 

C 

Epsilon 

Protein 

Kinase 

C Theta 

Protein 

Kinase 

C Eta 

Protein 

Kinase 

C Zeta 

Protein 

Kinase 

C Iota 

Gene Name PRKCA PRKCB PRKCG PRKCD PRKCE PRKCQ PRKCH PRKCZ PRKCI 

Homozygous 

Deletion (-2) 
0.35% 0.35% 0.69% 0.35% 0.17% 0.0% 0.35% 1.38% 0% 

Single Copy 

Deletion (-1) 
41.62% 40.93% 45.6% 32.12% 10.19% 16.06% 51.64% 34.37% 0.86% 

Diploid Normal 

Copy (0) 
29.53% 39.72% 31.26% 48.19% 46.11% 39.72% 35.58% 32.12% 16.41% 

Low-Level Copy 

Number 

Amplification (1) 

25.73% 17.62% 20.38% 17.27% 38.17% 35.92% 11.23% 27.81% 49.05% 

High-Level Copy 

Number 

Amplification (2) 

2.76% 1.38% 2.07% 2.07% 5.35% 8.29% 1.21% 4.32% 33.68% 

 

 
Gene-level copy number variation (CNV) estimation was made using the GISTIC2 method using the 

TCGA ovarian serous cystadenocarcinoma dataset containing 579 patients (TCGA_OV_gistic2thd-2015-

02-24). Copy number profile was measured experimentally using whole genome microarray at a TCGA 

genome characterization center. Subsequently, GISTIC2 method was applied using the TCGA FIREHOSE 

pipeline to produce gene-level copy number estimates. GISTIC2 further thresholded the estimated values to 

-2,-1,0,1,2, representing homozygous deletion, single copy deletion, diploid normal copy, low-level copy 

number amplification, or high-level copy number amplification, respectively. Amongst all nine members of 

the PKC family, only the iota isoform is significantly gene amplified in ovarian cancer patients. The next 

most amplified PKC isoform is theta at 8.29% (a difference of 25.39%). PRKCI also has the lowest 

percentage of deletions or diploid status amongst the PKC isoforms in ovarian cancer.  
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Table 9: TCGA Copy Number Analysis of Relapsed Ovarian Cancer Patients (314 patients) 

 

PKC Family 

Member 

Protein 

Kinase 

C Alpha 

Protein 

Kinase 

C Beta 

Protein 

Kinase 

C 

Gamma 

Protein 

Kinase 

C Delta 

Protein 

Kinase 

C 

Epsilon 

Protein 

Kinase 

C Theta 

Protein 

Kinase 

C Eta 

Protein 

Kinase 

C Zeta 

Protein 

Kinase 

C Iota 

Gene Name PRKCA PRKCB PRKCG PRKCD PRKCE PRKCQ PRKCH PRKCZ PRKCI 

Homozygous 

Deletion (-2) 
0.3% 0% 1.0% 0.3% 0% 0% 0% 0.64% 0% 

Single Copy 

Deletion (-1) 
42.4% 44.27% 47.5% 31.2% 10.83% 15.92% 51.27% 34.71% 0.96% 

Diploid Normal 

Copy (0) 
28% 35.67% 29.3% 49% 49.04% 40.13% 35.67% 32.17% 17.52% 

Low-Level Copy 

Number 

Amplification (1) 

25.8% 18.47% 21% 16.9% 35.99% 36.62% 12.1% 27.71% 50.32% 

High-Level Copy 

Number 

Amplification (2) 

3.5% 1.59% 1.3% 2.5% 4.14% 7.32% 0.96% 4.78% 31.21% 

 
 
From the 579 patients in the ovarian cancer dataset in Table 8, 314 patients were found to have relapsed. 

From amongst these patients, 31.21% of patients presented high-level amplification of PKCiota. This is 

significantly more than another isoform of the PKC family with the next highest being PKC theta at 7.32% 

(a difference of 23.89%). Additionally, PRKCI also has the lowest percentage of deletions or diploid status 

amongst the PKC isoforms in ovarian cancer. 
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Figure 7. Correlation of PRKCI copy number and level of expression in 556 ovarian cancer patients 

(TCGA).  

From the 579 patients in the ovarian cancer dataset in Table 7, 556 patients were found to have information 

for both gene amplification status information and gene expression levels of PRKCI. PRKCI gene 

amplification numbers -1,0,1, and 2 represent single copy deletion, diploid normal copy, low-level copy 

number amplification, or high-level copy number amplification, respectively. No patient presented 

homozygous deletion (-2) of PRKCI. Patients with high-level copy number amplification of PRKCI had 

significantly higher gene expression levels of PRKCI than patients with low-level, none, and heterozygous 

deletion of PRKCI (p<0.0001).  
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Figure 8. Correlation of PRKCI copy number and level of expression in 52 ovarian cancer cell lines 

from the Broad Institute. 

Broad Institute’s cancer cell line database containing 52 ovarian cancer cell lines show a positive and 

significant correlation (p < 0.0001; r = 0.768) between PRKCI copy number and gene expression.  
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Figure 9. PRKCI copy number in established cell lines.  

Copy number analysis was performed on 12 ovarian cancer cell lines to determine which contained PRKCI 

amplification. Along with ovarian cancer cell lines, two immortalized ovarian surface epithelial cells or 

OSE named T29 and T80 along with Fallopian Tube Epithelial Cell or FTEC were also used in the 

analysis. T80 was previously published in the literature to not harbor any PRKCI amplification so it was 

used as a calibrator for this gene copy analysis. The lung cancer cell line, A549, was also published to not 

harbor PRKCI amplification and was used as a control for this experiment. MCF10A, an immortalized 

breast epithelial cell line, was also included in the analysis. We found the cell lines CAOV3, OCC1, OV3, 

OV4, OV433, and SKOV3 are all gene amplified for PRKCI using statistical analysis from CopyCaller 

software (marked with an asterisk, p<0.05). The dotted line indicates the diploid status at copy number 2. 

Error bars represent standard error of mean. Copy number analysis was performed with three technical 

replicates and at least two biological replicates.  
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Figure 10. Levels of PKCiota protein in ovarian cancer cell lines and OSE cell lines.  

A panel of 12 ovarian cancer cell lines and two OSE cell lines (T29 and T80) were examined by western 

blot analysis for PKCiota using 30ug of protein per lane. Beta actin levels were used as a loading control. 

Using densitometric analysis, PKCiota protein levels were normalized to Beta Actin levels to give relative 

values for each cell line (A). There is a positive correlation (r = 0.687) between PKCiota protein level and 

PRKCI copy number in these cell lines (B).  
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Figure 11. Levels of PRKCI mRNA in ovarian cancer cell lines and OSE cell lines. 

A panel of 12 ovarian cancer cell lines and two OSE cell lines (T29 and T80) were examined by qRT-PCR 

for PRKCI mRNA levels (relative to beta actin) Error bars represent standard error of mean (A). There is a 

positive correlation (r = 0.84) between PRKCI mRNA levels and copy number in these cell lines (B).  
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Figure 12. PRKCI gene copy number abnormality and ovarian cancer patient recurrence free 

survival and overall survival. 

Using TCGA ovarian cancer dataset, Recurrence Free Survival curve (A) and Overall Survival curve (B) 

were generated when patients were divided into PRKCI gene amplified versus non-amplified groups. No 

statistical significance was calculated in either groups (p>0.05).  
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Figure 13. Cell growth of established ovarian cancer cell lines.  

A panel of 10 ovarian cancer cell lines were used in this experiment with ES-2, HEY, IGROV-1, OVCAR-

8 and OVCA429 representing non-PRKCI gene amplified cell lines and CAOV-3, OCC1, OVCAR-4, 

OVCA433, and SK-OV-3 representing PRKCI gene amplified cell lines. The percent growth was expressed 

as 72 hour values relative to 12 hour values for each cell line. Triplicates were used for each cell line and 

the experiment was repeated three times with error bars representing standard error. The Mann-Whitney U-

test (also called the Wilcoxon rank-sum test) shows no significance between these two groups (p>0.05). 
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Figure 14. Migration of established ovarian cancer cell lines.  

A panel of 10 ovarian cancer cell lines were used in this experiment with ES-2, HEY, IGROV-1, OVCAR-

8 and OVCA429 representing non-PRKCI gene amplified cell lines and CAOV-3, OCC1, OVCAR-4, 

OVCA433, and SK-OV-3 representing PRKCI gene amplified cell lines. The cell migration assay was 

performed for 24 hours and cells were counted and quantified using the Imaris 7.0 imaging software to 

compute the number of voxels (volumetric pixel). Duplicates were used for each cell line and the 

experiment was repeated three times. Error bars represent standard error of mean. The Mann-Whitney U-

test (also called the Wilcoxon rank-sum test) shows no significance between these two groups (p>0.05). 
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IV. Silencing PKCiota in Ovarian Cancer 

A. Introduction 

To begin analysis of possible onco-addiction to PKCiota in ovarian cancer, we 

first explored silencing of PKCiota and PKCzeta in ovarian cancer cell lines to 

distinguish phenotypic effects. While cancer cell lines in culture are imperfect models of 

human tumors, they tend to remain addicted to the oncogenes that initiated tumor 

formation and hence are well-validated tools for studying oncogene-targeted therapies 

(Sharma, 2010). Silencing was mediated through siRNA (small interfering RNA) 

transfection (sequences in Figure 15) as well as shRNA (short hairpin RNA) lentiviral 

infection and a variety of cell-based assays were employed to determine the effects of 

knockdown.  

B. Results 

1. Silencing PKCiota specifically inhibits growth of ovarian cancer cells 

with PRKCI gene amplification  

Four cell lines, two with gene amplification and two without, were treated with 

siRNA for either scramble control, PKCiota siRNA #1, PKCiota siRNA #2, or PKCzeta 

siRNA. Confirmation of knockdown was first identified via western blot in Figure 16 and 

shows clear silencing of each isotype. Morphological differences were distinctly noted in 

silencing PKCiota in PRKCI gene amplified cell lines versus non-gene amplified lines 

after four days (Figure 17), specifically reduced number of cells were noted and cell 

death. To quantify this decrease, cell viability assays was performed with several ovarian 

cancer cell lines and a trend was noted. In PRKCI gene amplified cell lines, silencing of 

PKCiota significantly reduced cell growth whereas it was well tolerated in non-PRKCI 
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gene amplified cell lines (Figure 18). Silencing of PKCiota was also well tolerated in 

OSE cell lines (Figure 19).  

Knockdown of PKCi has a considerably dramatic growth inhibitory effect on cell 

lines that are gene amplified versus those that are not. PRKCI gene-amplification cell 

lines undergo apoptosis at a higher rate than non-gene amplified cell lines when PKCiota 

is silenced. Within the atypical PKC family, decreased proliferation after silencing is 

specific to the iota isoform and not the zeta isoform. 

2. PRKCI gene amplified ovarian cancer cell lines undergo apoptosis 

after knockdown of PKCiota and not PKCzeta 

To further explore the cause of death seen by silencing PKCiota using siRNA, we 

lentivirally infected cell lines with shRNA and performed cell cycle analysis (Figure 20). 

We found high of Sub G1 levels, indicating a great number of dead cells, when PKCiota 

was silenced in the PRKCI gene amplified cell lines compared to the non-gene amplified 

cell lines. We then performed Annexin V/ FITC flow analysis and found there was 

significantly higher levels of apoptotic cells in the PRKCI gene amplified cell lines than 

the non-PRKCI gene amplified ones (Figure 21 and 22). We used cell lysates from the 

infected cells and found that indeed apoptosis was occurring in the PRKCI gene 

amplified cell lines after silencing PKCiota, as evidenced by the cleavage of caspase 3, a 

critical executioner of apoptosis and PARP which is a main cleavage target of Caspase 3 

and facilitates cellular disassembly (Figure 23). Our results show that silencing PKCiota 

in PRKCI gene amplified cell lines mediates apoptosis but not in the non-gene amplified 

cell lines. We also found that this apoptotic death was isoform specific as the other 

atypical PKC family member, zeta, did not induce cell death in any of the lines. We 
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found PKCiota to be an attractive target for this subset of ovarian cancer patients with 

PRKCI amplification, especially as a therapy option.  

C. Summary  

By silencing PKCiota using both siRNA and shRNA, we identified a pattern of 

onco-addiction specificity in cell lines with PRKCI amplification. This addiction leads to 

apoptosis within PRKCI gene amplified cell lines. We were able to confirm that the 

onco-addiction was specific to only the iota isoform and not the zeta within the atypical 

PKC family subgroup.  
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Figure 15. Sequences of PRKCI siRNAs 

Historically, siRNAs have been synthesized as 21-mers to directly mimic the products that are produced by 

the RNase-III class endoribonuclease Dicer in vivo. However, studies show that chemically synthesized 

RNA duplexes in the 25-30 base length range can have as much as a 100-fold increase in potency when 

compared to the 21-mer siRNA at the same location. The most optimal length seems to be 27-mer. It is 

theorized that the longer 27-mer double stranded RNA provides Dicer with a substrate that it can then 

introduce to the RNA Induced Silencing Complex (RISC), thereby improving the rate of efficiency when 

compared to introducing the traditional 21-mer siRNA (Kim, 2005). Two siRNA duplexes against PRKCI 

mRNA and a Scramble siRNA control duplex, sequences listed here, were purchased from Integrated DNA 

Technologies (IDT).  
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Figure 16. Knockdown of PKCiota in various ovarian cancer cell lines.  

PRKCI gene amplified cell lines SK-OV-3 and OCC1 (labeled in red) and non-PRKCI gene amplified cell 

lines OVCAR-8 and ES-2 (labeled in blue) were exposed to 50nM final concentration of siRNA. After 4 

days, cells were harvested for western blot analysis. Using 30ug of protein per lane, effective silencing of 

PKCiota using siPKCiota duplexes from IDT can be seen in all cell lines, regardless of PRKCI gene 

amplification status. Additionally, effective silencing of PKCzeta using siPKCzeta pool from Dharmacon 

can be seen in all cell lines as well. GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was used as a 

loading control.  
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Figure 17. Morphology of ovarian cancer cells with PKCiota knockdown.  

Images of cells taken four days after transfection using the 5X microscope objective shows growth 

sensitivity to siPKCiota in the PRKCI gene amplified cell lines OCC1 and SK-OV-3 but not in ES2 and 

OVCAR-8 (both non-PRKCI gene amplified cell lines). No sensitivity was seen in any of the cell lines 

when PKCzeta is silenced. Cells that contain no siRNA or transfection agent are labeled as Untreated. Cells 

with 50nM final concentration of siControl duplex are labeled as siControl. Cells treated with 50nM final 

concentration of the siPKCiota duplex #2 are labeled as siPKciota. Cells treated with 50nM final 

concentration of the PKCzeta siRNA pool are labeled as siPKCzeta.  
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Figure 18. Sensitivity of PKCiota knockdown to cell growth in both PRKCI gene-amplified and non-

amplified ovarian cancer cell lines.  

Cell growth analysis was performed on PRKCI gene amplified (SK-OV-3, OCC1, and CAOV-3) and non-

amplified (ES-2, IGROV-1, and OVCAR-8) cell lines. The percent growth was expressed as 96-hour 

values relative to 12 hour values for each cell line. The PKCiota siRNA treated samples were compared 

relative to Control siRNA treated samples, which were normalized to 100%. Triplicates were used for each 

cell line and the experiment was repeated three times with error bars representing standard error of mean. 

Two-way ANOVA was used to calculate significance (**: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001). 
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Figure 19. Sensitivity of PKCiota knockdown to cell growth in OSE cell lines   

Cell growth analysis was performed on the non-PRKCI amplified, ovarian surface epithelial cell lines, T29 

and T80. The percent growth was expressed as 96-hour values relative to 12 hour values for each cell line. 

The PKCiota siRNA treated samples were compared relative to Control siRNA treated samples, which 

were normalized to 100%. Triplicates were used for each cell line and the experiment was repeated three 

times with error bars representing standard error. Two-way ANOVA was used but no statistical 

significance was noted.  
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Figure 20. Cell Cycle Analysis of ovarian cancer cell lines. 

Lentivirally-infected ovarian cancer cell lines were collected four days after infection with either shControl 

Scramble, shPKCiota #1, shPKCiota #2, or shPKCzeta and then used for cell cycle analysis. The horizontal 

axis is represented by PI (DNA content) and the vertical axis is represented by Count (Intensity). Only 

PRKCI gene amplified cell lines, OCC1 and SK-OV-3, displayed high levels in the sub G1 stage, 

representing a great number of dead cells. No differences, compared to control, were noted in the non-

amplified cell lines, ES2 and OVCAR-8. Images shown are representative of three independent 

experiments. 
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Figure 21. Annexin V/PI flow cytometry of ovarian cancer cell lines 

Lentivirally-infected ovarian cancer cell lines were collected four days after infection with either shControl 

Scramble, shPKCiota #1, shPKCiota #2, or shPKCzeta and then used for Annexin V/FITC analysis. The 

horizontal axis is represented by Annexin V and the vertical axis is represented by PI. Only PRKCI gene 

amplified cell lines, OCC1 and SK-OV-3, displayed high levels in Quadrant 2 and 3, representing a great 

number of apoptotic cells. No differences, compared to control, were noted in the non-amplified cell lines, 

ES2 and OVCAR-8. Images shown are representative of three independent experiments. 
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Figure 22. Percentage of apoptotic cells from Annexin V/PI flow cytometry. 

Quantitation of results from the Annexin V/PI analysis shows that the number of apoptotic cells from 

silencing PKCiota is significant compared to control in PRKCI gene amplified cell lines, OCC1 and SK-

OV-3. No significant differences, compared to control, were detected with silencing PKCiota in non-

PRKCI amplified cell lines, ES2 and OVCAR-8. Results represent averages of three independent 

experiments with error bars representing standard error. 
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Figure 23. Western blot analyses of PARP and caspase 3 cleavage in ovarian cancer cell lines. 

PRKCI gene amplified cell lines OCC1 and SK-OV-3 and non-PRKCI gene amplified cell lines OVCAR-8 

and ES-2 were lentivirally infected with shRNA (C: shScramble Control shRNA, i1: shPKCiota #1, i2: 

shPKCiota #2, z: shPKCzeta). After 4 days, cells were harvested for western blot analysis. Using 30ug of 

protein per lane, effective silencing of PKCiota using shPKCiota can be seen in all cell lines, regardless of 

PRKCI gene amplification status. Additionally, effective silencing of PKCzeta using shPKCzeta can be 

seen in all cell lines as well. Silencing of PKCiota mediates cleavage of the critical apoptosis executioner 

Caspase 3 as well as the cleavage of poly ADP ribose polymerase (PARP) which is a main cleavage target 

of Caspase 3 and facilitates cellular disassembly, but only in PRKCI gene amplified cell lines. Cleavage of 

both serves as a marker of cells undergoing apoptosis. GAPDH was used as a loading control.  
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V. Targeting PKCiota using Small Molecule Inhibitors 

 

A. Introduction 

Due to the strong protein-protein interaction activity of PKCiota, many inhibitors 

that are being explored take advantage of the binding domains that deal with protein 

interaction instead of the kinase activity of PKCiota. As described previously, the 

atypical PKC family members contain a PB1 domain which mediates protein-protein 

interaction, which may promote tumorigenesis in the case of PKCiota.  

B. Aurothiomalate (ATM) 

Aurothiomalate (also known as Gold Sodium Thiomalate) is a gold-based 

compound that was used for the treatment of adult and juvenile rheumatoid arthritis, 

psoriatic arthritis, and Felty’s syndrome. Additional brand names for Aurothiomalate are 

listed in the Supplemental Material – Appendix B. It was identified in 2006 by Alan 

Field’s group as a potent inhibitor of the Phox and Bem1p (PB1)-PB1 domain interaction 

between PKCiota and the adaptor molecule Par6. ATM prevents PKCiota and Par6 

interaction by forming a thio-gold adduct with a cysteine residue within the PB1 domain 

of PKCiota (Cys69), thereby blocking PB1 domain-mediated interactions with Par6, 

Ect2, and p62. By blocking oncogenic PKCiota signaling, Dr. Field's group found that it 

blocked transformed growth of human lung cancer cell lines and that the IC50 (half 

maximal inhibitory concentration) for ATM-mediated inhibition of transformed growth 

was around 2uM (Stallings-Mann, 2006).  

To note, since PKCzeta is structurally similar to PKCiota and also contains a 

cysteine residue in the protein-binding region of the PB1 domain (Cys68), this gold- 
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containing compound is predicted to also disrupt PKCzeta downstream signaling.  

C. Auranofin (ANF) 

Auranofin, also called Ridaura, is a gold-based, orally active drug that was 

patented in 1972 (U.S. Pat. No. 3,635,945) and then FDA approved for the treatment of 

rheumatoid arthritis in 1985. It shares the same chemical class as Aurothiomalate and is 

proposed to also inhibit PKCiota signaling (and also potentially PKCzeta) in the same 

manner (Wang, 2013). It is tolerated well by patients but does have adverse 

gastrointestinal effects with long-term use for chronic disease.  

Dr. Arthur Lorber’s lab was the first to publish Auranofin’s anti-tumor potential 

in cervical cancer using HeLa cells, seven years after it was patented and six years before 

it was FDA approved (Simon, 1979). The main mechanism of action of Auranofin 

proposed is through the inhibition of the redox (reduction/oxidation) enzymes that are 

essential for maintaining intracellular levels of ROS (reactive oxygen species) (Pessetto, 

2013; Fiskus, 2014). Inhibition of these enzymes leads to cellular oxidative stress and 

apoptosis. In addition, there are other mechanisms of Auranofin proposed that may 

induce cell death in cancer. It has been identified as an inhibitor of STAT3 and NFκB 

pathways (Nakaya, 2011; Kim, 2013), inhibitor of DUBs (proteasome-associated 

deubiquitinases) (Liu, 2014), and activator of the FOXO3 tumor suppressor (Park, 2014). 

It was Dr. Alan Field’s lab that first assessed the efficacy of Auranofin to inhibit PKCiota 

signaling in ovarian cancer as an alternative to the clinically unavailable Aurothiomalate, 

with the same concept of PB1 domain inhibition (Wang, 2013). The publication used 

tumor initiating cells (TICs) enriched from SK-OV-3 and ES-2 to show that Auranofin 

was able to block TIC phenotype in vitro and tumor formation in vivo.  
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However, it is worth noting that only ES2 (a non-PKCiota gene amplified cell 

line) was used to calculate IC50 values after performing a dose-dependent proliferation 

assay using Auranofin (192nM IC50). ES-2 was also the only cell line used to form 

orthotopic tumors in immune-deficient nude mice that were then treated with Auranofin 

for about a month. The TICs enriched from SK-OV-3, a PKCiota gene amplified cell 

line, were not used for any of these studies. It is important to note this because one study 

in 2018 found that though OVCAR-4 and SK-OV-3 cell lines have increased PRKCI 

copy number, these lines had higher IC50 values and thus displayed more resistance to 

Auranofin treatment than non-gene amplified cell lines, A2780 and OVCAR8 (Hyter, 

2018). This goes against findings that state that auranofin is a selective inhibitor of 

oncogenic PKCiota signaling (Wang, 2013). Had results from both ES2 and SKOV3 been 

presented, perhaps IC50 values and tumor burdens could have been compared between the 

publications. If Auranofin truly targets the PB1 domain of PKCiota and prevents its 

signaling, the PKCiota gene amplified cell lines should display lower IC50 values than the 

non-gene amplified cell lines. In our analysis of Auranofin treatment on ovarian cancer 

cell lines, we found that the non-PKCiota gene amplified line, A2780, had one of the 

lowest IC50 (meaning the most sensitive) values. On the other hand, the PKCiota gene 

amplified lines OVCA433 and OCC1 had the two highest IC50 values (meaning the most 

resistant). The rest of the cell lines varied in IC50 values and we found no correlation 

among gene-amplified and non-gene amplified lines.  

Nevertheless, a clearer picture of Auranofin’s role in ovarian cancer can be 

viewed by the clinical trials it has been involved in since its repurposing proposal for 

cancer treatment. In 2015, a clinical trial to test Auranofin in 10 epithelial ovarian  
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cancer patients was completed in which patients received 3mg of auranofin orally, twice 

daily (NCT01747798). Of these ten patients, eight manifested progressive disease with 

either elevation in CA-125 levels and/or new radiographic lesions. One patient died 

without evidence of disease progression and only one patient manifested a sustained drop 

in CA-125 levels after 4 months of treatment (Jatoi, 2015).  

Auranofin, as of June 2019, is currently being tested in two cancer clinical trials: 

one for glioblastoma (active, not recruiting) and one for lung cancer (recruiting). For the 

lung cancer clinical trial, Auranofin is being tested in combination with Sirolimus, an 

immunosuppressant also called Rapamycin. The Phase I portion of the study will 

determine the maximum tolerated dose of Auranofin plus Sirolimus after at least one line 

of platinum-based chemotherapy while the Phase II portion will assess the progression-

free survival of these lung cancer patients. The study started in November 2012 and is 

expected to reach completion in August 2020 (NCT01737502). Interestingly, a similar 

clinical trial, but for ovarian cancer, was proposed in March 2018 whereby 48 patients 

received Auranofin along with Sirolimus. Objectives for the study included overall tumor 

response rate and survival but the study was suspended and then closed in April 2019 due 

to undisclosed results from the interim analysis (NCT03456700). Perhaps the study was 

closed early due to similar results seen from the unsuccessful Auranofin- ovarian cancer 

clinical trial in 2015.  

From these clinical studies and our analysis of no displayed preference to 

PKCiota-amplified cell lines, there is evidence that, for ovarian cancer at least, targeting 

PKCiota using Auranofin may not be a successful option despite in vitro/in vivo studies 

in publications showing otherwise. 
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D. Oncrasin-1 

Oncrasin-1 (1-[(4-chlorophenyl)methyl]-1H-indole-3-carboxaldehyde) is a cell-

permeable indolecarboxaldehyde compound. Research into Oncrasin-1’s anti-tumor 

properties was first spearheaded by its inventors and patent holders, Dr. Bingliang Fang’s 

group at the University of Texas M.D. Anderson Cancer Center. Using a chemical library 

with 10,000 compounds, including Oncrasin-1, from Chembridge Corporation (San 

Diego, CA), they were able to publish its effective killing properties on cancers with K-

Ras mutations or PKCiota overexpression, specifically lung cancer (Guo, 2008). Another 

lab at the National Brain Research Centre in India found that Oncrasin-1 was able to 

induce apoptosis in glioma cells. Mechanistically, Fang’s lab identified that Oncrasin-1 

was able to induce abnormal nuclear aggregation of PKCiota in certain lung cancer cell 

lines. They proposed that this modulating of subcellular localization caused disruptions in 

mRNA processing machinery (Guo, 2009). They also found that inducing PKCiota 

aggregation led to dissociation between PKCiota and CDK9 (cyclin-dependent protein 

kinase 9)/Cyclin T1 complex. This complex is known to phosphorylate the largest 

subunit of RNA polymerase II and is required for RNA transcription. Therefore, the 

results lead to decreased RNA polymerase II phosphorylation and a suppression of RNA 

processing in general. Although, the publication did not determine PKCiota’s role in 

regulating RNA transcription and splicing and its interaction with cyclin T1. The authors 

state that compounds identified by library screening often need to be optimized before 

their possible clinical application can be explored. This can be evidenced by the fact that 

research has now shifted on to analyzing analogues and derivatives of Oncrasin-1 (such 

as NSC-741909, Oncrasin-60, Oncrasin-266) instead of the original molecule. 
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This leads to the conclusion that though Oncrasin-1 may be effective in vitro and 

in vivo by way of xenograft models, it may not be suitable at the clinical level. Oncrasin-

72 (NSC-743380), an analog of Oncrasin-1, displayed anticancer activity in a xenograft 

tumor model derived from human renal cancer cell line A498 (Guo, 2011) and induced 

significant in vivo tumor suppression in xenografts derived from the KRAS-mutant lung 

cancer cell line H157 (Liu, 2012). Unfortunately, there is no mention of PKCiota 

inhibition in either publications. Instead, authors state that the antitumor effects are 

mediated by JNK (Jun-amino-terminal kinase) activation and STAT3 (signal transducer 

and activator of transcription 3) inhibition. For the original Oncrasin, it was mentioned 

that Oncrasin-1-mediated cell death required the presence of both mutant K-Ras and 

PKCiota and that siRNA-mediated knockdown of either enzyme demonstrated abolished 

cytotoxicity in H460 and T29Ktl cells (Guo, 2008).  

 

E. Summary 

From published in vitro studies, ATM, ANF, and Oncrasin-1 seem to be excellent 

inhibitors of PKCiota, especially in non-small cell lung cancer. Though the mechanistic 

significance of Oncrasin-1 aggregating PKCiota in the nucleus is not completely 

apparent, ATM and ANF employ a protein-interaction preventing mechanism that is 

important for PKCiota's pro-tumorigenic signaling. The fact that none of the inhibitors 

have been cleared by the FDA for reducing cancer burden makes it clear, however, that 

more research may be needed.  
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VI. Using PKCiota-targeting Small Molecule Inhibitors in 

Ovarian Cancer Cell Lines 

A. Introduction 

Since PKCiota is amplified at the genomic level in over 30% of ovarian cancer 

patients, upstream targets could potentially be inconsequential. Since we were able to 

show that silencing PKCiota leads to apoptosis in gene amplified cell lines, we proceeded 

to test current PKCiota inhibitors as a therapeutic option for the stratified subset of 

patients.  

B. Results 

1. ATM, ANF, and Oncrasin-1 do not display any specificity to PRKCI 

gene amplification and require high concentrations to mediate cell 

death in ovarian cancer cell lines.  

The IC50 values calculated for ATM and Oncrasin-1 are quite high compared to 

other published values for lung cancer. For example, the cell line SK-OV-3, had an IC50 

of 84.9µM for ATM and an IC50 of 182.8µM for Oncrasin-1, despite it being a gene 

amplified cell line with high expression of PKCiota. Though these inhibitors may work 

for in vitro studies, they would not prove useful for in vivo studies for ovarian cancer. 

Auranofin did present lower IC50 values compared to the other two inhibitors but there 

was no specificity noted for PRKCI amplified cell lines, a similar to the trend seen with 

both Oncrasin-1 and ATM (Figure 24). 
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2. Aurothiomalate (ATM) displays toxicity to the immortalized ovarian 

surface epithelial cell line, T80  

In addition, the ATM inhibitor displayed high toxicity in the ovarian surface 

epithelial cell line, T80 at a relatively low dose (10µM) after two days of treatment, as 

visualized in Figure 25 with microscopy. Overall, these findings show that a better 

PKCiota inhibitor is in need to take advantage of the sub-group of ovarian cancers that 

contain PRKCI gene-amplification. 

 

C. Summary 

There were other inhibitors in the literature against PKCiota, but we found that 

they were either similar to the ones we were testing (such as Aurothioglucose which is 

another gold-based compound) or they were some issues that prevented us from testing 

them. For example, there is a compound identified by Dr. Midred Duncan’s group called 

ICA-1 ([4-(5-amino-4-carbamoylimidazol-1-yl)-2,3-dihydroxycyclopentyl] methyl 

dihydrogen phosphate) which is a compound that was tested in neuroblastoma to inhibit 

PKCiota, but we were not able to acquire any due to the manufacturer’s refusal to sell the 

compound to us and we were not able to generate it due to the complexity of the 

compound and its extreme cost to synthesis it. Nevertheless, by testing these three 

compounds, we tested a majority of literature on small molecule inhibitors against 

PKCiota.  
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We found that there was no selectivity or specificity with any of these inhibitors 

for PRKCI gene amplified cell lines. Lower IC50 values, which means greater sensitivity 

to a drug, was actually found in cell lines without PRKCI gene amplification and we saw 

the highest IC50 values displayed in cell lines with PRKCI gene amplification. Our results 

seemed discouraging, but a paper published last year found similar results to ours when 

they tested Auranofin. They saw lower IC50 values in non-gene amplified lines such as 

A2780 and OVCAR8 but higher IC50 values in PRKCI gene amplified cell lines such as 

OVCAR4 and SKOV3 (Hyter, 2018).  

Despite the lack of specificity to PRKCI amplification, these results show very 

high IC50 values for ATM and Oncrasin-1 and these inhibitors would unlikely be useful 

for in vivo studies of ovarian cancer. Though ANF showed reasonable IC50 values, its 

unsuccessfulness in clinical trials regarding ovarian cancer patients cannot be avoided. 

All in all, we found that a better inhibitor is needed to take advantage of the sub-group of 

ovarian cancers that contain PRKCI amplification.  
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Figure 24. Cell viability of Oncrasin-1, ANF, and ATM in ovarian cancer cell lines.   

A panel of ovarian cancer cell lines were used in this experiment for each inhibitor, Oncrasin-1, Auranofin, 

and Aurothiomalate, at various concentrations. The cell viability was expressed as 72-hour values relative 

to 12 hour values for each cell line. Triplicates were used for each cell line and the experiment was 

repeated three times with error bars representing standard error of mean. IC50 values were calculated using 

GraphPad software.  
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Figure 25. Morphology of T80 cell line treated with vehicle and ATM. 

The ovarian surface epithelial cell line T80 was treated with Vehicle (DMSO) or Aurothiomalate at 10µM 

final concentration and images using the microscope at 5X were taken 2 days later.   
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VII. Aptamer Based Strategy for Targeting PKCiota in 

Amplified Ovarian Cancer 

 

A. Introduction 

Due to the similarities between the two human atypical PKC family members, a 

unique inhibitor for PKCiota is needed. Previous publications have used gold-based 

compounds to block PKCi and Par6 interactions that are crucial for apical-basal polarity. 

We show, however, that these compounds exhibit no specific selectivity for PKCiota 

gene amplified ovarian cancer cell lines and they also kill the ovarian surface epithelial 

cell line, T80. Previous publications about PKCiota mention the use of an atypical 

PKCiota inhibitor, which upon further investigation, was identified as a myristoylated 

PKC zeta pseudo-substrate inhibitor that offered no selectivity between the iota and zeta 

isoforms. The problem of targeting PKCiota is further aggravated by the fact that 

previous atypical PKC antibodies that were used in older publications were actually 

antibodies against the better known PKCzeta isoform and not iota.  

This dissertation's goal was to generate a PKCiota-targeting therapy that would 

establish the importance of the iota isoform in ovarian cancer. Firstly, we wanted to 

specifically target the PKCiota isoform so as to differentiate the effects that current small 

inhibitors have in ovarian cancer since they “target” both of the atypical PKCs 

simultaneously. This first concern is very important as the two atypical PKCs, iota and 

zeta, share a large homology. 
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Secondly, we wanted an easy and effective delivery method that was designed for 

ovarian cancer and showed little to no toxicity in normal tissue. With these conditions in 

mind, we found that the best route was that of aptamers. 

As previously mentioned, aptamers are single-stranded DNA or RNA that can 

bind their targets with high affinity and specificity. Many aptamers are generated through 

an in vitro enrichment process but that can be quite costly and take time. Aptamers can 

made entirely of sequences designed to target specific molecules, peptides, proteins, 

cells, or tissues but they can also be customized to include metals, radioisotopes, 

cytotoxic agents, drugs, functional groups, enzymes, biomarkers, fluorescent molecules, 

nanoparticles, and more. For our purposes, we were interested in siRNA-aptamers or 

Apatmer-siRNA chimeras (AsiC) which are able to combine the specificity of aptamers 

with the mRNA silencing power of small interfering RNAs. 

  With the use of a siRNA sequence that was validated to target the iota isoform 

specifically, via western blot and qRT-PCR in ovarian cancer cell lines, we ensured that 

the aptamer only targeted PKCiota and thus achieved our first goal of our aptamer 

project. Combing through the literature, we were able to find a 20-nucleotide long 

EpCAM RNA aptamer that processes similar binding affinity as antibodies but is also 

efficiently internalized into cells through receptor-mediated endocytosis (Shigdar, 2011). 

Published in 2011 by Dr. Wei Duan’s lab, the EpCAM aptamer can specifically bind with 

high affinity to the EpCAM receptor. Most importantly, this binding can lead to 

endocytosis. As previously discussed, EpCAM’s expression is much higher in 

adenocarcinomas than normal epithelial cells. Through this mode, we were able to 
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achieve our second aptamer goal of easy delivery method into ovarian cancer cells with 

little toxicity to normal epithelial tissue. 

  To ensure the successful union of our bispecific aptamer, we included two 

unpaired “A”s which serve as spacer sequences to help mediate flexibility and successful 

recognition of the aptamer as it progresses from receptor-mediated endocytosis to 

eventual endonuclease dicer processing. We also incorporated 2’fluoro (F)-pyrimidines 

into the aptamer during the in vitro transcription stage in order to promote stability and 

prevent nuclease-mediated degradation of the annealed siRNA-aptamer. 

B. Results 

1. EpCAM aptamer can effectively deliver PKCi siRNA to ovarian 

cancer cells to suppress PKCi in vitro  

Since our EpCAM RNA aptamer mediates internalization into cells through 

endocytosis, we first screened a panel of ovarian cancer cell lines to check for EpCAM 

protein levels (Figure 26). We used the breast cancer cell line, MCF-7, as a positive 

control for EpCAM expression (as mentioned by the antibody manufacturer). Upon 

screening, we noted that several gene amplified cell lines expressed EpCAM, including 

CAOV-3, OVCAR-4, and SK-OV-3. We also see some expression in the non-PKCiota 

gene amplified cell lines, OVCAR-8 and ES-2. As per previous publications, we found 

that EpCAM was not highly expressed in OSE cell lines, T29 and T80. Figure 27 shows 

the structure of the Scramble and PKCiota RNA aptamers in annealed form. The 20 

nucleotide ends are the EpCAM aptamers and the middle portion is the sense and 

antisense sequences for the siRNA, either control scramble sequence that does not target 

any gene or against PKCiota. As mentioned before, the EpCAM aptamer mediated 



94 
 

endocytosis and Dicer cleavage mediated eventual silencing of mRNA, as shown in the 

schematic in Figure 28. SK-OV-3, OCC1, and OVCAR-8 were selected based on their 

EpCAM expression to undergo testing using the aptamer. Using 3.5uM of either Control 

Aptamer or PKCiota Aptamer, we were able to see a marked decrease in PKCiota 

expression after 3 days via western blot analysis (Figure 29). We also were able to see 

cleavage of PARP and caspase 3 after the 3-day treatment in the gene amplified cell lines, 

SK-OV-3 and OCC1 but not in the OVCAR-8 cell line. These results are similar with the 

siPKCiota experiments where gene amplified cell lines underwent apoptosis. We were 

pleased to see the response of OCC1 cell lines to the aptamer because it expressed lower 

levels of EpCAM than OVCAR-8. However, further research into the EpCAM aptamer 

revealed that the 20-nucleotide sequence has high specificity for EpCAM, even when 

expression is low. To further illustrate the effect of the PKCiota aptamer on these cell 

lines, cell growth assays using varying doses of PKCiota aptamer was performed (Figure 

30). Response to increased aptamer led to decrease in growth in gene-amplified cell lines, 

as represented by OD450 values (normalized to wild type – Day 0). OVCAR-8, the non-

PRKCI gene amplified cell line, did not display any decrease in cell growth with PKCiota 

aptamer treatment. Morphologically, SK-OV-3 and OCC1 cells can be seen dying and in 

reduced number when treated with 5uM of the PKCiota Aptamer at day 4 of treatment 

while OVCAR-8 does not show any cell death (Figure 31).  

2. EpCAM aptamer-delivered PKCi siRNA effectively suppresses 

intraperitoneal ovarian cancer xenograft development 

To better establish the in vitro results of our aptamer testing, we proceeded to test 

it in vivo. Figure 32 shows the scheme of experimental procedure for the intraperitoneal 
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ovarian cancer xenograft experiment. Ten nude mice were used for each cell line with 5 

in each group: control aptamer and PKCiota aptamer. SK-OV-3 and OCC1 infected with 

the pCDH puro Luciferase construct were used for a number of reasons: (1) they both 

harbor PRKCI gene amplification, (2) they both displayed great response to the PKCiota 

aptamer in vitro, and (3) they both grow xenografts in a relatively short amount of time. 

Images of the xenograft tumors using the Xenogen IVIS imaging machine and the Living 

Image Software show tumors at initial, 3 weeks, and 6 weeks (Figure 33). Administration 

of Control and PKCiota Aptamer began as soon as tumor was detected (about 1 week 

after i.p. of 10 million cells) at 200nmole/mouse three times a week. This dosage was 

based on previous publications along with recommendations from our aptamer expert 

colleague at the University of Florida, Dr. Jain. After 7 weeks, Control aptamer mice 

became too moribund, as is visualized in Figure 34. At this point, all mice were 

euthanized, and tumors were collected. Images of the mice after dissection show the 

amount of tumor in both the control-aptamer and PKCiota-aptamer treated mice (Figure 

35). The PKCiota aptamer was able to suppress tumor growth in the mice compared to 

the control aptamer. Tumor weights were significantly lower in PKCiota aptamer treated 

mice than control aptamer treated mice in both OCC1 (p=0.0033) and SK-OV-3 

(p=0.0094) (Figure 36). Weights of the mice were collected every week of the 

experiment and no significant differences were noticed when control and PKCiota 

aptamer treated mice were compared, indicating that no severe toxicity was noted as the 

RNA-based aptamers were administered to the mice throughout the experiment (Figure 

37). 
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C. Summary  

The versatility of the aptamer selection process has facilitated the generation of 

aptamers that bind a wide array of targets, including several cell surface receptors and 

proteins. Aptamers which bind cell surface receptors that are internalized can been 

exploited to deliver a variety of cargoes into cells. For our ovarian cancer-targeting 

purposes, we used the overexpressed EpCAM transmembrane protein. Aptamers 

therefore may be used to deliver molecules that are not otherwise taken up efficiently by 

cells to cells that express the aptamer targets. In our design, we used an in vitro-verified 

siRNA against the highly amplified PKCiota protein.  

The properties of siRNA that are attractive for therapeutics include stringent 

target-gene specificity and relatively low immunogenicity, however a critical technical 

hurdle for RNAi-based clinical applications is the delivery of siRNAs across the plasma 

membrane of cells in vivo. The versatility of the aptamer selection process has allowed us 

to overcome this technical hurdle by binding to cell surface receptors that are 

internalized. For our ovarian cancer-targeting purposes, we used the overexpressed 

EpCAM transmembrane protein and an in vitro-verified siRNA against the highly-

amplified PKCiota protein. 

Since ovarian cancer cells primarily disseminate within the peritoneal cavity and 

are only superficially invasive, we elected to administer the aptamer treatments 

intraperitoneally. Our rationale for this treatment modality was justified by the fact that 

ovarian carcinomas are generally restricted to the abdominal cavity and 

pharmacodynamics studies show that high drug concentrations can be achieved through 

intraperitoneal injections. Studies, such as the one presented by the Gynecologic 
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Oncology Group at Johns Hopkins, show that ovarian cancer patients with 

intraperitoneally injected paclitaxel-cisplatin had a 15 month greater overall survival time 

than those compared with intravenous (i.v.) administration (49.7 months with i.v.; 65.6 

months with i.p.) (Armstrong, 2006). Since the presence or absence of a certain CNA can 

aid in diagnosis, stratify patients into different risk categories or inform therapy 

decisions, our goal was to target the subset of ovarian cancer patients with PKCiota gene 

amplification using PKCiota-specific aptamer to silence PRKCI expression.  
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Figure 26. Expression of EpCAM in a panel of ovarian cancer cell lines. 

A panel of 9 ovarian cancer cell lines, two OSE cell lines (T29 and T80), and the breast cancer cell line 

MCF-7 were examined by western blot analysis for EpCAM using 30ug of protein per lane. Vinculin levels 

were used as a loading control. 
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Figure 27. Structure of Scramble Control and PKCiota siRNA Aptamers 

This figure here shows the structure of the siControl Aptamer and the siPKCiota Aptamer (also referred to 

as Control Aptamer and PKCiota Aptamer in this dissertation) in their annealed form. The 20-nucleotide 

ends are the EpCAM aptamers and the middle portion is the sense and antisense sequences for the siRNA, 

either control scramble sequence that does not target any gene or against PKCiota. The two separate 

components of the aptamer were joined together by using two “AA” sequences.  

 

 

 

 

 

 

 



100 
 

 

Figure 28. Schematic of EpCAM-siRNA aptamer entering the cell and mediating gene silencing 

This schematic shows the proposed mechanism of action for the aptamers in this dissertation. The 20-

nucleotide EpCAM aptamer would first bind to the EpCAM receptors on ovarian cancer cells, which would 

mediate clathrin-dependent endocytosis whereby the aptamer would eventually escape from the endosome 

and our siRNA sequence would be recognized by the siRNA-RISC complex in which Dicer would cut and 

release our siRNA and would go on to mediate gene silencing via mRNA cleavage. In the case of the 

siControl Aptamer, the scramble siRNA sequence would not mediate any silencing as it does not target any 

gene. In the case of the siPKCiota Aptamer, the PKCiota siRNA sequences specifically targets the mRNA 

of the PRKCI gene.  
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Figure 29. Western blot of aptamer-treated ovarian cancer cell lines 

PRKCI-gene amplified cell lines SK-OV-3 and OCC1 along with non-gene amplified cell line OVCAR-8 

were treated with 3.5µM final concentration of either siControl or siPKCiota aptamer. After 4 days, cells 

were harvested for western blot analysis. Using 30ug of protein per lane, effective silencing of PKCiota 

using the siPKCiota apatmer can be seen in all cell lines, regardless of PRKCI gene amplification status. 

Aptamer-mediated silencing of PKCiota induces cleavage of Caspase 3 and PARP, but only in PRKCI gene 

amplified cell lines. GAPDH was used as a loading control.  
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Figure 30. Effect of EpCAM aptamer delivered PKCiota siRNA on growth of ovarian cancer cells 

with or without PRKCI gene amplification.  

Dose-dependent cell growth analysis was performed on PRKCI gene amplified (SK-OV-3, OCC1) and 

non-amplified (OVCAR-8) cell lines. OD450 readings at the 12-hour time point were marked as Day 0 and 

all other time points up to 4 days were normalized to this value. Triplicates were used for each cell line and 

the experiment was repeated two times. Error bars represent standard error.  
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Figure 31. Morphology of ovarian cancer cells treated with EpCAM aptamer-delivered scramble 

control or PKCiota siRNA. 

PRKCI-gene amplified cell lines SK-OV-3 and OCC1 along with non-gene amplified cell line OVCAR-8 

were either untreated (marked Wild Type), treated with 5µM final concentration of siControl aptamer, or 

treated with 5µM final concentration of siPKCiota aptamer. After 4 days, cells were imaged under the 

microscope using 5X objective. Aptamer-mediated silencing of PKCiota using the siPKCiota apatmer can 

be seen to induce cell death in the PRKCI amplified cell lines SK-OV-3 and OCC1 but not in OVCAR-8.  
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Figure 32. Scheme of xenograft experimental procedures. 

This figure shows the scheme of experimental procedure for the ovarian cancer xenograft experiment to test 

the effectiveness of the aptamers generated in this dissertation. SK-OV-3 and OCC1 cells infected with the 

pCDH puro Luciferase construct (10 million) were used to intraperitoneally inject into 10 nude mice. The 

mice were divided into two groups of 5 and were treated with either siControl aptamer or siPKCiota 

aptamer after tumor was detected. Tumor growth was visualized using the IVIS bioluminescence imaging 

system.  
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Figure 33. Images of Xenograft tumors using Xenogen IVIS 

Images of the xenograft tumors using the Xenogen IVIS at initial (marked 0), 3 weeks, and 6 weeks are 

shown here in two representative mice from each group. The image data is displayed in radiance or 

photons/sec/cm2/steradian.  
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Figure 34. siControl versus siPKCiota Aptamer-treated Mice 

After 7 weeks, siControl aptamer-treated mice reached a point of extreme morbidity, which can be 

witnessed by their significant abdominal distension from tumor accumulation and their hunched abnormal 

posture. At this point, all mice were euthanized, and tumors were collected. Imaged here are representative 

mice from each group. PKCiota aptamer-treated mice display a more normal and healthier appearance, in 

comparison to the Control aptamer-treated mice.  
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Figure 35. Dissection of Tumors from Aptamer-treated mice 

Images of the mice after dissection show the amount of tumor in both the siControl-aptamer and 

siPKCiota-aptamer treated mice. Two representative mice from each group are imaged. Ovarian cancers are 

circled in teal.  
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Figure 36. Tumor weights following treatment with aptamer-delivered scramble control and 

PKCiota siRNA. 

Tumor weights were significantly lower in siPKCiota aptamer-treated mice than the siControl aptamer-

treated mice in both OCC1 (p=0.0033) and SK-OV-3 (p=0.0094) cell lines after 7 weeks.  
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Figure 37. Weight of mice following treatment with aptamer-delivered scramble control and 

PKCiota siRNA. 

Weights of the mice were collected every week of the experiment and no significant differences were 

noticed when control and PKCiota aptamer treated mice were compared, indicating that no severe toxicity 

was noted as the RNA-based aptamers were administered to the mice throughout the experiment. Error bars 

represent standard errors. 
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VIII. Discussion 

A. Screening Methods to Stratify Patients with PKCiota amplification 

Due to its heterogeneous biology, there is no predominant pathway that is 

deregulated in most ovarian cancers. Therefore, it is essential to identify individualized 

patient populations for the application of targeted therapies (Yap, 2009). The Society of 

Gynecologic Oncology recommends that all women with invasive ovarian cancer 

(regardless of family history, histology or age) undergo genetic testing and genetic 

counseling, especially at the start of treatment. The purpose of this testing is to assess 

women for the presence of a high-risk gene that could convey increased risk for the 

individual and their family members, as well as having implications for outcome and 

therapeutic management (National Comprehensive Cancer Network, 2016). Genetic 

panels also cover Lynch syndrome, an inherited condition that increases a person’s risk of 

developing cancers such as colon, endometrial and ovarian and is linked to several gene 

alterations. Since these recommendations from physicians are already underway, it would 

be easy to determine the PRKCI gene-amplification status of ovarian cancer patients from 

the genetic screening recommended. These tumor assays can be used to point to 

experimental therapies that attack the cancer’s vulnerabilities, such as onco-addiction to 

PKCiota. Other methods for screening patients with high PKCiota expressing ovarian 

carcinomas include gene copy number analysis, immunohistochemistry screening of 

tumor tissue samples from biopsies, or PKCiota overexpression (Figure 38). 

Mislocalization of PKCiota to the cytoplasm may also be a method for screening patients 

as PKCiota is localized to the apical membrane in normal ovarian epithelial cells but is 

found in the cytoplasm in serous epithelial ovarian cancer patient samples (Eder, 2005).  
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Figure 38. Screening Methods to Stratify Ovarian Cancer Patients 

This figure shows how the stratification of around 30% of ovarian cancer patients with PRKCI 

amplification might help them gain access to targeted therapies against PKCiota. The identification of these 

patients, however, would have to come through means of various screening methods. Some possible screen 

methods include: genetic screening, copy number analysis of ovarian cancer, immunohistochemical 

staining of PKCiota from tumor tissue samples, PKCiota overexpression analysis from tumor tissue 

samples, and mislocalization of PKCiota to the cytoplasm in tumor tissue samples.  
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B. Future Direction and Treatment Possibilities 

In this dissertation, PKCiota and Control aptamers were generated and injected 

into nude mice as soon as a tumor was detected. Though this metastasis prevention 

setting is useful to see the effect of the drug being tested, the high relapse and 

chemoresistance levels of ovarian cancer means that new agents should be validated 

preclinically in new ways. Since most clinical phase II trials assess drugs against 

recurrent, widely metastasized, multi-drug resistant cancer, it makes sense to include this 

element into the in vivo studies using mice. In this way, a possible future direction would 

be to test the efficiency of the designed aptamers by letting PRKCI-gene amplified 

ovarian cancer cells grow in the mouse first, treat it with standard chemotherapy, and 

then administer the aptamer. Another possible option would be to use established 

chemotherapy-resistant, PRKCI-gene amplified ovarian cancer cell lines, allow them to 

form tumors and then administer the aptamers. In this manner, we would perhaps find 

usefulness of the aptamer drug for relapse patients.  
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C. Potential Gaps and Questions Raised 

Protein Kinase C iota is an oncogenic driver of the 3q26 amplicon in ovarian 

cancer (Zhang, 2006; Haverty, 2009). As previously discussed, PKCiota amplification is 

found in a sizable percentage of ovarian cancers patients and even in relapse patients 

(around 30%). However, this leads to one of the potential gaps of targeting PKCiota in 

that not all patients would be able to benefit from its suppression. In the same manner, 

EpCAM’s overexpression does not include all ovarian cancers and varies from cell line to 

cell line. This leads to one of the potential gaps of the PKCiota aptamer design in that 

even though PKCiota amplification may be high, if EpCAM expression is low then the 

aptamer may be limited in its ability to be sequestered inside the ovarian cancer cells. For 

this reason, cell lines that were tested with aptamers in this dissertation were verified for 

their EpCAM expression levels beforehand to ensure parity. Nevertheless, the expression 

levels of EpCAM along with the amplification status of PKCiota introduce, by default, 

limitations to the actual percentage of ovarian cancer patients that could benefit from the 

PKCiota-aptamer therapy.  
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D. Summary of Dissertation 

With the high frequency of relapse, a need to identify targeted therapies to 

improve patient outcome is paramount. The most frequent type of ovarian cancer is high 

grade serous and mutations are not common in this subtype. However, other genetic 

aberrations are, including gene amplification or deletions. Protein kinase C iota (PKCi), a 

cytoplasmic serine-threonine protein kinase, is amplified in and overexpressed/ activated 

in a large subset of epithelial ovarian cancer patients. Our TCGA dataset analysis 

revealed around 33% of ovarian cancers are gene amplified for the PRKCI gene. To 

explore the significance of this amplification, this dissertation explored the onco-

addiction role to this kinase isoform using several ovarian cancer cell lines. PKCiota was 

confirmed to promote proliferation and silencing led to apoptosis in PRKCI gene 

amplified ovarian cancer cell lines, specifically. We hypothesized that PRKCI gene 

amplification status offered a unique opportunity to stratify patients into different risk 

categories and that RNA-aptamer targeting of PRKCI can offer therapeutic benefits, by 

impairing ovarian cancer cell proliferation and tumorigenesis. We aimed to provide a 

potent and selective anti-tumor and anti-metastasis activity compared to targeting using 

other pharmaceutical approaches. The RNA-based aptamer we designed contained a 

specific siRNA sequence against the PRKCI mRNA and two EpCAM moieties on either 

end. The aptamer was efficiently internalized after binding to the cell surface EpCAM via 

clathrin-dependent endocytosis. Once inside, the aptamer is processed by Dicer to release 

the unique 21nt siRNA duplex intermediate. This is then recruited by RNA-induced 

silencing complex (RISC) where Argonaute (Ago) proteins mediate PRKCI mRNA 

silencing. The efficiency of this aptamer was shown both in vitro and in vivo.  
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