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SUMMARY 
 
 

 Epithelial ovarian cancer is currently the most deadly gynecological malignancy in the 

United States with approximately 14,000 women dying annually.  The major obstacle in the 

clinical management of the disease is that the majority of women present with advanced staged 

carcinoma having already metastasized. Data from numerous groups have implicated the Wnt-

Signaling pathway in the formation of cancer including ovarian carcinoma.  Our lab has 

previously established that there is downregulation of several secreted Wnt signaling inhibitors, 

which led to the upregulation of a number of genes including one that encodes for the protein 

Versican (VCAN).  Versican is a extracellular matrix protein, which has been linked to various 

types of cancers and more recently ovarian cancer.  Additionally, recent data has suggested that 

the formation of multicellular aggregates known as spheroids may play a huge role in the 

resistance to the traditional therapies.   

 The role of the extracellular matrix in the formation cancer is well established with it 

contributing to the regulation of proliferation, adhesion, differentiation, and migration.  With that 

in mind we tested the effect of versican expression on cellular migration, adhesion, spheroid 

formation, and spheroid disaggregation.  Versican expression levels were measured using 

quantitative real time polymerase chain reaction.  Interestingly, we found that the 

downregulation of versican using siRNA and shRNA slowed the migration rate in the scratch 

wound healing assay in Skov-3 and Dov-13 cell lines.  In addition, we found that when versican 

expression was silenced there was a decrease in single cell adhesion as well as spheroid adhesion 

to extracellular matrix components.  This led to our lab examining the effects of cellular 

adhesion on the mesothelial monolayer LP-3, which coincided with our results on extracellular 

matrix components that found that decreased versican expression resulted in decreased adhesion.   
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SUMMARY (continued) 
 
 

Moreover, we found that versican expression positively affected the overall size of the spheroid 

as well as the number of spheroids that were formed during the assays.  Based upon literature, 

the increase in spheroid size and formation could lead to an increase in therapeutic resistance.  

Lastly, when spheroids were allowed to disaggregate on extracellular matrix components as well 

as on a mesothelial monolayer we found that disaggregation was incomplete and decreased in 

cells expressing lower levels of versican.    

 In conclusion, these current studies provide a better understanding of how versican may 

play a role in the metastatic spread of epithelial ovarian cancer.  Finally, it may potentially serve 

as a potential target for successful therapy. 

 

 

 

 

 

 



 

 

  

1. INTRODUCTION 

1.1  Ovarian Cancer 

1.1.1   Introduction to Ovarian Cancer 

 Ovarian cancer represents the most deadly gynecological malignancy, and is responsible 

for the death of approximately 14,000 women annually in the United States.1  Nearly 70% of  

women present with advanced stage ovarian carcinoma, which has already metastasized into the 

peritoneal cavity.2  As a result of late diagnosis, and the highly metastatic nature of ovarian 

cancer the current 5 year survival ranges from 20-90% depending upon the stage.3    The poor 

prognosis is a direct result of relatively few advances in treatment options as well as late stage 

diagnosis.  Also, the high mortality rate can be attributed to a high rate of relapse and resistance 

even in the early stages of tumor progression.4-5   Current lifetime risk of developing ovarian 

cancer in the United States is roughly 1 in 80 women, which has remain largely unchanged for 

the past two decades.3  Thus far, there have been no biomarkers capable of predicting the 

presence of early ovarian cancer.  CA-125, was at one time hailed as a potential biomarker, but 

has since proven to not have the sensitivity required to be reliably used.6-7 

 
 
1.1.2  Types of Ovarian Cancer 

 There are three types of ovarian carcinoma: epithelial, germ cell, and stromal cell 

carcinoma.  Nearly 90% of all ovarian cancer cases are epithelial in origin, while 5-8% of the 

remaining cases are classified as stromal tumors.8  Germ cell tumors represent only 3-5% of all 

reported cases, but represent highly malignant tumors usually seen in younger females.8 

 Epithelial ovarian cancer (EOC) can be further subdivided into three groups: Serous, 

mucinous, and endometriod.  Serous carcinoma represents 50% of all ovarian cancer incidences, 

25% are endometriod, and 20% are mucinous.1,9  EOC when diagnosed in the early stages has a 
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very favorable prognosis with a 85% 5-year survival rate.3  The major challenge in attempting to 

create a more favorable prognosis is developing a means to detect the cancer at an earlier stage, 

where current therapeutic regimens are effective. 

 

1.1.3  The Risk Factors for Ovarian Cancer 

 Important risk factors for ovarian cancer include age, family history of breast cancer, 

family history of ovarian cancer, genetic mutations, prolonged estrogen replacement therapy, 

early menarche, late menopause, high fat diet, and low parity.10-12  Many of these factors are 

associated with increased ovulation, resulting in damage to the surface of the ovary that increases 

the opportunities for genetic insult to the tissue.  The repeated rupturing of the follicle requires 

repair to the epithelial cells, which creates opportunities for damage to the genes possibly leading 

to mutations.13-15 

 Factors that are associated with a decrease incidence of ovarian cancer include:  oral 

contraceptive use, early menopause, hysterectomy, multiparity, late menarche, low fat diet, and 

breast feeding.10-12  These factors unlike those above are mainly associated with decreased 

ovulatory rupturing decreasing the number of opportunities for damage to the cells to occur.10-15 

 Based upon epidemiological data it appears that age has the greatest influence on the 

incidence of developing ovarian cancer since over 90% of cases are diagnosed in women over 50 

years of age.16-17  The second most important risk factor is a family history of ovarian cancer or 

breast cancer.  Women with a family history of either disease have a 12% chance of developing 

ovarian cancer.18  However, the hereditary risk is greatly increased in those women with a 

BRCA1 or BRCA2 mutation.18-20  Additionally, individuals with Lynch II Syndrome have higher 

than normal incidence of ovarian cancer.20 
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1.1.4  Treatments for Ovarian Cancer 

 The treatment administered will be determined by the stage, histologic type, and the 

patient’s overall condition.  If detected early enough in Stage I, the first line therapy is surgery, 

in which the fallopian tubes and ovaries are removed.18,20  Subsequently, the regional lymph 

nodes are biopsied, and if the laboratory results are negative no further treatment is required.  

However, for women diagnosed in Stage II conventional therapy involves surgery 

(hysterectomy, bilateral oophorectomy, debulking, and lymph node biopsies) combined with 

chemotherapy with or without radiation therapy.18,20  The chemotherapy regimen is traditionally 

a combination of paclitaxel and a platinum containing compound such as cisplatin or 

carboplatin.18,20  Treatment for Stage III and Stage IV cases are virtually similar to the treatment 

received by women diagnosed with stage II ovarian cancer with the potential for experimental 

treatment.18,20 

 In recent years, researchers have experimented with delivering chemotherapy directly 

into the peritoneal cavity in attempts to reach higher local concentrations of drug.  To date there 

has been conflicting results regarding the use of intraperitoneal use of cisplatin and paclitaxel 

versus the intravenous use of the two drugs.21-26  Initial trials showed a significant survival 

benefit, while other randomized trials have showed  only a modest benefit in mean survival.21-26  

An additional factor confounding the results, is that due to the toxicity associated with 

intraperitoneal administration a significant proportion of patients were unable to finish the 

chemotherapy regimen.21-26 

 Treatment of advanced stage ovarian cancer has also been confounded by resistance to 

platinum-based chemotherapeutic agents.  This remains a key obstacle since platinum agents 

tend to be the most successful in killing the cancer cells at early stages, but becomes rapidly 

useless in many advanced stage cases where platinum resistance is widespread. 
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 Alternatively, immunotherapy has become an attractive treatment option as more protein 

surface markers have become identified and targetable by synthetic antibodies.  One such marker 

has been the mucin  protein, which has been targeted with the monoclonal antibody HMFG1.27-28  

Initial results were impressive with a 10 year survival of 78%, as compared to the 10-year overall 

survival rate of 35-40% for normal therapies.27-28   However, the initial success has not been 

repeated as successive trials have shown only a modest improvement in survival as compared to 

standard therapy.  With moderate increases in mean survival from the likes of Provenge for 

advanced prostate cancer, researchers are optimistic concerning the success of immunotherapy in 

the future for ovarian cancer patients.   

 

1.1.5  Ovarian Cancer Metastasis 

 As previously stated, metastatic ovarian cancer is highly lethal as evident by the poor 5-

year survival rate.  The mechanism of metastatic spread of ovarian cancer is unique in that 

malignant cells are believed to be shed off the ovary and then are transported by the 

intraperitoneal fluid to the peritoneum (Figure 1).29-30  After adhesion to the peritoneum, the 

cancer cells then proceed to migrate through the peritoneum and into other organs.  This is in 

direct contrast to other cancer types where metastatic cells are carried by the blood and 

lymphatic ducts to their site of implantation.  It is not clear whether ovarian cancer cells spread 

intra-peritoneally due to anatomical proximity or whether other factors responsible for the 

microenvironment such as extracellular matrix proteins are the key to intra-peritoneal 

implantation.29-30  When malignant cells disseminate off the surface of the ovary they can exist as 

single cells or multicellular aggregates often referred to as spheroids.  This process of metastatic 

spread is depicted below in Figure 1 (adapted from 30).  Once the single cells have attached to the 
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lining of the peritoneal cavity they undergo changes in cell-cell and cell-matrix interactions that 

allow them to disaggregate, migrate, and become invasive.30-31 

 

 

 
Figure 1. Epithelial Ovarian Carcinoma Metastatic Progression. 

Adapted from: Multicellular spheroids in ovarian cancer metastases: Biology and 

pathology.Kristy Shield, M. Leigh Ackland, Nuzhat Ahmed, Gregory E. Rice Gynecol 

Oncol. 2009 April; 113(1): 143–148. 
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1.1.6  Ovarian Cancer Spheroids 

Formation of spheroids is extremely problematic in the treatment of ovarian cancer for a 

number of reasons.  The characteristics of spheroids that make them especially troublesome are 

that they are able to escape cell death quite easily allowing them to form distant metastatic sites.  

They are able to do so by their ability to survive in an anchorage independent fashion as well as 

in vascular-independent conditions that would not support the survival of the majority of single 

cancer cells.29,32,33  

The compaction of the cells into a spheroid occurs as a result of changes in expression of 

cell-cell adhesion molecules (CAMs), which allows the cells to form tight cell-cell junctions that 

maintain integrity of the cells preventing cell death from stressors in the environment.32-36  In 

order to get spheroid formation it has been observed that there is change in cadherin expression, 

specifically a change in the ratio of E-cadherin and N-cadherin expression.32,34,36,37 

Secondly, spheroids have been found to harbor innate resistance to many 

chemotherapeutic agents.38-46  Part of their ability to withstand chemotherapy is that spheroids 

are slow cycling and mostly in a quiescent state, and thus are relatively unaffected by drugs that 

target proliferating cells.43-44  Furthermore, the chemotherapeutic agents must be able to travel 

into the center of the spheroids to kill the inner core cells, which is currently a barrier due to the 

degree of compaction that spheroids undergo.38-46   

Their resistance to radiation is derived from their enhanced ability to accumulate and 

repair radiation damage that would normally be lethal to single cells or monolayer of cells.47-50  

The proposed mechanisms of radiation resistance include enhanced intercellular communication 

between spheroidal cells that causes a subsequent shift in gene expression of DNA repair 

proteins that allow for more efficient repair of damage.50  Furthermore in the larger spheroids the 
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cells at the center eventually become hypoxic, which is a stimulus for angiogenesis.  This 

stimulus has also been shown to cause the upregulation and expression of the transcription factor 

hypoxia-inducible factor 1 α as well as hypoxia-inducible factor 2 α.52-54  These two inducible 

hypoxic factors proceed to elevate levels of VEGF and basic fibroblast growth factor (bFGF), 

which causes increased resistance to radiation damage and promotes cell survival.52-54  However, 

the resistance to radiation and some chemotherapeutic agents appear to be size dependent as it 

has been found that smaller spheroids can actually be more sensitive to these treatments, which 

could potentially represent a target for therapy.55-56 
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1.2  Versican 

1.2.1  Role of Extracellular Matrix in Ovarian Cancer  

 The extracellular matrix (ECM) is a key player in controlling and regulating cellular 

functions such as proliferation, adhesion, differentiation, and migration.  Additionally, the 

extracellular matrix serves as a barrier that ovarian cancer cells must adhere to, invade, and 

degrade in order to form a distant metastatic site (Figure 1).  Thus, it is no surprise that tumor 

cells have been shown to remodel the extracellular matrix through mechanisms that involve 

degradation of the existing ECM, and by alteration of the synthesis of extracellular matrix 

proteins.57-69  In some cases this altered expression involves proteins that may not be expressed 

in the normal tissue or are expressed at higher levels.68 

 Proteoglycans are a major component of the extracellular matrix.  There is evidence of 

altered expression of proteoglycans such as hyaluronan, versican, CD44, and hyaluronidase in 

tumors and transformed cells.70  Altered expression of these ECM constituents all contribute to 

changes in migration, proliferation, and growth associated with tumor progression.71,72  

Abundant amounts of hyaluronan has been correlated with invasive tumor cell types, as well as a 

poor prognosis in patients with breast cancer, non-small-cell lung cancer, colon cancer, prostate 

cancer and ovarian cancer.73-76  Elevated levels of CD44 has been associated with increased 

activity of signaling pathways that are thought to cause increased motility, adhesion, and 

invasion of tumor cells.77-78  The activation of the pathways occurs by the binding of CD44 to 

hyaluronan.76-78  The proteoglycan versican is an hyaluronan binding protein which has been 

correlated with prostate, melanoma, breast, brain, colon, pancreas, endometrium, and ovarian 

cancer.79-82 
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1.2.2  Structure and Function of Versican 

 Versican is a large chondroitin sulfate proteoglycan composed of glycosaminoglycans 

(GAG) chains, that belongs to the hyalectin family.83-84  The versican gene is composed of 15 

exons, which to date has been found to produce five splice variants designated V0, V1, V2, V3, 

and V4 which is not shown (Figure 2).85-88  Each of the five isoforms are structurally different 

with varying functions, however V0, V1, and V2 differ only in the core region as seen in figure 

2.  V0 is the largest isoform and contains two GAG chains, GAG-α and GAG-β, which is where 

the chondroitin sulfate chains are linked to.  In contrast, V2 contains only the GAG-α, while the 

V1 isoform consists of the GAG-β domain at its core.  V3 is uniquely different from the other 3 

isoforms in that it is completely devoid of the GAG domains and chondroitin sulfate side 

chains.85-88  All versican isoforms are similar at their C-terminus domain (G3) and their N-

terminus domain (G1).  The N-terminus is primarily associated with HA binding, while the C-

terminus domain has functional groups that bind epidermal growth factors.  It should be noted 

that a fifth splice variant, Versican V4 has only been isolated in breast tissue.89  Structure wise, 

V4 is nearly identical to V3 with the addition of a cryptic splice site responsible for exon 8.89   

Functional assays, assessing the effect of versican on cells include alteration of 

proliferation, growth, migration, and adhesion.90-99  Results of these studies have produced mixed 

conclusions, as the different isoforms have been shown to produce opposing effects.98-100  For 

instance, the expression of V1 has been tied to increase proliferation, while expression of V2 

inhibits the rate of proliferation.101-102 
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Figure 2.  Structure and domains of versican splice variants.  Adapted from 88 

 

1.2.3 Biological Role of Versican in Cancer 

The ability of versican to regulate cellular activities such as adhesion, proliferation, 

apoptosis, migration, and invasion is a result of the highly negatively charged chondroitin sulfate 

side chains and through interactions of the G1 and G3 domains with other proteins.103-105  There 

is contradictory information in regards to function of each isoform, and is more than likely a 

result of its ability to bind a wide variety of cell surface markers that include CD44, integrins, 

EGFR, chemokines, collagen, and selectins.  In previous experiments, versican has been 

demonstrated to be a downstream target of Wnt signaling, with increased activity of which has 

been linked to various cancers including EOC.106 

 The correlation between elevated levels of versican found at distant metastases and 

progression of the cancer indicates that versican is involved in cancer cell motility and invasion.  

This is evident by the functional studies establishing that versican can increase cell motility, 

proliferation, and metastasis.90-99   Individual isoforms have been found to have different effects 
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that have been elucidated on various types of cancer cells, and as previously noted have 

produced mixed results. 

 An additional factor that has led to difficulty in understanding the roles of versican and 

its splice variants is derived from the fact that it is enzymatically cleaved by ADAMTS and 

MMPs.107-108  Upon cleavage the two main cleavage products are the G1 and G3 domains, of 

which the G1 product has been the predominant product found in cancerous tissue.  The 

mechanisms responsible for regulating the breakdown of versican into cleavage products are 

poorly understood and have yet to be studied. 109-110 

For instance, V0 which is normally present only during embryogenesis and cancer, and 

has been shown to promote motility in prostate cancer cells.111  This increased motility was 

accompanied by an overall decrease in cell attachment to ECM components.  Interestingly, the 

recombinant G1 cleavage product alone has been shown to be capable of stimulating increased 

motility upon binding to its targets in glioma and lung cancer cells.109,112  This begs the question 

of whether it is the merely the G1 domain that is responsible for the change in motility, or is it 

the full length V1 isoform responsible for the migration. 

Cell proliferation of NIH-3T3 cells is stimulated by V1, whereas it is inhibited by 

presence of elevated V2.100  The changes in proliferation was further evident when siRNA was 

used to knockdown expression in lung cancer cells, and the result was an overall decrease in 

tumor growth in vivo.100  The mechanism responsible for the shift in proliferation is 

hypothesized to be that versican is acting as a mitogen through its binding to the epidermal 

growth factor receptor.113  Activation of the EGFR pathway also has been demonstrated to 

increase cell survival and inhibit apoptosis through the up-regulation of integrins and CAMs.100  

There was also down-regulation of Fas death receptor mRNA when V1 induced NIH-3T3 tumors 
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in nude mice, contributing to a reduction in apoptosis.114  Overexpression of the isoform V3 as 

well as the G1 and G3 products have induced a metastatic phenotype capable of forming 

secondary metastases at a higher rate than the control group in both lung cancer cells as well as 

in prostate cancer cells further strengthening the evidence of versican’s involvement in tumor 

progression.91,95,99   

 

1.2.4 Role of Versican in Ovarian Cancer 

 Elevated levels of versican in stromal tissue has been correlated with a poor prognosis for 

endometrial cancer patients as well as epithelial ovarian cancer patients.65  This overexpression 

of stromal versican has been further associated with ovarian carcinoma patients with a high 

FIGO stage,  and lymph node metastases.115  The degree of epithelial versican staining was not 

nearly as high as stromal versican, but was significantly higher in patients with metastases in 

their lymph nodes and in higher FIGO stages.115  However, in patients with a low FIGO stage 

only weak epithelial versican staining was present, perhaps indicating that the presence of 

versican is associated with progression of tumor growth and metastasis.  This coincides with 

previous studies demonstrating the ability of versican to promote a phenotypic change associated 

with increased metastasis in melanoma cells.91 Additionally, it has been shown that a pericellular 

matrix is a requirement for the proliferation and migration of mesenchymal cells, of which both 

hyaluronan and versican are instrumental in the formation of this matrix. 

 In functional studies recombinant V1 was able to increase the invasiveness and motility 

of ovarian carcinoma cell lines OVCAR-5 and SKOV-3 cells.96  Furthermore the authors of the 

paper were able to reverse the enhanced motility and invasiveness by administering hyaluronan  
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oligosaccharides.  These oligomers are hypothesized to block the CD44-HA interaction which is 

made possible by versican binding the hyaluronan in a manner that allows it to interact with 

CD44.116 

 

1.2.5  Wnt-signaling in Ovarian Cancer and Regulation of Versican levels 

 The Wnt pathway is comprised of a large family of secreted proteins that act in a local 

manner and are responsible for the regulation of many physiologic events, especially early on in 

embryogenesis.117-118  Wnt signaling has also proven to be vital in regulating proliferation, 

differentiation, migration, and apoptosis in adult tissues as well.117-128  When inappropriately 

activated the Wnt pathway has been implicated in the promotion of tumorigenesis in lung, breast, 

colon, and ovarian tissues.117-128 

 Two main pathways for activation of the Wnt pathway exist, the canonical Wnt/B-catenin 

and the non-canonical Beta-catenin independent pathway.  Thus far the canonical pathway has 

proven to be the pathway most implicated in the progression of ovarian carcinoma.  The main 

effector of the canonical Wnt/B-catenin pathway is beta-catenin, which in the absence of a Wnt 

ligand is localized to the cytoplasm or phosphorylated and degraded rapidly.117  Upon binding to 

the surface proteins LRP and Frizzled,  the signaling protein Dishevelled becomes activated, in 

turn inactivating GSK 3β preventing β-catenin from being phosphorylated and degraded.  The 

accumulation of undegraded β-catenin in the cytoplasm eventually leads to the translocation of 

β-catenin into the nucleus.  Inside the nucleus the free β-catenin in an unknown mechanism 

displaces the co-repressor Groucho, and binds the LEF-1/TCF regulatory complex, and then in 

turn acts as co-activator inducing the transcription of a number of downstream target genes.117  

This sequence of events is summarized in Figure 3 (adapted from 129). 
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 It has been assumed that abberant Wnt-signaling only played a key role in endometroid 

cancer and not the epithelial ovarian cancer subtype.130,131  This was thought to be true as few 

researchers had found mutations in Wnt-signaling pathway in EOC tissue samples, while there 

have been numerous mutations found in tissues of patients diagnosed with endometriod 

cancer.130,131  However, in recent years there has been mounting evidence suggesting that Wnt 

signaling may in fact be a large contributor to the development of ovarian cancer, without the 

presence of mutations.132-134  This hypothesis has been further strengthened by Wnt-signaling 

activation independent of gene mutations in breast, lung, and prostate cancer.135-140  The 

mechanism of mutation independent activation is thought to occur through a few proposed 

mechanisms:  1) repression of wnt anatagonists, 2)overexpression of wnt ligands or 3)a 

combination of repression of antagonists combined with the overexpression of wnt ligands.106  

PYGO, a protein that plays a role in the B-catenin/TCF transcription complex, believed to be a 

co-activator has been found to be overexpressed in six EOC cell lines as well as in over 82% of 

patients sampled in the study.132  

  

Figure 3.  Canonical Wnt-Signaling. (A)  Wnt signaling off (B) Wnt pathway activated. (adapted from 

129). 
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 Several Wnt signaling inhibitors, Dickkopf-1 (DKK1) and Connective Tissue Growth 

Factor (CTGF) were downregulated in EOC cell lines.106   Downregulation of these inhibitors 

causes  nuclear translocation of beta-catenin and activation of Wnt signaling resulting in the 

upregulation of target genes Versican, HIF1α, and HIF2α in EOC cell lines in the absence of 

mutations in the Wnt signaling pathway.106  Other target genes of Wnt activation identified in 

ovarian cancer include Fibroblast Growth Factor-9, Follistatin, Wnt-5, MSX2, COX2, c-Myc, 

RARG (Retinoic acid receptor), BIRC5 (survivin), and Cyclin D1.106,141-143  In many cases the 

upregulation of the previously listed genes results in promotion and progression of tumorigenesis 

through increased proliferation, migration, adhesion, and differentiation.106,117,118 
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2.  MATERIALS AND METHODS 

 

2.1  Cell Culture 

 The human ovarian cancer cell lines SKOV-3 and Dov-13 were grown in Minimum 

Essential Media (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS), 2mM of 

glutamine, 5 mL  of 100mM sodium pyruvate, 5 mL of  10 mM non-essential amino acids, 26.2 

nM sodium bicarbonate, and maintained in the presence of penicillin, streptomycin, and 

amphotericin in a humidified incubator with 5% CO2 at 37°C.  The human ovarian cancer cell 

lines OVCA429 and OVCA 433 were maintained in complete growth media consisting of 50% 

media 199 (Sigma-Aldrich) and 50% MCDB105 supplemented with 10% fetal bovine serum, 

2mM glutamine, 5 mL of non-essential amino acids, 2.2 grams sodium bicarbonate, 5mL of 

pencillin strep, and 1mL F-amphotericin in a humidified incubator with 5% CO2 at 37°C.  The 

human ovarian cancer cell line IGROV-1 was maintained in the complete growth media RPMI-

1640 supplemented with 2.2 grams of sodium bicarbonate, 2mM glutamine, 10% fetal bovine 

serum, 5 mL of Penicillin-streptomycin, and 1 mL of  F-amphotericin in a 37°C humidified 

incubator in the presence of 5% CO2.  Mesothelial cell strains LP-3 and LP-9 were cultured in a 

1:1 mixture of medium 199 (Sigma-Aldrich) and MCDB 105 (Sigma-Aldrich) supplemented 

with 15% fetal bovine serum, 10ng/mL Epidermal growth factor, 0.4 µg/mL hydrocortisone, 10 

mL/L sodium pyruvate, 5mL/L nonessential amino acids, and 2mM glutamine in a humidified 

incubator with 5% CO2 at 37°C.  Skov-3 vcan shRNA cells were maintained in the same 

conditions as the skov-3 cells with the addition of 3 ng/mL of puromycin to maintain positive 

selection for clones.   Prior to experiments cells were incubated in serum free media for 24-36 

hours.  
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2.2 RNA Extraction 

 Following treatment, total RNA was isolated from the ovarian cancer cell lines using 

RNAzol RT (Molecular Research Center, Inc).  Briefly, cells were lysed by directly adding 1mL 

of RNAzol reagent and then homogenate followed by the addition of 0.4 mL of RNase free water 

to precipitate out the DNA and proteins.  After 5-15 minutes the mixture was centrifuged at 

12,000g for 15 minutes.  The supernatant (~1mL) was transferred to a clean RNase free 

centrifuge tube, followed by the addition of 0.4 mL 75% ethanol to precipitate the RNA.  The 

samples were stored for 10 minutes and centrifuged at 12,000g for 8 minutes.  Supernatant was 

removed and the RNA pellet was washed with 75% ethanol followed by centrifugation at 8,000g 

for 3 minutes.  This last step is repeated twice.  Finally, the RNA pellet was dissolved in 0.25 mL 

of water.  The concentration of RNA extracted was determined with a NanoDrop ND-1000 

Spectrophotometer (NanoDrop Technologies, Inc), and the ratio of absorbance at 260 nm over 

280 nm was within the range of 1.9 to 2.1 to ensure the purity of RNA samples. 

 

2.3 Quantitative RT-PCR 
 
 Total RNA was reversed transcribed to generate complementary deoxyribonucleic 

(cDNA) using RT2 First Strand Kit from Origene (Rockford, MD) according to manufacturer’s 

protocol.  Amplification reactions were performed using qPCR kit for Sybr Green (Promega) 

according to manufacturer’s protocol.  Fluorescent PCR analysis was performed using a BIO-

RAD iCycler (BIO-RAD, Hercules, CA).  The following PCR conditions were used:  10 minutes 

at 95°C, 45 cycles of 30 seconds at 95°C, followed by annealing at appropriate temperature.  

Housekeeping gene EEF1A1 was used for normalization of the versican expression data.  The 



18 

 

primers used for quantification of versican expression were synthesized by Integrated DNA 

Technologies (Coralville, Iowa) based upon  literature sequences for the isoforms.*  Relative 

quantification was performed using standard curves generated through a dilution series, and 

subsequently adjusted with the normalization factor.  The target gene amount was divided by the 

housekeeping gene amount to obtain a normalized target value.  The sequences of the 

synthesized primers are listed in Table 1.  P-values were calculated by one-way ANOVA.   

 

Table 1.  Primer Sequences for qRT PCR 

Gene

V0 Forward

V0 Reverse

V1 Forward

V1 Reverse

V2 Forward

V2 Reverse

V3 Forward

V3 Reverse 

V4 Forward

V4 Reverse

EEF1A1 Forward

EEF1A1 Reverse 5' CCGTTCTTCCACCACTGATT 3'

5' CAGTACCACTGTTGAGGAAAAAGAAAA 3'

5' CGTTAAGGCACGGGTTCATT 3'

5' TCAGAGAAAATAAGACAGGACCTGATC 3' (135)

5' CATACGTAGGAAGTTTCAGTAGGATAACA 3'

5' CCCTCCCCCTGATAGCAGAT 3' (71)

5' GGCACGGGGTTCATTTTGC 3'

5' CTGGCAAGGTCACCAAGTCT 3' (99)

Sequence size (bp)

5' CCAGCAAGCACAAAATTTCA 3' (162)

5' TGCACTGGATCTGTTTCTTCA 3'

5' CCCAGTGTGGAGGTGGTCTAC 3' (124)

5' CGCTCAAATCACTCATTCGACGTT 3'

 

 

2.4  RNA Interference 
 
 Short interfering RNA (siRNA) targeting versican (Santa Cruz Biotechnologies) and 

control siRNA (Santa Cruz Biotechnologies) and DharmaFect (Dharmacon) were used in the 

transfection of ovarian cancer cell lines.  Cells were grown to 80% confluency, and then treated 

with Solution A for the treatment group or Solution B for the control group.  Solution A consists 

of 8 µL of versican siRNA and 6 µL of Dharmafect in 200 µL of serum-free media.  Solution A 

is allowed to incubate for 20 minutes on ice before addition to cells.  Prior to adding solution A, 
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the cells are rinsed with serum free media, and then incubated in A for 6 hours.  After the 6 hours 

have passed, 1 mL of complete media is added and allowed to incubate overnight.  Following 

overnight incubation an additional 1 mL of complete media is added and placed back in 

incubator overnight.  For controls, Solution B was substituted for Solution A, which consisted of 

2 µL of control siRNA and 6 µL of Dharmafect in 200 µL of serum free media. 

 Hush shRNA plasmid (29-mer) construct against versican (VCAN) as well as a HuSH 

shRNA 29-mer Non-effective Scrambled vector were purchased from Origene (Rockville, MD).  

From each of the four vials containing the VCAN constructs, 1 µg was taken and combined with 

12 µL of Dharmafect in 200 µL of serum free media, and incubated for 30 minutes at room 

temperature.  Following incubation the mixture was added to an 80% confluent monolayer of 

Skov-3 cells with 4 mL of serum free media following a rinse of the cells with serum free media.  

To create a control cell line HuSH shRNA scrambled vector was reconstituted to a concentration 

of 1 µg/µL.  Subsequently, 1 µL of the vector was combined with 8 µL of Dharmafect in 200 µL 

of serum free media and incubated for 30 minutes at room temperature.  Following, incubation 

the scrambled vector mixture was added to an 80% confluent monolayer of Skov-3 cells.  At 

100% confluency, the transfected cells are passed and maintained in growth media containing 1-

2 µg/mL puromycin to maintain selection pressure. 

 

2.5 Scratch Migration Assay 
 
 The spreading and migration abilities of Skov-3, Dov13, OVCA 429, and OVCA 433 

were assessed using the scratch wound healing assay.  Cells were seeded into six well tissue 

culture plates and grown to 100% confluency.  Prior to wounding with a P100 pipette tip, cells 

were incubated overnight with serum free media.  After wounding, cellular debris was removed 

by washing with PBS, and then incubated in 2.5% fetal bovine serum.  Wound closure was 
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monitored at 5, 10, and 24 hours and calculated using AxioVision software on the Axio Observer 

D1 inverted microscope.  The wound closure area that was used for measurements was carefully 

marked, so as to be identifiable at every time point.   The difference between the width of the 

scratch at any given time period divided by the original width times 100 represents the percent of 

wound closure.  A total of 6-8 measurements were taken per field of image (see figure 4 below), 

and the mean average percent closure was used in statistical analysis.  The experiments were 

repeated in duplicate wells and repeated a minimum of three times with a minimum of four fields 

of measurements per well.   To account for differences in the width of the initial wound, data was 

normalized to represent wound closure of equal width.  This was done by using the amount of 

migration from initial borders rather than by using wound width alone, as a wider wound could 

skew data. 

 

 

 

2.6 Spheroid Culture 

 Spheroids were generated using a liquid agarose overlay technique described by Burleson 

et al.*  Agarose was melted in complete media to a concentration of 0.5% (25mg in 5mL), and 

then 2 mL of agarose was poured into six well tissue culture plates to prohibit cell adhesion to 

the tissue culture plate and allowed to cool for a minimum of thirty minutes.  Following cooling 

OVCA-429, OVCA-433, Dov-13, and Skov-3 cells grown in monolayer were released with 1% 

Figure 4.  Wound Healing Analysis.  An 

average of 6-8 measurements were made 

using the AxioVision software, and the 

average was used to determine the percent 

wound closure for that field. 
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trypsin and resuspended in 2% serum containing media at 125,000 cells/mL.  Then 2 mL 

containing 250,000 cells were added to the solidified agarose, and then supplemented by the 

addition of 1 mL of 2% serum containing media.  The tissue culture plates were incubated for 48 

hours at 37°C.  Following 48 hours of incubation, the spheroids were gently removed from the 

surface of the solidified agarose, and separated from single cells by centrifugation at 100 x g for 

2 minutes before use in experiments.  Spheroids were defined as having a diameter between 30-

275 µm. 

 

2.7  Fluorescent Labeling 

 In adhesion assays in order to differentiate between mesothelial cells and OVCA-429, 

OVCA-433, Dov-13, and Skov-3 cells, Vybrant DiO (Invitrogen, Grand Island, NY) was used to 

label the membrane of ovarian cancer cells.  Cells were lysed and resuspended at a density of 1 x 

106 cells/mL in serum free media, and 8 µL of Vybrant DiO was added per mL of cell 

suspension.  The suspension was gently mixed by pipetting, and incubated at 37°C for 30-35 

minutes.  After the incubation period the cell suspension was centrifuged at 1500 rpm for 2 

minutes.  The supernatant was removed and cells were resuspended in serum free medium, and 

centrifuged again followed by resuspension in appropriate medium depending upon use. 

 

2.8  Spheroid Adhesion Assays 

 Six well plates were coated with either 25 µg/mL collagen in PBS or matrigel (1:100 

concentration) in PBS and incubated at 37°C for 4 hours.  The six well plates were then blocked 

with 2% BSA in PBS overnight in the 37°C incubator.  Additionally, spheroids were allowed to 

adhere to the tissue culture plate.  Approximately 50-75 spheroids of OVCA-429, OVCA-433, 
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Dov-13, and Skov-3 were suspended in 4 mL of serum free media and added to the six well 

plates and allowed to adhere for 24 hours in the 37°C incubator.  The total number of spheroids 

added to each well was counted manually.  Nonadherent spheroids were gently removed with 

PBS, and remaining adherent spheroids were counted under a light microscope.  Percent 

adhesion was determined by dividing the number of adherent spheroids by the total number of 

spheroids seeded.  The percent adhesion was calculated at 1,2,5, and 24 hours.   

 To evaluate OVCA-429, OVCA-433, Dov-13, and Skov-3  spheroid adhesion to 

mesothelial cell monolayers LP-3 and LP-9 were grown to confluence in six well tissue culture 

plates.    Prior to culturing of spheroids, the ovarian cancer cell lines were fluorescently labeled 

with Vybrant DiO.  The fluorescently labeled spheroids were allowed to adhere to the 

mesothelial cell lines for 24 hours.  The percent adhesion was determined in the same manner 

described above.  Adherent spheroids were counted under a fluorescent microscope.   

 The experiments were performed in triplicate and a minimum of four times for statistical 

analysis.  Spheroids smaller than 30 µm or larger than 275 µm were not used in statistical 

analysis. 

 

2.9  Spheroid Disaggregation Assay 
 
 Six-well plates were coated with 25 µg/mL Collagen, and Matrigel (1:100) in PBS and 

incubated overnight at 37°C.  The wells were then blocked with 2% BSA for 3 hours, and rinsed 

2x with PBS.  OVCA-429, OVCA-433, Dov-13, and Skov-3  spheroids were suspended in 2% 

serum containing medium and 25-40 spheroids were added to each well.  The spheroids were 

allowed to disaggregate for a period of 24 hours.  Spheroids were digitally photographed after 

one hour, this time was previously determined to be the time required for spheroid adhesion to 
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initiate.  After 24 hours the spheroids were again digitally photographed, and the total area 

encompassed by the cells was determined using the AxioVision software by outlining the area of 

disaggregated spheroid plus any single cells that may have come from the spheroid.  

Disaggregation is represented as fold change in the pixel area of the spheroids from time 0 hours 

to 24 hours.  To accurately track the separate spheroids and correlate the images at 1 hour and 24 

hours the six well plates were divided into 27 individual square grids.  

 The experiments were performed in triplicate and a minimum of four times for statistical 

analysis.  Spheroids smaller than 30 µm or larger than 275 µm were not used in statistical 

analysis. 

  

2.10  Spheroid Disaggregation on Mesothelial Monolayers 
 
 To evaluate disaggregation on a system closer to what is experienced in vivo, LP3 

mesothelial cells were grown to confluence in P35 dishes.  Prior to culturing of spheroids, single 

cell suspensions were fluorescently labeled with Vybrant DiO (Invitrogen) as described earlier.  

Spheroids were then resuspended in 2% serum containing media, and then gently added to the 

mesothelial  monolayer and incubated at 37°C.  Approximately, 15-30 spheroids of the four EOC 

cell lines were added to their respective dish.  Spheroids were imaged at 1 hour and at 24 hours 

to assess disaggregation under a fluorescent microscope.  Disaggregation was calculated by 

dividing the pixel area at time 0 by the pixel area at 24 hours.  The P35 dishes were divided into 

20 individual square grids for accurate tracking of spheroids.   

Inhibition of spheroid disaggregation on LP-3 mesothelial cells was evaluated by 

incubating with the EOC spheroids with monoclonal antibodies against the CD44 protein for 30 

minutes at 37°C, followed by addition to the LP-3 monolayer for a 24 hour period.  Inhibition of 
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adhesion was also assessed by the addition of soluble hyaluronan to the LP-3 monolayer prior to 

spheroids being added.   The experiments were performed in triplicate and a minimum of four 

times for statistical analysis.  Spheroids smaller than 30 µm or larger than 275 µm were not used 

in statistical analysis.   

 

2.11  Statistical Analysis 

 All analyses were performed using SPSS 17.0.  Student’s t-test, and one-way ANOVA 

test was used to determine statistical significance between treatment and control groups.  

Statistical significance is determined by P-values <0.05.  All experiments were performed in 

triplicate and repeated at least three times. 

 
 
2.12 Single Cell Adhesion Assay 
 
 OVCA-429, OVCA-433, Dov-13, and Skov-3 single cells were suspended in 2% serum 

containing media.  Approximately 10,000-12,000 cells were added to six well plates that were 

coated with 25 µg/mL collagen, matrigel (1:100), or left uncoated.  The degree of adhesion was 

represented by percent of adhering cells, which was determined by taking the number of 

adherent cells divided by the number of cells seeded initially.  The percent of adhesion was 

calculated at 2 hours, 5 hours, and 24 hours.  Non-adherent cells were removed by gently rinsing 

with PBS, and remaining cells were fixed and stained with Diff-Quik (Dade Behring, Inc., 

Newark, DE).  The six well plates were divided into 20 individual grids to enable manual 

counting of adherent cells by light microscope.  The plates were counted twice and the average 

was used for statistical analysis. 
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 Additional experiments were performed to evaluate the degree of adhesion to a 

monolayer of LP-3 mesothelial cells in six well plates.  The EOC cell lines were fluorescently 

labeled with Vybrant DiO prior to adding to the LP-3 monolayer.  To the LP-3 cells were added 

10,000-12,000 fluorescently labeled EOC cells.  The percent of adhesion was examined at 2 

hours, 5 hours, and 24 hours by gently removing non-adhering with a PBS rinse. 

 For inhibition assays, a monoclonal antibody against CD-44 or soluble hyaluronan was 

incubated with the fluorescently labeled EOC cells for 30 minutes prior to being added to the LP-

3 monolayer.  Percent adhesion was examined at the same times points, and calculated in the 

same fashion as above. 

 

2.13  Downregulation of Versican Expression and Functional Assays 
 

To examine the effects of versican on cellular adhesion, migration, spheroid formation,  

and spheroid disaggregation siRNA constructs targeting versican were used to downregulate its 

expression in the four EOC cell lines.  Additionally, the verscian shRNA Skov-3 cells were used 

to reinforce results obtained from siRNA cells.  All experiments described in methods section 

were repeated using the siRNA cells as well as the VCAN shRNA cells.  Upon completion of 

experiments, total RNA was extracted from the cells and levels of versican were assessed using 

quantitative real-time polymerase chain reaction to ensure downregulation of versican expression 

was maintained for the duration of the experiments. 

 

2.14  Modified Transwell Migration Assay 

 Corning 24-well plate inserts with an 8 micron diameter pore size had their bottom 

surfaces coated with matrigel (1:100).  This was accomplished by adding 500µL of a 1:100 
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matrigel solution in PBS to 24 well tissue culture plates, and addition of inserts to the well.  The 

inserts were incubated for 6 hours at 37°C.  After incubation the inserts were washed with PBS 

twice, and placed in 4°C refrigerator. 

To each well 500µL of serum free media was added and then the modified insert placed 

back into the well.  Then cell suspensions of 100,000 cells/mL of OVCA-429, OVCA-433, Dov-

13, and Skov-3 were prepared, and 10,000 cells were transferred into the inner chamber of the 

transwell insert.  The plates are incubated for 6 hours in 5% CO2 at 37°C.  As a control, the same 

aliquot used to transfer 10,000 cells into the inner chamber of the transwell, is pipetted into a 

clean well and manually counted to ensure that 10,000 cells were actually pipetted into the 

transwell chamber. 

  After 6 hours, the insert is removed and the media from the inner chamber removed by 

vacuum suction, being especially careful to not puncture the delicate membrane.  Then using a 

cotton swap the inner chamber was swabbed to remove any cells that had not migrated.  Inserts 

are submerged in Diff Quik fixative for 45 seconds, followed by submersion in Diff Quik 

Solution 1, then submersion in Diff Quik Solution 2 for 45 seconds.  Between each solution the 

inner chamber can be vacuumed suctioned out.  Following staining with solution 2, the inserts 

are washed in water to remove any residual stain.  Finally, cells with migratory abilities were that 

able to navigate into the matrigel under layer were counted under a light microscope.  The 

membranes were carefully divided into a numbered grid to aid in manually counting. 

 

2.15  Spheroid Size Assay 
 
 In order to assess the effect versican has on spheroid formation, we observed its effect on 

overall spheroid size.  To do this spheroids were generated as previously outlined in the spheroid 
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culture subsection.  The 250,000 cells were transferred to a P60 plate and allowed to incubate for 

48-72 hours, and then were isolated from single cells.  The isolated spheroids were then 

transferred to a P100 dish, which was divided into a grid of 35 squares for manually counting.  

For counting purposes 20 of the 35 square grids were chosen to be counted (grey grids counted), 

and are represented below in Figure 5.  For statistical purposes, spheroid size is graphically 

represented as diameter with units in micrometers.  Spheroids smaller than 30 µm or larger than 

275 µm were not used in statistical analysis.    Additionally, to ensure there was no bias in 

transferring spheroids from their original P60 dish to the P100 dish, the original P60 dishes were 

divided into 20 square grids and manually counted in a fashion similar to what is represented in 

figure 5. 

 
 
 
 
 
 
 
2.16  Spheroid Formation Assay 
 
 OVCA-429, OVCA-433, Dov-13, and Skov-3 were allowed to form spheroids for 48-72 

hours.  Spheroid culture conditions were the same as described above, and after formation the 

isolated spheroids were transferred to a P100 dish divided into a 35 square grid as represented in 

figure 5.  The same 20 squares used to assess the spheroid size were used to determine the 

Figure 5.  Spheroid grid template.  The grid above represents the template used to randomly 

count the spheroids.  Spheroids in the grey zones were counted. 



28 

 

number of spheroids formed.  To ensure there was no bias in transferring spheroids from their 

original P60 dish to the P100 dish as in the size assay, the original P60 dishes were divided into 

20 square grids and the number of spheroids were manually counted and compared to median 

value from the transferred spheroids.  Spheroids smaller than 30 µm or larger than 275 µm were 

not used in statistical analysis.  Data was represented as fold change in the number of spheroids 

formed as compared to the control group, which received no treatment. 

 

2.17  Protein Extraction 
 
 After assays were performed, cells were lysed in RIPA Lysis and Extraction Buffer 

(25mM Tris-HCl (pH 7.6), 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)  

(Thermo Scientific, Rockford, IL) supplemented with Roche Protease Inhibitor Cocktail tablets 

(Roche, Indiananoplis, IN) accorrding to manufacturer’s guidelines.  Prior to lysis cells were 

washed twice with PBS, and the pelleted by centrifugation.  To the pellet was added 1 mL of 

RIPA buffer per 5x106 cells, and then mixed by pipetting.  The mixture was then placed on ice 

for 15 minutes followed by centrifugation at 14000g for 10 minutes at 4°C.  Supernatants were 

collected and stored at -80°C. Protein concentrations were quanitified using BioRad Protein 

assay reagent (Bio-Rad Laboratories, Hercules, CA). 

 
 
2.18  Western Blot 
 
 Proteins were mixed with sodium dodecyl sulfate (SDS) sample buffer, denatured by 

boiling at 95°C for 3-5 minutes.  Equal amounts of protein (25-35 µg) were loaded per lane and 

separated on 7% SD-polyacrylamide gels.  A Prestained Molecular Weight Marker (Sigma-

Aldrich) was loaded onto the gel for correlation of protein masses.  Following electrophoresis, 
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proteins were transferrred to PVDF membranes by a wet-transfer apparatus (Bio-Rad) overnight 

at 4°C for 90 minutes using a current of 350 mA.  Membranes were blocked in 1X TBST buffer 

(20mM Tris, pH 7.6, 137mM NaCl, and 0.1% Tween-20)  containing 5% BSA, and incubated 

for one hour at 4°C.  Then the membranes were washed (3X) in 1X TBST for 5 minutes while 

being agitated on a shaker.  Following washing, membranes were incubated overnight at 4°C in 

their respective primary antibodies diluted in 1X TBST containing 3% BSA.  After incubation 

with primary antibodies, membranes were rinsed with 1X TBST (3X) for 5 minutes with 

agitation.  Following rinsing, membranes are incubated with their appropriate secondary 

antibodies diluted in 1X TBST and 3% BSA and incubated for 2 hours at room temperature.  

Prior to chemiluminescent imaging, Pierce (Thermo Scientific) Fast Western Blot Kits were 

utilized according to manufacturer’s protocl.  Imaging was performed using a Chemidoc Gel 

Documentation System, equipped with Quantity One Software (Bio-Rad Laboratories). 

The antibody against versican 12C 5 was purchased from the Developmental Studies 

Hybridoma Bank (DSHB, Iowa City, Iowa).  The antibody against beta-tubulin (E7) was also 

purchased from the DSHB.  The goat anti-mouse IgG-HRP linked antibody was purchased from 

Santa Cruz (Santa Cruz, CA).   
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3. RESULTS 
 
3.1  Versican Expression Effects Migration 
 
 In previous studies, it has been shown that versican is a prerequisite in the formation of a 

pericelluar matrix, which is critical for the proliferation and migration of mesenchymal cells.144  

The increased migratory ability has been accredited to the anti-adhesive properties of its G1 

domain.92  Recombinant versican expression in prostate cancer cells was able to induce increased 

motility compared to cells receiving the empty vector.96  Additionally, a recombinant vector 

overexpressing versican V1 isoform was able to promote increased motility in OVCAR-5 and 

Skov-3 ovarian cancer cells.116  The researchers were also able to demonstrate that HA oligomers 

could be used to inhibit the increased motility by competing for the hyaluronan binding site on 

versican.116  These previous results combined with our lab’s observation that DKK1 is inhibited 

in ovarian cancer resulting in increased levels of versican led us to question what happens when 

versican is downregulated in EOC cell lines.  Thus to address this question, we performed 

scratch wound healing assays as well as modified boyden chamber assays to assess migration in 

OVCA-429, OVCA-433, Dov-13, IGROV-1,  and Skov-3 cells.  The role of versican in the 

migration of these cell lines were examined by downregulating versican expression through 

siRNA (Santa Cruz, Inc).  Additionally, HuSH 29mer shRNA construct (Origene) was used to 

create stable Skov-3 clones with versican downregulated.   

 OVCA-429, OVCA-433, Dov-13, IGROV-1, and Skov-3 cells were grown to confluency 

and subjected to wounding with a P100 pipette tip followed by incubation in 2% serum 

containing medium over a 24 hour period.  Wound closure was monitored under a light 

microscope at 0, 5, 10, and 24 hours (Figures 6-9).  The percent wound closure was calculated as 

described in the methods section.  This procedure was repeated using siRNA targeting the 
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versican gene.  The results are represented in Figures 10-14.  We found that upon treatment with 

VCAN siRNA, migration of cells was significantly inhibited in the SKOV-3 and Dov-13 cell 

lines. At 24 hours, VCAN siRNA treated Skov-3 cells achieved 60-65% wound closure, whereas 

control cells had been able to close 87-90% of the wound gap.  This correlated to a 27 

% decrease in migration when versican expression was altered in Skov-3 cells.  Loss of versican 

in Dov-13 cells corresponded to a 25% decrease in wound closure.  In contrast, wound closure 

was only decreased 8-9%  in  OVCA-433 and OVCA-429 VCAN siRNA treated cells, however 

this difference was determined not to be significant.  To verify the results seen in the Skov-3 

cells, VCAN shRNA was used to create a stable line with VCAN downregulated.  We observed 

similar results with VCAN siRNA and VCAN shRNA cells, which was roughly a 20-27% 

decrease in wound closure.  In the case of IGROV-1 cells, we expected to see very little if any 

change in migratory abilities since VCAN was not found to be expressed in quantities 

measurable by our qRT-PCR analysis.  We also observed noticeable changes in morphology in 

DOV-13 and SKOV-3 cells treated with VCAN siRNA, as they took on a fibroblastic shape 

(Figures 6-7).  This is compared to the more epithelial morphology observed in the control 

groups.  

 With the results from the scratch wound healing assay, we decided to investigate changes 

in migration abilities resulting from silencing of versican by using modified boyden (transwell) 

chambers.  The bottom of the transwell inserts were coated with matrigel to trap migrating cells 

as described in the methods section.  The principle behind this assay is that more motile cells will 

be able to migrate through the filter pores into the matrigel layer.  Thus based upon previous 

literature that recombinant versican can enhance motility in prostate cancer cells, we expected to 

see an observable decrease in the number of migratory cells.96 Unsurprisingly, we observed 
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similar results in the modified boyden chambers as the scratch wound healing assay, with 

noticeable decreases in the number of migratory cells in Dov-13 and Skov-3 cells treated with 

VCAN siRNA (Figure 10-11).  Altered versican expression through siRNA caused a 20-35% 

decrease in the number of Skov-3 migratory cells.  Silencing of versican in Dov-13 cells 

coincided with 29% decrease in the average number of migratory cells.  Despite a 15-19% 

decrease in the number of migratory cells in siRNA treated OVCA-429 and OVCA-433 cells 

(Figure 12-13), analysis by student t-test showed no statistical difference between treatment and 

control groups.  Once again IGROV-1 served as our negative control, and demonstrated no real 

observable difference in the number of migratory cells between control and treatment groups 

(VCAN siRNA).  These results combined with the scratch wound healing assay indicate that 

versican plays a role in cellular migration in ovarian cancer cells. 
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Skov-3 shRNA Scrambled 

Skov-3 VCAN shRNA Clone 6 

Figure 6.  Monolayers of Skov-3, SKov-3 VCAN shRNA, and 
Skov-3 scrambled shRNA were cultured to confluency and 
subjected to wounding by a pipet tip.  Wound closure was 
monitored over a 24 hour period under a light microscope. 
Digital photographs show wounding at time 0 as well as at 24 
hours.  Based on observations it is clear that versican expression 
causes an increase in motility. 
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Dov-13 Control 

Dov-13 VCAN siRNA 

Figure 7.  Versican mediated migration in Dov-13 cells was investigated by performing a 
scratch wound healing assay on control cells and on VCAN siRNA transfected cells. 
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IGROV-1 VCAN siRNA  

IGROV-1 Control 

Figure 8.  Migration of IGROV-1 cells was assessed by conducting a scratch wound 
healing assay.  To assess migration mediated by versican, experiments were repeated 

using VCAN siRNA transfected cells. 
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OVCA-429 Control 

OVCA-429 VCAN siRNA 

Figure 9.  OVCA-429 cells grown to confluency were wounded 
and treated with 2% serum containing media, and monitored over a 
period of 24 hours.  The experiment was repeated using VCAN 
siRNA transfected cells.   
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Figure 10.  Versican mediates migration in Skov-3 cells. (a)  Quantitative migration of Skov-3 
control, scrambled shRNA, VCAN siRNA, VCAN shRNA clone 2 and clone 6 is represented as 
percent wound closure.  Percent wound closure was calculated by measuring the distance of the 
wound at time 24 hrs and comparing it to time 0.  (b)  Migration was also assessed using modified 
boyden chambers.  P-values were calculated using the student t-test. 

*, p <0.05 
**, p < 0.005 
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Figure 11.  Effect of Versican on Dov-13 cell migration.  (a) Analysis of migration of control, control 
siRNA, and VCAN siRNA cells was conducted by a scratch wound healing assay.  Observations are 
represented Percent wound closure, which was assessed at 0, 5, 10, and 24 hours. (b)  The migratory 
abilities have the control, control siRNA, and VCAN siRNA cells were further analyzed by performing a 
modified boyden chamber assay.  Approximately 10,000 cells were transferred to the chamber and 
allowed to migrate for a  duration of 6 hours.  P-values were calculated by student t-test 

*, p <0.05 
**, p < 0.005 
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Figure 12.  Downregulation of Versican and its impact on migration of OVCA-429 cells.  
(a)  The ability of OVCA-429 cells to migrate was evaluated by scratch wound healing assay.  
Percent wound closure was examined at 0, 5, 10, and 24 hours.  The experiment was repeated 
using control siRNA and VCAN siRNA cells to investigate the ability of versican to regulate 
migration. (b)  To further assess the capacity of OVCA-429 cells to migrate, a modified 
boyden chamber assay was conducted using control, control siRNA, and VCAN siRNA cells. 

*, p <0.05 
**, p < 0.005 
 

a) 

b) 
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Figure 13.  OVCA-433 migration and Versican Silencing  (a) Migration of OVCA-433 
cells was examined by monitoring the closure of a wound generated by a pipette tip over a 24 
hour period.  Percent wound closure was calculated at 5, 10, and 24 hours using software on 
the microscope. (b)  The ability of versican to induce migration was additional assessed 
through a modified boyden chamber by silencing versican expression with VCAN siRNA. 

*, p <0.05 
**, p < 0.005 
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Figure 14.  Downregulation of Versican in IGROV-1 cells does not affect 
migration.  (a) Quantitative analysis of migration was assessed by conductingscratch 
wound healing assays on IGROV-1 monolayers incubated in 2% serum containing 
media.  Assays were repeated using control siRNA and VCAN siRNA.  Data is 
represented as percent wound closure. (b) Motility of IGROV-1 and siRNA 
transfected cells was investigated using the modified boyden chamber assay described 
in the methods section. 

*, p <0.05 
**, p < 0.005 
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3.2  Versican’s Effect on single cell adhesion 
 
 Cellular adhesion is an important phenomenon in normal tissue development, but when 

this tightly regulated function goes awry, pathologic states such as cancer can form.  It is well 

established that the extracellular matrix secreted by the cells interacts directly with other cells 

and indirectly through other cell adhesion molecules.  Due to the large and negatively charged 

side chains of versican it is no surprise that it has been found to be involved in cellular adhesion.  

There have been multiple studies looking at the effects of versican on cellular adhesion.  

Versican has been shown in some experiments to increase cellular adhesion in epithelial ovarian 

cancer cells, while in other studies it has been shown to have limited to no effect on cellular 

adhesion in EOC cells.  In prostate cancer cells versican has been found to increase motility by 

causing decreased adhesion.96  With conflicting information having been reported in regards to 

the effect of versican on adhesion, we decided to investigate what effects downregulating the 

expression of versican would have on cellular adhesion.  Based on our lab’s initial data and on 

evidence of increased versican expression having been found in EOC metastatic sites we 

hypothesized that versican silencing should decrease cellular adhesion.  

 We analyzed the effect of versican on the adhesion of EOC single cells to tissue culture 

plates coated with collagen, matrigel, and no treatment as well.  Furthermore, we wanted to 

know whether the effect we saw on ECM components would be the same as on the mesothelial 

cell line LP-3.  There has also been evidence to support the role of versican in mediating the 

attachment of ovarian carcinoma cells to the mesothelial layer lining the peritoneal cavity.88,116  

The role of versican in promoting cell adhesion has been downplayed though, as the protein CD 

44 has been hypothesized by some to be the main mediator of cellular adhesion through its 

interaction with hyaluronan.88  Yet, the exact mechanism of how CD44 initiates adhesion is 
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unknown, as functional assays by other groups using monoclonal antibodies against CD44 have 

failed to inhibit cellular adhesion.  In some instances, the mAb against CD44 even caused an 

increase in adhesion.  These conflicting results surrounding the role of versican and CD44, led us 

to investigate silencing of versican in single EOC cells combined with monoclonal antibodies 

against CD44 in attempts to elucidate the role of versican. 

 In the functional assays assessing the adhesion of EOC single cells to the extracellular 

matrix components collagen (25 µg/mL), matrigel (1:100), and to the poly-lysine coated tissue 

culture plates we plated 15,000 cells and observed adhesion over a 24 hour period.  Non-

adhering cells were gently removed by a PBS rinse at 1,2,5, and 24 hours.  Adherent cells were 

fixed at their corresponding time points and manually counted as previously described.  The 

results are summarized in figures 15-22.  We observed a decrease in cellular adhesion in the 

OVCA-429, OVCA-433, Dov-13, and Skov-3 single cells on all three different components.  As 

can be seen in the data figures, the greatest difference in adhesion was observed at 5 hours.  Loss 

of versican in Dov-13 cells corresponded to a 23-35% (varies for the 3 plate coatings) decrease 

in adhesion after 5 hours.  VCAN siRNA Skov-3 cells saw reduction in adhesion to matrigel, 

collagen, and poly-lysine in the range of 20-26%.  In OVCA-429 and OVCA-433 cells there was 

a 14-18% reduction in the number of adhering cells at 5 hours, when cells were treated with 

VCAN siRNA.   At 24 hours the decrease in adhesion from silencing of versican was 

diminished.  This result was expected since mechanical forces from physically seeding the cells 

on the plate would promote adhesion given enough time.                                                                                                                                        

 With these results, we looked at how versican expression changed adhesion to the 

mesothelial monlayer composed of LP-3 cells.  What we observed were similar results to those 

seen in the adhesion to the extracellular matrix components (Figures 15-22).  Also as expected 
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from our expression data gathered by qRT-PCR, we saw that versican silencing had less of an 

effect on adhesion in the cell lines expressing lower amounts of verican such as OVCA-429 and 

OVCA-433 cells.  In those cell lines the reduction in adhesion from downregulating versican was 

calculated to be roughly 15%.  The loss of versican in Dov-13 and Skov-3 who express versican 

in higher amounts saw a 32% and 30% decrease in the number of adhering cells respectively.  

Furthermore, the addition of the monoclonal antibody against CD44 to the cells before addition 

to the LP-3 monolayer resulted in a decrease in adhesion to mesothelial monolayer.  

Administration of 1 ug/mL of CD44 mAb caused a 11% reduction in adhesion for the Skov-3 

control cells.  In VCAN siRNA and VCAN shRNA transfected cells the addition of the CD44 

mAb corresponded to a nonsignificant 3-4% reduction in adhesion.   When the concentration of 

mAb was doubled to 2 µg/mL there was only a slight further decrease in adhesion.  This 

evidence suggests that CD44 does play a role in mediating adhesion, but that there are numerous 

other cell receptors capable of forming cell-cell or cell-matrix connections.  To fully investigate 

this role we decided to test whether the addition of hyaluronan would increase adhesion, since 

versican is proposed to promote adhesion through its interaction with hyaluronan.  The results, 

indicate that hyaluronan only marginally increased adhesion to the LP-3 monolayer.  These 

results were somewhat surprising considering that there is literature supporting the role of 

hyaluronan in cellular adhesion.  Our results suggest that hyaluronan, CD44, and versican each 

play a role in promoting adhesion that may be independent of each other. 
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Figure 15.  We tested the effect of versican on cell adhesion on the mesothelial cell line LP-3 under 
different conditions. (A) Downregulation of versican in Dov-13 led to a destabilization and ultimately a 
decrease in cell adhesion.  (B) Addition of hyaluronan had no impact on the number of adhering cells 
in the control group or the VCAN siRNA treated cells.  (C) Administration of a CD44 mAb intended to 
block the interaction of HA-Versican-CD44 complex led to a reduction in cell adhesion in all groups. 

*, p <0.05 
**, p < 0.005 

b) 

c) 

a) 
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Figure 16.  Single cell adhesion was tested on extracellular matrix components collagen type I 
(25µg/mL) and matrigel in addition to non-treated tissue culture plates. Similar adhesion was 
observed on all 3 coatings.  Greatest difference in cell adhesion between the control and VCAN 
treated cells was at 5 hours.   

*, p <0.05 
**, p < 0.005 



47 

 

 

 

 

  

a) 
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c) 

Figure 17.  Roughly 15,000 Skov-3 cells were seeded onto untreated, collagen type I coated, and 
matrigel coated tissue culture plates.  The decrease in adhesion from downregulation of versican at 5 
hours on collagen, matrigel, and culture plate was 21% (a), 20% (b), and 25% (c) respectively. 

*, p <0.05 
**, p < 0.005 
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c) 

b) 

a) 

Figure 18.  Single cell adhesion was assessed on the mesothelial cell monolayer, LP-3.  For inhibition analysis a 
mAb against CD44 was added to the cell suspsension prior to addition to the LP-3 monolayer.  (a) Transfected 
cells with VCAN siRNA or VCAN shRNA corresponded to a 29% decrease in the number of adhering cells 
when compared to the control. (b) Addition of hyaluronan saw an overall increase in cell adhesion in all groups. 
(c) Inhibition assays targeting CD44 with an mAb had a larger impact on non-transfected cells. 

*, p <0.05 
**, p < 0.005 
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Figure 19.  OVCA-429 cells  express lower levels of versican than Dov-13 and Skov-3 cells, thus 
versican silencing had a marginal impact on adhesion on ECM components.  On collagen type I 
the number of adherent transfected cells at 5 hours was reduced by 14% (a).  On matrigel there 
were 17% more adherent cells at 5 hours when compared to cells with downregulated versican 
expression (b).  There was roughly a 12% decrease in single cell adhesion of transfected cells on 
an untreated culture plate after 5 hours (c). 

*, p <0.05 
**, p < 0.005 

c) 

b) 

a) 
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Figure 20.  Single cell adhesion on the mesothelial monolayer LP-3 was 
allowed to proceed for 24 hours (a).  We repeated this experiment with the 
addition of hyaluronan (b).  Loss of versican expression resulted in 13% less 
cells adhering to the LP-3 monolayer.  Addition of hyaluronan resulted in only 
a marginal increase in adhesion (b) in the 3 groups.  
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  Figure 21.  OVCA-433 similar to OVCA-429 cells express very low levels of versican.  
To assess the role of versican on single cell  OVCA-433 adhesion on ECM components 
we seeded 15,000 cells and quantified the number of adherent cells at 1,2,5, and 24 hours.  
On all 3 surfaces the greatest difference in cell adhesion between control cells and 
transfected cells occurred at 2 and 5 hours (a-c).   

*, p <0.05 
**, p < 0.005 

a) 

b) 

c) 
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Figure 22.  OVCA-433 single cell adhesion was further examined on a mesothelial monolayer made 
up of LP-3 cells.  After being allowed to adhere for a period of 2 hours and 5 hours, cells with 
downregulated VCAN expression experienced a 14% and 16% decrease in adhesion respectively 
(a).  With the addition of versican’s binding partner, hyaluronan we found an increase in the number 
of adherent cells (b).  In the control cells the addition of hyaluronan correlated to a 9% gain in the 
number of adherent cells after 5 hours.  We observed in the transfected cells a 9% increase in the of 
adherent cells after a period of 5 hours. 
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3.3  Effect of Versican on Spheroid Size and Number 
 
 The lack of understanding on spheroid formation, and their potential contribution to 

widespread resistance to common antineoplastic agents led us to investigate the spheroid model.  

Altered extracellular matrix composition has been implicated in the formation of glioma cell 

spheroids.145,146  Increased expression of integrins are believed to mediate attachment to the 

extracellular matrix, which may cause the initial aggregation of spheroid cells.147-149  Of 

particular interest is the fact that beta-integrin has been shown to be a vital component in 

spheroid formation, and happens to be a binding partner of versican.150,151 The binding of beta 1- 

integrin to versican demonstrated activation of focal adhesion kinase increasing the expression of 

integrins and promoting cellular adhesion.  Thus, we decided to investigate what effects versican 

has on spheroid size and number.   

 Eight ovarian cancer cell lines were examined on their ability to form spheroids:  Skov-3, 

Dov-13, OVCA-429, OVCA-433, A2780, OVCA-3, and OVCAR-5.  Of these eight cell lines 

only Skov-3, Dov-13, OVCA-429, and OVCA-433 were observed to form spheroids.  It should 

be noted the OVCAR-5 and OVCA-3 did demonstrate the ability to form loose spheroids, but 

took an extended formation time (3-8 days) and was unpredictable.  The cell lines A2780 and 

IGROV-1 failed to undergo adequate compaction to form spheroids, and only formed loose 

aggregates.  A2780 aggregates were easily broken apart upon gentle pipetting, but the IGROV-1 

aggregates sustained mild agitation.  However, the IGROV-1 aggregates never underwent the 

compaction that is associated with spheroids.  Spheroid size (µm) and numbers were analyzed 

according to the protocol outlined in the methods section.  The results are summarized in table 2 

and Figure 23.  Despite being a binding partner of beta 1-integrin, we found that downregulation 

of versican expression by siRNA did not affect the cells ability to form spheroids.   
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However, what we did find was that altered versican expression resulted in a decrease in 

spheroid size in the Skov-3, Dov-13, OVCA-429, and OVCA-433 treated cell lines.  As can be 

seen in figure 23, the difference in sizes observed in the Skov-3 and Dov-13 cells was found to 

be statistically significant.  The size change seen in the OVCA-429 and OVCA-433 on the other 

hand was not determined to be significant according to the student t-test.  One explanation for 

this observation, may be that versican is only marginally expressed in these two cell lines as 

compared to Dov-13 and Skov-3 cells and consequently would be expected to have less of an 

effect.  Downregulation of versican in Skov-3 cells corresponded to a 15% decrease in spheroids 

diameters, and was statistically significant with a P-value <0.05.  Treating Dov-13 cells prior to 

spheroid formation with VCAN siRNA resulted in a diameter that was 10% smaller.  Although 

there was an observable decrease in the diameter of the OVCA-429 and OVCA-433 spheroids, 

the difference was determined to not be statistically significant.  The effects of versican on Skov-

3 spheroids can be seen in Figure 24. 

 While monitoring the effect versican has on spheroid size, we noticed that versican 

silencing seemed to decrease the total number of spheroids formed in culture.  Thus, we decided 

to verify this observation by culturing the spheroids in a P60 dish divided into a grid as outlined 

in the methods section.  We found that versican downregulation did in fact have a negative effect 

on the total number of spheroids formed.  This was not an unexpected result based on our 

previous results that versican effects size, and that versican is a binding partner of beta 1-

integrin.150  Treatment of Skov-3  cells with VCAN siRNA and VCAN shRNA correlated to a 

10-15% decrease in the total number of spheroids formed.  We observed that treatment of 

DOV13, OVCA-429, and OVCA-433 cells with VCAN siRNA were found to decrease spheroid 

formation by 20%, 12%, and 10% respectively. 
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Figure 23.  Effect of versican on the formation of spheroids was investigated.  We observed that 
downregulation of versican corresponded to a decrease in the average number of spheroids formed.  
The data is represented as fold change in the number of spheroids formed, which is calculated by 
manually counting the number of spheroids and comparing it to the average number of spheroids 
formed in the control group. (a) Loss of versican in Skov-3 spheroids corresponded to a 12-17% 
decrease in the number of spheroids. (b) Treatment of cells with VCAN siRNA caused 20% fewer 
DOV-13 spheroids as compared to control spheroids. (c) There  were 12% fewer OVCA-429 
spheroids for cells treated VCAN siRNA. (d)  OVCA-433 spheroids with downregulated versican 

b) 

c) d) 

a) 
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Skov-3 Control Spheroids Skov-3 scrambled shRNA Spheroids 

Skov-3 VCAN siRNA spheroids Skov-3 VCAN shRNA Clone 2 spheroids 

Figure 24.  Formation of spheroids was accomplished by transferring 250,000 cells to a 6-well 
culture platecoated with agarose.  After 48-72 hours the spheroids were digitally photographed 
(a-d).  As can be seen in images (c) and (d) the spheroids with downregulated versican 
expression were noticeably smaller in diameter, and do not appear to undergo the same degree 
of compaction as spheroids expressing versican (a-b). 

a) b) 

c) 
d) 
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Spheroid Size 

Cell Line Diamter (µm) Student T-test 

      

Skov-3  110.5 ± 15.8   

Skov-3 Ctrl siRNA 106.9 ± 14.6   

Skov-3 Scrambled shRNA 113.1 ± 16.4   

Skov-3 VCAN siRNA 86.1 ± 10.9 P < 0.01  

Skov-3 Clone 2 95.2 ± 12.7 P < 0.01  

Skov-3 Clone 5 93.8 ± 13.8 P < 0.01  

Skov-3 Clone 6 88.1 ± 11.1 P < 0.01  

      

      

Dov-13 Control 97.9 ± 10.8   

Dov-13 Control siRNA 96.2 ± 10.1   

Dov-13 VCAN siRNA 85.0 ± 9.2 P < 0.05 

      

      

Ovca 429 control 91.5 ± 11.8   

Ovca 429 control siRNA 96.7 ± 14.5   

Ovca 429 VCAN siRNA 87.6 ± 12.4 P > 0.05 

      

      

Ovca 433 control 93.6 ± 13.6   

Ovca 433 control siRNA 87.9 ± 12.7   

Ovca 433 VCAN siRNA 83.5 ± 15.4 P > 0.05 

Table 2.  Spheroids were allowed to form for a duration of 48-72 hours using the agarose 
overlay technique.  The 6-well plates were divided into grids and the spheroids were 
counted under a light microscope.  Spheroids smaller than 30µm or larger than 275µm 
were not used for statistical analysis.  The loss of versican expression in Skov-3 spheroids 
corresponded to a 16-21% decrease in diameter size, while the altered versican expression 
in Dov-13 spheroids caused roughly a 12% smaller spheroid diameter.  Changes in 
OVCA-429 and OVCA-433 spheroid diameter size were calculated not be of statistical 
significance according to the student t-test. 
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3.4  Role of Versican in Spheroid Adhesion and Disaggregation  

 
 For years, researchers thought spheroids represented a population of cells that were non-

adherent and thus had no significance in ovarian carcinoma.152-157  However, this proved to be 

untrue as Burleson and et al showed that spheroids adhere and disaggregate readily on 

extracellular matrix components.158  Now spheroid adhesion and disaggregation represent an 

important understudied model in ovarian carcinoma dissemination. 

 In order to effectively spread, spheroids must be able to adhere to the mesothelial cell 

layer lining the peritoneal cavity.  The integrin receptor family, which was shown previously to 

be vital in formation of spheroids, appears to be similarly important in mediating adhesion to the 

mesothelial cells as mAbs against those integrins decrease adhesion dramatically.151  Having 

observed the effects of versican on adhesion in single cells and spheroid formation, we 

investigated whether altered versican expression may modulate spheroid adhesion to 

extracellular matrix components and ultimately to mesothelial cells. 

To assess spheroid adhesion we cultured Skov-3, Dov-13, OVCA-429, and OVCA-433 

spheroids for 48-72 hours and then transferred 50-75 isolated spheroids to P60 plates coated in 

either collagen (25µg/mL), matrigel (1:100), or left untreated.  For quantification of adhesion, 

the spheroids were allowed to adhere to the plates for 1, 2, 5, and 24 hours.  Non-adherent 

spheroids were removed by gently rinsing with PBS.  Spheroids were manually counted at one 

hour to establish the number of seeded spheroids and then were counted under a light microscope 

following the PBS rinse.  The data is represented Figures (25-32) as percent adhesion, and 

calculated as outlined in the methods section.  Overall, we saw a decrease in spheroid adhesion 

when we downregulated the expression of versican.  Adhesion to collagen type I and to the 

untreated tissue culture plate was nearly identical for the spheroids tested.  As in the single cell 
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adhesion assays we observed the largest effect on adhesion at the 5 hour time point.  The various 

VCAN shRNA clones exhibited insignificant differences in adhesion, which we hypothesized 

may be a consequence of differences in degrees of versican downregulation.   At 5 hours we saw 

roughly a 25% decrease in spheroid adhesion to the 3 tissue culture coatings (collagen, matrigel, 

and no treatment) in the Skov-3 spheroids treated with VCAN siRNA as compared to the Skov-3 

control spheroids.  For the Dov-13 spheroids there was a 20-30% decrease in adhesion at 5 hours 

for the VCAN siRNA treated cells.  There was a 12-20% decrease in adhesion after 5 hours of 

seeding for the OVCA-429 on the 3 different plate coatings, with the lowest decrease on 

matrigel.  Results for VCAN siRNA OVCA-433 were similar to VCAN siRNA OVCA-429, 

with a 10-24% decrease in adhesion at 5 hours as compared to the control group. 

The peritoneal cavity represents a significantly different environment than the testing 

done on extracellular matrix components.  The mesothelial cells secrete a variety of factors, in 

addition to expressing a number of cell surface receptors that can regulate adhesion and 

migration.  Thus we proceeded to examine spheroid adhesion on the mesothelial cells LP-3.  

Prior to culturing spheroids, we incubated the cells with Vybrant DiO, so the spheroids would be 

easily discernible under a fluorescent microscope.  At 5 hours there was an overall decrease in 

spheroid adhesion of 21%, 17%, 27%, and 20% for the VCAN siRNA OVCA-429, OVCA-433, 

Skov-3, and Dov-13 cells respectively.  To more accurately simulate the environment 

encountered in vivo, we added hyaluronan to the LP-3 monolayer that would have been removed 

by the PBS rinse.  We observed that the hyaluronan slightly increased adhesion for all cell lines 

and groups.  The increases in adhesion were 3%, 6%, 4%, and 5% for OVCA-429, OVCA-433, 

Skov-3, and Dov-13 control groups respectively.  In the siRNA treated OVCA-429, OVCA-433, 

Skov-3, and Dov-13 spheroids we saw increases in adhesion of 2%, 5%, 1-2%, and 0.5-1%.  
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Initially we used 20 µg/mL of hyaluronan and then repeated the assay using 40 µg/mL to assess 

whether there would be an additional increase in adhesion with a higher concentration.  We 

found that the higher hyaluronan content resulted in decreased adhesion because it was acidic 

enough that over the duration of the experiment it actually caused cell death. 

  For inhibition assays, we used a monoclonal antibody against CD44 to help determine 

mechanisms responsible for spheroid adhesion in the Dov-13 and Skov-3 cell lines.  We 

expected a greater inhibition of adhesion upon administration of CD44 antibody, but only 

noticed a marginal decrease of 1-4% in both cells lines in the VCAN siRNA treated cells as well 

as the control cells.    

 One study has shown that blocking disaggregation of spheroids inhibits the spread of 

tumor sites in the peritoneal cavity.149  It has been previously observed by other labs, that cells 

compact tightly into spheroids actually have an enhanced ability to dissociate.36   A proposed 

explanation for this phenomenon is that aggregation and dissociation rely on similar active 

processes, so cells that can aggregate tightly have the ability to dissociate extensively.36  This 

hypothesis coincides with our observations that versican expressing cells appear to form a more 

compact spheroid, which led us to explore how spheroid disaggregation is altered when versican 

expression is downregulated.   

 For quantification of spheroid disaggregation, we isolated the spheroids after culturing 

and transferred roughly 25 spheroids to each well of the six well plates and allowed them to 

adhere for 24 hours.  The spheroids were allowed to adhere for 1 hour before being digitally 

photographed, and the area of the spheroid was calculated by the Axiovision software after the 

spheroids were outlined.  Then after the 24 hour period, the area occupied by the spheroid and its 

dispersed cells were outlined and calculated by the microscope’s software.  Our results are 
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summarized in figures 33-35, and the change in disaggregation is represented as fold change in 

area, which was derived by taking the area at 1 hour divided by the area at 24 hours.  Across the 

cell lines the degree of disaggregation varied on the ECM components, for instance Dov-13 

spheroids and Skov-3 spheroids exhibited the highest degree of dissociation on matrigel coated 

plates while OVCA-429 and OVCA-433 spheroids dissociated more readily on collage (type I) 

coated plates.  As expected from our single cell adhesion assays, we found that VCAN siRNA 

treated spheroids exhibited lower disaggregation especially the siRNA treated Skov-3 spheroids.  

The Skov-3 control spheroids increased their area 8.5 fold on matrigel as compared to the VCAN 

altered spheroids, whose area only increased roughly 6.1 fold.  When compared to the control 

Skov-3 spheroids the treated spheroids displayed a 30% decrease in overall area on matrigel after 

the 24 hour duration.  It should be noted, that the vast majority of untreated spheroids fully 

disaggregated, while larger spheroids that were comprised of VCAN siRNA treated cells did not 

fully dissociate over the 24 hour period.  OVCA-429 and OVCA-433 disaggregated considerably 

less than the spheroids of the other cell lines, which can skew the statistics as a result of a small 

increase or decrease in total area can have a much larger effect on the fold change in area.  

Another observation that came out of this study was that spheroid size did not seem to affect the 

spheroid’s ability to disaggregate.  OVCA-429 spheroids whose diameter is only 80% of Skov-3 

spheroids were only able to disaggregate to an area equal to 30% of that observed in the more 

compact Skov-3 spheroids. 

 Disaggregation on the mesothelial monolayer LP-3, is more complex then dissociation on 

the ECM components in the sense that now that spheroids must be more invasive in order to 

break down multiple ECM components and invade the LP-3 cells in order to successfully 

colonize the site.  As a result of this more hostile environment, spheroids were much less 
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successful in fully disaggregating on the LP-3 monolayer as compared to the ECM components.  

The addition of hyaluronan to the LP-3 monolayer failed to dramatically increase adhesion in all 

of the cell lines.  Based upon previous literature we had expected the addition of hyaluronan to 

have a more profound effect on spheroid adhesion.  The loss of versican in Skov-3 spheroid 

caused a 39% reduction in occupied area, with some variability between clones.  Dov-13 

spheroids expressing versican saw a 23% decrease in area compared to those with silenced 

versican expression.  For OVCA-429 and OVCA-433 spheroids the reduced adhesiveness 

correlated with the downregulation of versican expression was calculated to be 10-15%.  The 

addition of hyaluronan to the LP-3 monolayer corresponded to an increase in spheroid adhesion, 

but this effect was significantly smaller in spheroids with reduced versican levels.  For inhibition 

assays, we incubated Dov-13 and Skov-3 spheroids briefly for 30 minutes with a monoclonal 

antibody against CD44 prior to being added to the LP-3 monolayer.  We received variable 

results, with the mAb causing increased adhesion in the Dov-13 cell line and decreased adhesion 

in the Skov-3 cell line.  Increased concentration of the CD44 antibody appeared to have no 

increased effect not seen at the lower concentration of mAb.  Digital images were taken of the 

spheroids at time 0 hours and at 24 hours, and Figures 36-38 represent Skov-3 spheroid 

disaggregation. 
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a) 

Figure 25.  35-70 isolated spheroids were allowed to adhere to a culture plate, collagen type I, and matrigel.  Adhesion was 
assessed at 1, 2, 5, and 24 hours by manual counting under a light microscope.  Non-adherent spheroids were removed by a 
PBS risne.  The data is represented as % of adhering spheroids, which was calculated by dividing the number of adhering 
spheroids at 24 hours by the total number of starting spheroids.   At 5 hours there was roughly a 30% decrease in the number 
of adherent spheroids on matrigel when versican expression was silenced. On collagen there was a 21% decrease in the 
number of adherent spheroids when VCAN expression was silenced. 

*, p <0.01 
**, p < 0.005 
 

c) 

b) 

a) 
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Figure 26.  Skov-3 spheroids ability to adhere to a LP-3 monolayer 
was assessed, and then repeated in the presence of hyaluronic acid 
and a CD44 mAb. (a)  VCAN siRNA and VCAN shRNA transfected 
spheroids had roughly 26% fewer adherent spheroids after 5 hours as 
compared to control cells. (b)  Supplementation of the media with 
hyaluronic acid resulted in only a marginal increase in spheroid 
adhesion. 

*, p <0.01 
**, p < 0.005 
 

b) 

a) 
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 Figure 27.  Examination of the role of versican on spheroid adhesion on the 3 surfaces revealed that loss of 
versican negatively affected adhesion. (a)  There were 26% fewer adherent Dov-13 VCAN siRNA after 5 hours 
when compared to the control groups. (b) On matrgiel there were 25% more adherent spheroids after 5 hours in 
the control cells then in the treatment group. (c) The number of adhering spheroids on collagen following 5 hours 
was 16% less in the VCAN siRNA spheroids. 

*, p <0.01 
**, p < 0.005 

c) 

b) 

a) 
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a) 

b) 

Figure 28.  Dov-13 spheroid adhesion was observed on the 
mesothelial cell line LP-3.  (a) Decrease in spheroid adhesion on LP-
3 from loss of versican was determined to be 19%. (b)  Adhesion 
remained essentially unchanged with modest increases of 2-4%.   

*, p <0.01 
**, p < 0.005 
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Figure 29.  OVCA-429 spheroids displayed lower adhesion than Dov-13 and Skov-3 
spheroids.  The difference in adhesion after 5 hours between control spheroids and 
VCAN siRNA spheroids on matrigel, culture plate, and collagen were 11%, 23%, and 
17% respectively. 

*, p <0.05 
 

c) 

b) 

a) 
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Figure 30.  Investigation of OVCA-433 spheroid adhesion revealed that versican albeit expressed in 
low amounts directly affects adhesion.  Rates of adhesion on the 3 surfaces of the OVCA-433 
spheroids were similar to those observed previously for OVCA-429 aggregates.  Treatment of cells 
with VCAN siRNA resulted in 24%, 15%, and 10% decreases in adhesions on culture plate, 
matrigel, and collagen type I respectively. 

*, p <0.05 
 

c) 

b) 

a) 
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Figure 31.  Versican’s role in mediating OVCA-429 spheroid adhesion on a LP-3 
monolayer was assessed by fluorescently labeling the cells prior to spheroid formation.  
The fluorescence allowed us to quicker count the spheroids and differentiate easily 
between the two types of cells.  (a) On the LP-3 monolayer we found that the loss of 
versican was the main driving force in a 23% reduction in the number of adherent 
spheroids after 5 hours. (b)  The effect of adding hyaluronan to the mesothelial cells had 
a muted effect on adhesion as represented in (b).  

*, p <0.05 
**, p <0.01 
 

a) 

b) 
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Figure 32.  Cells were fluorescently labeled prior to spheroid formation for 
ease of quantification on a LP-3 monolayer under a microscope. (a) At 2 hours 
and 5 hours the silencing of versican caused a 24% and 19% decrease in the 
number of adhering spheroids. (b) Spheroid adhesion after 5 hours was 
increased by 7% for control cells and 10% VCAN siRNA treated cells  in the 
presence of hyaluronan. 

*, p <0.05 
**, p <0.01 
 

a) 

b) 
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Figure 33.  Spheroid disaggregation was assessed by allowing spheroids to adhere and dissociate on 
their respective matrix over a 24 hour period.  The data above represent fold change in area of spheroid 
at 24 hours divided by the area occupied by the spheroid at time 0.  Skov-3 spheroids demonstrate 
variable disaggregation on the ECM components as well as on the mesothelial monolayer, LP-3.  It can 
be deducted from the figure that loss of versican reduction correlated to a decrease in the area occupied 
by the spheroids after 24 hours.  Addition of hyaluronan resulted in a non-significant fold change in 
area of 6% for control spheroids, and roughly a 4% increase for spheroids formed from transfected 
cells.  Disaggregation on LP-3 cells was significantly lower as spheroids had to invade the mesothelial, 
and form a foci before successfully spreading.  VCAN siRNA and VCAN shRNA spheroids had a more 
difficult time disaggregating on LP-3 cells compared to the control cells.  Administration of CD44 mAb 
to the spheroids prior to being added to the LP-3 cells had only a very slight impact on inhibiting 
spheroid adhesion in any of thecontrol or treatement groups. 
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Figure 34.  Spheroids were allowed to disaggregate on collagen type I (25 µg/mL), matrigel, culture plate, 
and LP-3.  To assess whether hyaluronan increases disaggregation mediated by versican binding we added 
hyaluronan to the spheroids prior to addition to the six well plates.  For inhibition assays, we used the 
mAb against the CD44 receptor protein, which is proposed to bind to hyaluronan causing adhesion.  
However, we observed that the CD44 mAb  actually caused an increase in the area of the dissociated 
spheroids.  As in Skov-3 spheroids, it was observed that reduction of versican expression corresponded to 
decreased fold change in area occupied by the spheroid and its constituent cells.  Addition of hyaluronan 
was found to increase disaggregation, as a result of its ability to increase adhesion allowing for 
disaggregation. 

*, p <0.05 
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Figure 35.  Disaggregation of OVCA-429 and OVCA-433 cells on ECM components was limited 
compared to Skov-3 and Dov-13 spheroids.  These two cell lines express low levels of versican and 
thus we expected for there only to be a minimal difference between control spheroids and VCAN 
siRNA treated spheroids.  In both cell lines the disaggregation between control spheroids and 
transfected spheroids was only noticeably different on collagen and on the culture plate. 

*, p <0.05 
 

Skov-3 VCAN shRNA clone 2 Spheroids on Culture Plate 
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O hours 24 hours 

Skov-3 VCAN shRNA clone 2 Spheroids on Collagen 

Skov-3 VCAN shRNA clone 2 Spheroids on Matrigel 

Skov-3 VCAN shRNA clone 2 Spheroids on LP-3 

O hours 

O hours 

O hours 

24 hours 

24 hours 

24 hours 

Figure 36.  Skov-3 VCAN shRNA clone 2 spheroids were digitally photographed on culture plate, matrigel, 
collagen, and LP-3.  Cells used for spheroid formation for disaggregation on LP-3 were incubated with Vybrant 
DiO. 
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Skov-3 Spheroids on Culture Plate 

O hours 24 hours 

Skov-3 Spheroids on Collagen 

O hours 24 hours 

Skov-3 Spheroids on Matrigel 

O hours 24 hours 

Skov-3 Spheroids on LP-3 

O hours 24 hours 

Figure 37.  Skov-3 spheroids were digitally photographed on culture plate, matrigel, collagen, and LP-3.  
Cells used for spheroid formation for disaggregation on LP-3 were incubated with Vybrant DiO. 
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Skov-3 scrambled shRNA Spheroids on Culture Plate 

O hours 24 hours 

Skov-3 scrambled shRNA Spheroids on Matrigel 

O hours 24 hours 

Skov-3 scrambled shRNA Spheroids on Collagen 

O hours 24 hours 

Skov-3 scrambled shRNA Spheroids on LP-3 

O hours 24 hours 

Figure 38.  Skov-3 scrambled shRNA spheroids were digitally photographed on 
culture plate, matrigel, collagen, and LP-3.  Cells used for spheroid formation for 
disaggregation on LP-3 were incubated with Vybrant DiO. 
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3.5  Quantification of Versican Expression using qRT-PCR 
 
 To date there have been relatively few studies examining the levels of each isoform of 

versican in ovarian carcinoma cells.  This lack of knowledge regarding the quantification of 

versican isoforms not only in ovarian tissues but other tissues as well has probably contributed to 

conflicting results regarding the roles of versican in proliferation, migration, adhesion, and 

apoptic resistance.  Thus we set out to examine the levels of gene expression of each isoform 

using quantitative real-time polymerase chain reaction.  The primer sequences and protocol used 

in quantification of mRNA expression is described in the methods section.  We attempted to 

detect a fifth versican isoform V4, which had been recently detected in breast tissue but we were 

unsuccessful perhaps as a result of the isoform being sparingly expressed in ovarian tissue.   

Additionally, we decided to measure real-time the levels of versican under different conditions, 

such as cells in monolayer and in spheroids.  Furthermore, upon the completion of the previously 

mentioned functional assays we measured the levels of versican to ensure that we were in fact 

silencing the expression of versican.  Real-time PCR was repeated at least three times for 

statistical analysis (Table 3).  The data is represented as fold change in gene expression, and was 

calculated using the PFAFFL method which is an adaptation of the 2 ^(-) delta delta ct method.   

Efficiency values for each primer were calculated using a standard serial dilution method.  When 

cells treated with VCAN siRNA were analyzed for residual expression of versican, we detected 

no quantifiable levels of gene expression with Ct values near 40 indicating no detectable 

expression.   Furthermore, the isoform V2 was virtually undetectable in any of the samples 

withaverage Ct values near 40 .  We noticed that in all the cell lines examined that the versican 

isoforms V0, V1, and V3 were upregulated in spheroids as compared to single cells from a 

monolayer.  Additionally, the detection of versican isoforms became detectable in IGROV-1 

cells when they were allowed to form spheroids. 
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Table 3: QRT-PCR Data for Versican Isoforms 
Cell Line V0 expression (∆ct) V1 expression (∆ct) V2 expression (∆ct) V3 expression (∆ct) EE 

OVCA-429 monolayer 34.9 33.8 44.7 44.3 21.6 

OVCA-429 monolayer 35.4 36.2 42.5 40.8 19.5 

OVCA-429 monolayer 36.1 35.8 41.3 42.5 20.9 

OVCA-429 VCAN siRNA 42.7 46.11 - 47.2 21.4 

OVCA-429 VCAN siRNA 41.1 43.5 46.9 45.2 20.2 

OVCA-429 VCAN siRNA 43.8 42.6 - - 19.3 

OVCA-429 Spheroids 34.8 33.9 45.2 42.1 20.08 

OVCA-429 Spheroids 33.5 34.3 38.9 37.4 21.4 

OVCA-429 Spheroids 33.9 32.7 37.1 36.6 21.1 

            

            

OVCA-433 monolayer 37.8 34.86 47.4 40.57 20.2 

OVCA-433 monolayer 36.7 34.1 40.6 36.2 22.9 

OVCA-433 monolayer 35.6 34.5 42.3 38.9 21.6 

OVCA-433 Spheroids 38.6 35.71 - 39.82 21.7 

OVCA-433 Spheroids 35.2 33.02 39.7 38.3 22.3 

OVCA-433 Spheroids 34.9 32.6 39.8 37.4 22.6 

OVCA-433 VCAN siRNA 39.7 38.2 - 43.9 19.2 

OVCA-433 VCAN siRNA 41.1 39.2 - 44.6 20 

OVCA-433 VCAN siRNA 43.5 43.8 - - 19.5 

            

            

IGROV-1 VCAN siRNA 37.5 35.8 41.6 39.8 18.3 

IGROV-1 VCAN siRNA 42.6 37.5 - 42.4 20.6 

IGROV-1 VCAN siRNA 41.1 40.4 43.4 40.3 19.1 

IGROV-1 Monolayer 32.27 29.1 37.88 34.16 19.03 

IGROV-1 Monolayer 29.4 27.2 38 33.3 17.6 

IGROV-1 Monolayer 31.2 28.5 39.2 33.9 18.4 

IGROV-1 Aggregates 34.8 34.6 - 36.08 23.5 

IGROV-1 Aggregates 33.6 32.7 - 36.1 23.7 

IGROV-1 Aggregates 32.3 31.2 37.3 34.1 22.8 

Table 3.  QRT-PCR data for Versican Isoforms  There was no expression detected for versican isoform V4. 
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Table 4: QRT-PCR Data for Versican Isoforms 

Cell Line 
V0 expression 

(∆ct) 
V1 expression 

(∆ct) 
V2 expression 

(∆ct) 
V3 expression 

(∆ct) EE 

Dov-13 VCAN siRNA 36.4 38.1 - 39.6 18.9 

Dov-13 VCAN siRNA 39.2 39.3 41.6 41.5 21.7 

Dov-13 VCAN siRNA 37.9 40.5 43.3 42.7 20.2 

Dov-13 Monolayer 27.1 24.8 35.6 30.8 18.2 

Dov-13 Monolayer 29.7 27.3 37.5 33 22.3 

Dov-13 Monolayer 30.3 26.7 36.8 32.4 21.5 

Dov-13 Spheroids 27.5 23.5 37 28.8 18.4 

Dov-13 Spheroids 28.14 25.8 36.77 31.23 21.6 

Dov-13 Spheroids 29.8 24.6 35.9 30.1 20.4 

  

  

Skov-3 Monolayer 29.2 32.2 37.3 34.8 18.5 

Skov-3 Monolayer 26.8 24.3 35.4 30.1 16.7 

Skov-3 Monolayer 30.1 27.23 36.8 34.9 19.32 

Skov-3 VCAN siRNA 40.9 38.4 - 42.7 21.9 

Skov-3 VCAN siRNA 43.6 40.8 - 44.2 20.8 

Skov-3 VCAN siRNA 38.5 37.1 40.2 41.3 19.4 

Skov-3 Scrambled shRNA 29.8 29.4 - 31.2 19.5 

Skov-3 Scrambled shRNA 27.9 27.5 37.9 32.7 17.2 

Skov-3 Scrambled shRNA 33.5 31.8 36.1 33.8 20.8 

Skov-3 spheroids 28.8 31.1 - 33.2 19 

Skov-3 spheroids 25.8 25.5 35.2 32.4 20.2 

Skov-3 spheroids 28.6 27.3 - 33.6 20.6 

  

Clone 1 39.02 42.43 - 42.37 21.42 

Clone 1 38.19 40.28 44.26 40.99 16.17 

Clone 1 40.3 43.7 - 44.1 17.9 

Clone 2 37.11 44.72 46.89 38.44 22.43 

Clone 2 42.58 39.21 - 40.32 18.78 

Clone 2 43.66 41.02 - 41.61 19.33 

Clone 5 41.71 42.08 - 39.65 18.29 

Clone 5 40.36 43.53 46.19 38.17 16.27 

clone 5 42.95 41.66 - 39.48 18.54 

Clone 6 44.66 41.67 - 42.14 17.06 

clone 6 47.91 44.9 - 45.3 18.5 

Clone 6 45.82 43.38 - 40.25 16.61 
 

 

Table 4:  QRT-PCR data for Versican Isoforms  There was no expression detected for versican isoform V4. 
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4. DISCUSSION AND CONCLUSION   

 
 Cell migration and adhesion, are normal cell processes that when deregulated can lead to 

the progression of cancer.  In order to successfully migrate and form secondary metastatic sites, 

carcinoma cells must be able to dissociate from the extracellular matrix.  This detachment from 

the extracellular matrix is typically accompanied by a decrease in cellular adhesion through 

changes in expression of cellular adhesion molecules (CAMs), integrins, and extracellular matrix 

proteins.  Once free the cells must be able to migrate and adhere to a secondary site, and then 

proliferate to continue the progression of the cancer.  Metastatic progression of epithelial ovarian 

cancer differs from other cancer forms in that epithelial ovarian cancer spreads locally in the 

peritoneal cavity and rarely through the bloodstream.29,30  Additionally, dissemination of cancer 

cells from the ovary surface is unique in that the cells can dissociate as single cells or as 

multicellular aggregates referred to as spheroids.29    

 Formation of spheroids in epithelial ovarian cancer dissemination has presented 

researchers and clinicians with a number of challenges stemming from their resistance to 

common chemotherapeutic agents as well as radiation therapy.37-50  There are a few mechanisms 

that appear to be responsible for spheroids enhanced ability to resist therapy.  One proposed 

mechanism is that spheroids secrete larger quantities of extracellular matrix components that 

may facilitate closer cell-cell contact decreasing the penetration of chemotherapeutic agents.  

This increased cellular contact is believed to be a driving force that decreases the spheroids 

response to apoptotic signals.42,44  Spheroids cells in one study were found to have a higher 

expression of bcl-(X)L proteins when exposed to paclitaxel compared to cells grown in 

monolayers.157-159  Cells in spheroids are in a virtual quiescent state, and as a result drugs 

targeting proliferating cells have a diminished ability to kill these slow dividing cells.  Resistance 
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to radiation therapy is hypothesized to come from increased levels of proteins responsible for 

oxidation repair, as well as from decreased presence of apoptosis proteins.42,44 

 The extracellular matrix (ECM) is composed of numerous constituents that are important 

in the regulation of migration, proliferation, and adhesion.  Due to their vast interaction with 

growth factors, signaling molecules, chemokines, and structural matrices it is no surprise that the 

ECM has become implicated in the formation of cancer.  A major component of the ECM are a 

class of proteins called proteoglycans, one of which is Versican, and has been discussed in detail 

in the aforementioned sections.  Versican in functional assays have been shown to be involved in 

the regulation of proliferation, migration, and adhesion in prostate, breast, skin, and ovarian 

tissue.79-82  Despite the studies assessing the function of versican, there have been conflicting 

results and conclusions.  Some studies have found that versican can increase adhesion, while 

others have observed it actually decreases adhesion as a result of its negatively charged GAG 

chains.  Based upon our results and our own observations we believe that the function of 

versican is more than likely tissue specific, which could explain the contradictory functions of 

versican.  A further complication in assessing the role of versican is that it is spliced into at least 

4 isoforms with different functions.  To complicate matter furthers in the in vivo environment 

there are matrix proteases such as ADAMTS capable of cleaving versican into cleaved products, 

which could represent another pathway in regulation of migration, proliferation, and adhesion.107  

 From our studies assessing versican’s effect on migration in epithelial ovarian cancer 

cells, we observed that cells treated with VCAN siRNA had a decreased percent wound closure 

compared to the control cells.  The increased wound closure percentage we observed could be a 

result of the anti-adhesive effect of the V0 and V1 isoforms as a direct result of their highly 

negatively charged GAG chains that repel each other in the ECM.161  This anti-adhesive effect of 

the V0 and V1 are believed to reside in the G1 domain, and when deleted has been shown to 
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increase adhesion and decrease proliferation.162  Our qRT-PCR data which indicates V0 and V1 

are the predominant isoforms corroborates previous observations that these two isoforms 

increase migration and proliferation which explains our wound healing results.  Although these 

observations are complicated due to fact that data in endothelial cells supports the concept that 

expression of the isoforms are dynamic.  The researchers observed that V0 and V1 are initially 

upregulated during the wound healing process, followed by a transition to expression of V2 and 

V3.  Transition to V2 and V3 result in remodeling of the cell-substratum interactions that 

increase adhesion to the substrate, which is required for successful wound healing.163 

 Due to the involvement of extracellular matrix components in the formation of spheroids, 

and the contribution of spheroids to chemotherapeutic resistance led us to investigate the effect 

of versican on EOC spheroids.  The first hypothesized step of spheroid formation is cell 

aggregation, of which is believed to be initiated by beta 1-integrin clustering.150,151  Versican 

happens to be a binding partner of beta 1-integrin, so we hypothesized that downregulation of 

versican expression may inhibit the degree of cell aggregation required for spheroid formation.  

We found that silencing of versican did not significantly inhibit the formation of spheroids, 

however we did notice that VCAN siRNA did result in an overall reduction in spheroid size 

(Table 2).  The reduction in diameter of the spheroids may be significant, due to the fact that 

smaller spheroids have been shown to be less resistant to radiation therapy and chemotherapy 

compared to enlarged spheroids.56  Despite the inability to block spheroid formation, targeting 

versican expression in spheroids could represent a potential target as the reduction in spheroid 

diameter could lead to less resistant EOC.  In addition to the decrease in spheroid diameter, we 

noticed that loss of versican expression corresponded to formation of fewer spheroids.  Fewer 

spheroids could potentially result in the formation of less secondary metastatic sites, however 

this hypothesis would need to be investigated more fully to validate this theory.  Additionally, 
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when we looked at how versican expression impacted disaggregation on ECM components as 

well as on a LP-3 monolayers we saw a reduction in the area occupied by spheroid cells that had 

downregulated versican expression.  The importance of the extracellular matrix in disaggregation 

has been shown in studies, where it is the interaction between the matrices that induces 

dissociation as multivalent cell-matrix contacts replace cell-cell adhesive interactions.  Thus, we 

concluded that the smaller area of dissociation is a result of a loss of migratory abilities from low 

V0 and V1 expression combined with a decreased ability to adhere from decreased V3 

expression. 

 Our results also showed that versican has a positive effect on ovarian carcinoma cell 

adhesion, which is contradictory to previous studies indicating that versican should function as 

an anti-adhesive molecule.  It appears that cleavage products of versican, could represent the 

observations for conflicting actions, since it appears the G3 domain enhances adhesion.  

Activation of focal adhesion kinase (FAK) by the binding of versican to beta 1- integrin, is one 

of the mechanisms responsible for changes in cellular adhesion.164  Additionally, there is 

evidence that versican expression correlates to higher levels of integrins, which could also help 

to explain increased adhesion.  A lot of the work elucidating the functions of the versican has 

been done using domains rather than intact isoforms, paving the way for potential misleading 

information.  Isoform V3 when overexpressed has been shown to cause an elevation in the 

number of adhering cells.165  It is speculated that V3 unlike the other 3 isoforms is void of any 

GAG chains, and when expressed can outcompete other isoforms for binding resulting in pro-

adhesive effects.  For the formation of spheroids there is a requirement for increased cell-cell 

adhesion to allow compaction, and in our qRT-PCR data we calculated that V3 expression in 

spheroids was elevated when compared to monolayers.  Thus, we propose that the driving force 

for the increased adhesion observed in epithelial ovarian carcinoma cells is the expression of V3.  
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One mechanism of action for V3 involves interfering with the ERK1/2 and p38 MAPK pathways 

which are responsible for regulating proliferation, migration, and adhesion.166  To be clear we are 

not dismissing the role that cleavage products may play in these events, but are suggesting that 

they play a supporting role.  This conclusion is based on our in vitro assays data, where we saw 

increased adhesion without the presence of the mesothelial monolayer which is proposed to be a 

source of secretion for the enzymes responsible for cleavage of versican.   

 In addition to the mounting evidence that versican is important in the formation and 

promotion of a variety of cancer including breast, prostate, melanomas,etc.79-82, 166  Recently, in 

the past few years versican expression in epithelial ovarian carcinoma tissue has been examined, 

and authors of these studies have detected strong versican staining in ovarian stromal tissue as 

well as in epithelial ovarian cancer cells.115  A further observation has been that there are 

elevated levels of versican expression in secondary ovarian cancer metastatic sites as compared 

to primary cancer sites.167  This result has been corroborated by other researchers who found that 

overexpression of the versican isoform V3, correlated with a greater number of metastatic sites 

in mouse model for melanoma.91, 165  Based on our lab’s observation that silencing of versican 

results in a phenotypic change in the cells morphology, see figure 39.  The loss of versican 

causes the cells to undergo a process similar to a mesenchymal state with a structure resembling 

that of a fibroblast.  However, the gain of versican expression results in reversion back to a 

epithelial state where the predominant cadherin is e-cadherin.168  This transition to a epithelial 

like state mimics the mesenchymal-to-epithelial transtion (MET), which in epithelial ovarian 

carcinoma is hypothesized to be vital to the survival of EOC cells at secondary sites.34,169-171   In 

our preliminary data we observed using immunohistochemistry that silencing of versican 

resulting in very low detectable levels of e-cadherin under a fluorescent microscope.  Based upon 

this information, it is no surprise that versican is found in greater quantities in metastatic sites, as 
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its upregulation could initiate MET which is required for colonization of EOC cells at secondary 

sites as well as survival.168 

 In conclusion, we have shown that versican is important in the regulation of such cell 

physiologic functions as migration, and adhesion.  The loss of which in our functional assays 

resulted in decreased adhesion, migration, spheroid disaggregation, and spheroid diameter.  To 

date versican has not been directly studied as a drug target in epithelial ovarian cancer, but the 

synthesis of versican in vascular smooth muscle cells has been  inhibited by genistein, a tyrosine 

kinase inhibitor.172  A major hurdle in targeting versican in EOC is that there is plenty of 

evidence suggesting that proteases such as ADAMTS and MMPs are present in the tumor 

microenvironment and are capable of cleaving versican isoforms into active domains.107  These 

domains as previously stated have been investigated in numerous studies in other cell lines and 

have been shown to have properties mimicking those of full length versican isoforms.107  Thus, 

to effectively target versican one would also need to inhibit these proteases or abrogate 

expression of versican.  An alternative mechanism has been applied to attempt to block the 

effects of versican indirectly by the administration of HA oligomers.  The oligomers did in fact 

inhibit the growth of ovarian cancer xenografts in vivo, and the result is expected to be derived 

from their ability to block the formation of a HA-rich cell associated matrix that is strengthened 

by versican.116  
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a) b) 

c) d) 

Figure 39.  Exogenous expression of versican leads to a more epithelial like morphology. 
(A) Control Skov-3 cells were examined under a light microscope, and a epithelial cell type 
is observed. (B) HuSH shRNA scrambled vector Skov-3 transfected cells also reveal a 
epithelial nature.  (C) siRNA treated Skov-3 cells undergo a morphology change similar to 
a mesenchymal state.  (D) HuSH VCAN shRNA Skov-3 transfected cells underwent a 
similar transition to a mesenchymal state seen in the siRNA treated cells.  This EMT 
transition is a result of a transition from e-cadherin expression to N-cadherin expression 
due to the silencing of versican in EOC cells. 
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