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Abstract
Objective: In ovarian cancer, activation of the epidermal growth factor receptor (EGFR) is associated with poor 

prognosis. The presence of EGFR activators in patient ascites fluid may cause constitutive EGFR activation thereby 
contributing to metastasis and/or resistance to therapy. Our goal was to identify alterations resulting from constitutive 
EGFR activation that influence cell behavior and drug sensitivity.

Methods: We used an in vitro model (OVCA 433 cells) to evaluate changes in mesenchymal marker levels and 
multicellular aggregate (MCA) formation following long term epidermal growth factor (EGF) treatment. We determined 
sensitivity to cisplatin following EGF treatment and evaluated the role of the mesenchymal marker, N-cadherin, in 
aggregate formation and sensitivity using siRNA.

Results: We found that EGFR activation led to phenotypic and functional changes in ovarian tumor cells that 
were retained after ligand was withdrawn (removal). Expression levels of the mesenchymal markers N-cadherin and 
vimentin were elevated in EGF treated and removal cells. This persistent increase in mesenchymal markers was 
associated with a significant increase in (MCA) compaction and cell spreading when MCAs were plated on collagen. 
N-cadherin silencing decreased MCA compaction and spreading in cells following extended exposure to EGF or in
cells with high endogenous levels of N-cadherin. Furthermore, the compact MCA structure in EGF treated cells with
increased N-cadherin expression conferred resistance to cisplatin and N-cadherin silencing largely restored cisplatin
sensitivity.

Conclusion: Our results indicate that prolonged EGFR activation causes a persistent change in mesenchymal 
marker expression, which regulates compaction and drug sensitivity. The findings implicate N-cadherin as a key 
regulator of the EGFR-dependent functional changes in MCAs such as compaction, spreading and sensitivity to 
platinum-based chemotherapeutics. These findings suggest a mechanism by which persistent EGFR activation in the 
microenvironment may drive changes in ovarian cancer cells that contribute to the poor prognosis associated with 
EGFR activation. 
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Introduction
Accounting for approximately 6% of all cancer related deaths in 

U.S. women, ovarian cancer remains the most lethal of all gynecological 
malignancies [1]. Dissemination of the disease beyond the ovaries and 
late stage diagnosis are major factors in the low 5-year survival rate 
for epithelial ovarian cancer (EOC), 44% [1,2]. EOC metastasis occurs 
when tumor cells shed from the primary tumor into the peritoneal 
cavity where they can exist as free floating cells or multicellular 
aggregates (MCA) [3,4]. MCAs, sometimes referred to as spheroids, are 
normally occurring in ovarian cancer patients, have been isolated from 
patient ascites and can range in size from 30 to 750 µm [5-7]. They are 
said to be key components of metastasis as they are known to adhere 
to, disaggregate and infiltrate mesothelial monolayers or extracellular 
matrix (ECM) substrates like collagen [5,8]. Recent studies showing 
MCAs forcing mesothelial cells aside are further evidence that MCAs 
play a major role in metastasis [4]. Ovarian cancer MCAs have reduced 
proliferation and arrest in G0; however, they reattach to adherent 
surfaces rapidly and retain their ability to re-enter the cell cycle after 

reattachment occurs [2]. MCAs may therefore play a role in peritoneal 
dissemination as their quiescent characteristics make them resistant to 
chemotherapy; thus, representing a chemoresistant population of cells 
that can contribute to recurrence [2,8]. 

Ovarian cancer patient ascites contains activators of the Epidermal 
Growth Factor Receptor (EGFR), such as heparin-binding EGF (HB-
EGF) and lysophosphatidic acid (LPA), thereby creating a tumor 
microenvironment that may cause constitutive EGFR activation [9-
11]. The EGFR, and other members of the EGFR family, are known 
to regulate many different cellular processes (for review see [12,13]). 
Within the ovary, EGFR activation regulates growth of the ovarian 
follicle and postovulatory repair, but it also plays a role in ovarian 
cancer metastasis [10,14]. Activation of the EGFR in patient tumors is 
associated with increased malignancy and poor patient outcome [14].

Activation of the EGFR is also known to promote epithelial to 
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mesenchymal transition (EMT) [3,15,16]. EMT refers to a process 
by which cells lose the cell-cell contacts and become migratory [17]. 
Classical characteristics of EMT include 1) loss of epithelial markers 
such as E-cadherin mediated by epigenetic silencing or induction 
of transcription factors such as Snail, Slug and Twist as well as 2) 
induction of mesenchymal markers such as N-cadherin and vimentin 
[3,17]. This change in cadherin expression is often termed "cadherin 
switching" which can refer to a shift from E-cadherin to N-cadherin 
expression or expression of N-cadherin or other cadherins without 
changes in E-cadherin levels [17]. Cadherin switching and EMT, while 
important in development and wound healing, are also implicated in 
tumor progression and metastasis; thus, the presence of EMT markers 
correlates with poor patient prognosis [18-21]. 

Mesenchymal markers like N-cadherin and vimentin have been 
implicated in MCA formation and compaction [8]. Studies evaluating 
spheroid compaction have shown that compact MCAs are more 
resistant to chemotherapeutics [5]. This work aimed to evaluate 
the role of EGFR activation on mesenchymal marker induction, 
spheroid compaction and subsequent response to chemotherapeutics. 
We hypothesized that mimicking the tumor microenvironment of 
constitutive EGFR activation would result in EMT and mesenchymal 
marker induction as well as more compact MCAs. We found that 
not only did EGFR activation result in the acquisition of EMT 
characteristics, increased expression of mesenchymal markers and 
compact MCAs, but that the phenotype of compact MCAs as well as 
mesenchymal marker induction was a persistent phenotype following 
prolonged EGFR activation. Furthermore, we also observed that 
MCA compaction resulted in increased resistance to cisplatin and this 
compaction is, in part, dependent on expression of N-cadherin. In all, 
these experiments indicate that activation of the EGFR in the ovarian 
tumor microenvironment may lead to unfavorable changes in tumor 
cell behavior, MCA compaction and response to chemotherapeutics.

Materials and Methods
Cell culture

The ovarian carcinoma cell line OVCA 433 was provided by Dr. 
Robert Bast Jr., M.D. Anderson Cancer Center, Houston TX and grown 
in Minimum Essential Medium Eagle (MEME) (Sigma, St. Louis, 
MO) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco, 
Life Technologies, Carlsbad, CA), 1 mM sodium pyruvate (Sigma), 
2 mM L-glutamine (Sigma), 0.5 units/mL penicillin (Sigma), 0.5 µg/
mL streptomycin (Sigma), later referred to as MEME growth media. 
SKOV3 cells purchased from ATCC were grown in RPMI 1640 Media 
(Sigma) supplemented as described for MEME media shown above. All 
cells were maintained at 37°C under 5% CO2/95% air. Long term EGFR 
activation in the OVCA 433 cells was conducted for at least 40 days 
using 10 nM EGF (Biomedical Technologies, Stoughton, MA) added 
to MEME growth media and media -/+ EGF was changed every other 
day. Following the long term EGF paradigm for at least 40 days, EGF 
was removed and cells were kept in culture for at least 7 additional days 
in MEME growth media. This was done in order to observe cellular 
response to a withdrawal of EGF; these samples were termed removal 
samples. All long term EGF data was evaluated against an untreated 
passage control cells to eliminate any confounding variables associated 
with long cell passage and none of the cells were used passed passage 
140. Data from long term EGF treated cells were collected from 4 
independent treatment trials to eliminate confounding variables 
associated with colony selection in a single trial. 

Immunoblotting

Cells were washed with PBS and harvested in cell lysis buffer 

containing 5 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, leupeptin 10 
mg/ml, pepstatin A 10 mg/ml, 1mM PMSF in PBS and 1% SDS. Total 
protein concentrations were determined using the BCA protein assay 
kit (Thermo Fisher Scientific, Rockford, IL). Equal amounts of total cell 
lysates (30 µg) were electrophoresed through 10% SDS-polyacrylamide, 
transferred to 0.45 µm nitrocellulose (Biorad, Hercules, CA) and 
blocked with 3% BSA. Blots were probed with anti-E-cadherin antibody 
(Dako, Carpinteria, CA), anti-N-cadherin antibody (BD Transduction 
Laboratories, Franklin Lakes, NJ), anti-vimentin antibody (Millipore, 
Chemicon, Billerica, MA) and an anti-GAPDH antibody (Millipore), 
which was used as a loading control. Blots were then incubated in the 
appropriate secondary antibody (Promega, Madison, WI) and the 
immunoreactive proteins were detected using SuperSignal West Pico 
or Femto Chemiluminescence (Thermo Fisher Scientific). Imaging of 
the blots and densitometry was accomplished using the Kodak Image 
Station 440 and related software (NEN Life Science Products, Boston, 
MA). 

RNA isolation and Quantitative Real Time PCR (Q-PCR)

 RNA was extracted from cells using a Trizol reagent (Invitrogen) 
as recommended by the vendor. cDNA was synthesized using the 
High Capacity cDNA Reverse Transcription kit (Applied Biosystems, 
Life Technologies, Grand Island, NY) according to the manufacture’s 
protocol. Briefly, a 2X reverse transcriptase (RT) master mix 
containing dNTPs, random primers, RT buffer and MultiScribe 
Reverse Transcriptase was added to 2 µg of RNA and brought up to 
20 µl with RNase free dH20. Each sample was then put into the thermal 
cycler and incubated for 10 minutes at 25°C, followed by 2 hours at 
37°C and held at 4°C overnight. cDNA products were then diluted 
1:5 and 2 µl of diluted cDNA was used for quantitative real-time PCR 
(Q-PCR). Q-PCR reactions were performed in a 384-well plate using 
Syber Green PCR master mix (Applied Biosystems) and primers with 
a final concentration of 0.2 µM. E-cadherin (CDH1), N-cadherin 
(CDH2), vimentin and GAPDH Quantitect primers (Qiagen) were 
used. Thermal cycling was done in a 7900 HT Fast Real Time PCR 
system (Applied Biosystems) and started with an initial denaturing 
at 95°C for 10 min, followed by 40 cycles of denaturing at 95°C for 
30 s, annealing at 56°C for 40 s, and extension at 72°C for 30 s. The 
relative quantification of the target gene was determined using the 
2-ΔΔCt method described by [22]. Briefly, the ΔCt value for each sample 
was determined as the difference between then average of the duplicate 
Ct values for the target gene and the internal control GAPDH (ΔCtsample 
=aveCtgene -

aveCtGAPDH). Then the ΔCt values for all control, untreated 
OVCA 433 cells were averaged (aveΔCtcontrols) and subtracted from 
the ΔCt value for each sample which gives the ΔΔCt for each sample 
(ΔCtsample-

aveΔCtcontrols=ΔΔCtsample). This was, in turn, used to calculate 
the 2-ΔΔCt for each sample. Because 2° is one, the mean 2-ΔΔCt value for 
controls was approximately equal to one, depending on the variability 
within the control samples. Thus, the experimental sample values were 
expressed relative to one. All samples were run in duplicate and data is 
representative of 5 independent experiments. 

Multicellular aggregate (MCA) formation and spreading

 SKOV3 and OVCA 433 [control, long term EGF treated and cells 
removed from EGF for at least 7 days (removal)] were trypsinized, 
counted and 2500 cells per well were replated in 96 well Lipidure U 
bottom plates (NOF America Corporation, White Plains, NY). Cells 
were allowed to aggregate overnight at 37°C under 5% CO2/95% air. 
Following MCA formation, MCAs were transferred to collagen type 
I coated plates using sterile transfer pipettes and allowed to spread 
overnight at 37°C under 5% CO2/95% air. Images of MCA formation 
and spreading were taken using Olympus IX70 equipped with DP72 
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digital camera and imaging software. Formed MCAs and spreading 
areas for each group were determined using the associated Olympus 
imaging software. Briefly, using the closed polygon tool (Olympus 
imaging software), the area of either the MCA or the cell spreading 
area was traced in its entirety and enclosed into a closed polygon. 
The corresponding area of the polygon was calculated by the imaging 
software using the information obtained from image acquisition. 
MCAs and cell spreading experiments were done in duplicate and the 
corresponding area is an average of those duplicates taken from 4-6 
independent experiments. 

siRNA

siRNA duplexes for CDH2 (N-cadherin) and scramble siRNA were 
purchased from Origene (Rockville, MD) and reconstituted according 
to manufacturer’s protocol. Silencing of N-cadherin was carried out 
using HiPerFect HTS transfection reagent (Qiagen, Germantown, 
MD) according to manufacturer’s protocol. Briefly, 6 x 104 cells per well 
of either SKOV3 or long term EGF treated OVCA 433 cells were seeded 
into 24 well plates. 75 ng of siRNA duplexes and scramble siRNA were 
preincubated with 3 µl of HiPerFect HTS reagent to allow formation of 
transfection duplexes and then added to the cells. Cells were allowed to 
incubate with siRNA transfection duplexes at 37°C under 5% CO2/95% 
air for 24 hours. Following incubation with siRNA, cells were either 
collected for protein isolation and immunoblotting or were further 
split for MCA formation and spreading analysis as described above. 
Preliminary experiments showed that siRNA mediated knockdown 
of N-cadherin for 24 hours resulted in decreased protein levels for 
approximately 4 days (data not shown). 

Cisplatin treatment and cell viability
Monolayers of cells, MCAs and cells treated with either N-cadherin 

siRNA or scramble siRNA then allowed to form MCAs were also 
treated with increasing doses of cisplatin (Sigma) [0-300 µM] for 48 
hours. Cell viability was assayed using PrestoBlue® (Life Technologies) 
according to manufacturer’s protocol. Briefly, 10 µl of PrestoBlue® 
reagent was added per every 100 µl of media and incubated for 1 
hour (monolayer) or 20 hours (MCAs). Preliminary experiments 
showed that longer incubations for MCAs achieved more consistent 
results without reaching saturation perhaps due to low cell number 
and decreased proliferation in this type of 3D cellular model, while 1 
hour incubation was sufficient to achieve consistent results and avoid 
saturation for the monolayer model. After the respective incubation 
times, top-read fluorescence (RFUs; excitation 555 nm & emission 585 
nm) was measured using SpectraMax M2 plate reader and SoftMax 
Pro® v5.4 software (Molecular Devices, Sunnyvale, CA). Experiments 
were carried out in duplicate and data was acquired from at least 
4 independent experiments. Data were expressed as a percentage 
of untreated cells. Graphing and calculation of IC50 values were 
accomplished using GraphPad Prism Software 4.0 (San Diego, CA).

Statistical analysis

For all experiments, samples were run in duplicate and data 
obtained were the result of 4-6 independent experiments, unless 
otherwise indicated. Data were graphed and analyzed using GraphPad 
Prism Software 4.0 using one-way ANOVA or two-way ANOVA 
and Tukey’s post hoc test analysis or Bonferroni’s correction where 
appropriate. Standard unpaired t-test also used when appropriate.

Results
Long term EGF treatment results in a persistent expression of 
mesenchymal markers

The ovarian cancer microenvironment is rich in activators of the 

EGFR [9,23], so we evaluated the effects of extended EGFR activation in 
ovarian cancer cells in vitro. After approximately 40 days of continuous 
treatment with 10nM EGF (long term EGF treatment), ovarian cancer 
(OVCA) 433 cells showed evidence of EMT as shown by reduced cell-
cell contacts and acquisition of a mesenchymal phenotype (Figure 
1A). This change in phenotype of the cells was not fully reversible even 
after removal of EGF for approximately 7 days (removal). Epithelial 
(E-cadherin) and mesenchymal (N-cadherin and vimentin) proteins are 
common markers investigated in EMT. We observed no difference in 
E-cadherin protein from controls and long term EGF treated samples or 
long term EGF treated samples removed from EGF for 7 days (removal) 
(Figure 1B). Quantification of immunoblot intensities as well as mRNA 
expression levels for E-cadherin did not reveal a significant difference 
between groups (Figures 1C and 1D). We found no significant changes 
in other markers of EMT such as Snail, Slug or Twist in long term 
EGF treated samples (Supplementary Figure S1). Given that these 
transcription factors repress E-cadherin expression, this observation is 
consistent with the lack of change in E-cadherin after long term EGFR 
activation. In contrast, there was an increase in protein and mRNA 
expression levels for both N-cadherin and vimentin following long term 
EGF treatment which persisted after ligand withdrawal. Representative 
western blots for N-cadherin and vimentin are shown in Figure 
1B. One way ANOVA followed by Tukey’s post hoc of the data for 
quantified immunoblot intensities as well as mRNA expression levels 
of N-cadherin revealed a significant increase in long term EGF treated 
samples as well as removal samples (Figures 1E and 1F). Similarly, data 
analysis of immunoblot intensities as well as mRNA expression levels 
of vimentin were also significantly increased in long term EGF treated 
samples as well as removal samples (Figure 1 G,H). In accordance with 
these findings, our lab has previously shown that continuous activation 
of the EGFR by inducing expression of a constitutively active mutant 
receptor results in increased mesenchymal marker expression [24]. 
Furthermore, we found no significant differences in protein levels of 
other cadherins (H-cadherin, P-cadherin and OB-cadherin) with long 
term EGF (Supplementary Figure S2). There is evidence that cadherins 
mediate formation of multicellular aggregates [8,25] so we next tested 
the impact of gene expression changes on MCA characteristics.

Long term EGF results in compact multicellular aggregate 
formation (MCA) and increased cell spreading after 
adherence to collagen

Initial experiments evaluating MCA formation after extended 
exposure to EGF demonstrated that in order to obtain significant 
increases in mesenchymal marker expression, cells had to be 
maintained in EGF for greater than 4 weeks (Figure 2A). To determine 
the functional significance of increased, and persistent, induction of 
mesenchymal markers we assessed multicellular aggregate formation 
since N-cadherin and vimentin had previously been correlated in 
regulation of MCA compaction [8]. Cells were plated in Lipidure 
coated U bottom plates and allowed to form MCAs overnight. 
Evaluation of MCA formation over weeks of EGF exposure revealed 
that MCA’s became compact 1 week after mesenchymal markers were 
increased, approximately 5 weeks (Figure 2B); thus, all experiments 
were carried out after ~40 days in EGF. Following MCA formation, 
control, EGF and removal MCAs were transferred to collagen coated 
plates for an additional 24 hours of spreading (Figure 2C). While all 
MCAs were formed from 2500 cells originally plated and proliferation 
of EGF treated cells is not significantly changed after extended 
exposure to EGF (data not shown), the resulting long term EGF treated 
and removal MCAs were found to be significantly more compact 
than control MCAs (Figure 2D). One way ANOVA followed by post-
hoc analysis of the data showing measurement of the area of MCA 
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spreading revealed that EGF treated cells spread significantly further 
than control and removal cells (Figure 2E). However, removal cells 
also were significantly increased compared to control cells, showing 
that the increase in spreading conferred by long term EGFR activation 
is not a reversible phenotype. MCA formation was also evaluated in 
another ovarian cancer cell line that is known to have high levels of 
mesenchymal markers, SKOV3. SKOV3 cells show remarkably higher 
levels of both N-cadherin and vimentin than long term EGF treated 
OVCA 433 cells; however, they show very little E-cadherin expression 
(Figure 3A). Indicative of their high mesenchymal marker expression, 
SKOV3 cells grown on a monolayer appear fibroblastic. Similar to the 
long term EGF treated cells, the SKOV3 MCAs are compact (Figure 

3B). These findings suggest that mesenchymal marker expression is 
involved in MCA compaction. 

N-cadherin mediates EGF-dependent changes in MCAs

To test whether N-cadherin mediates MCA compaction and 
spreading, we used siRNA to knockdown N-cadherin in long term 
EGF treated cells; scramble siRNA was used as a negative control. The 
N-cadherin (Ncad) siRNA reduced N-cadherin protein levels in EGF 
treated cells to a level that is comparable to passage control cells that 
were not treated with EGF (Figure 4A). One way ANOVA followed by 
Tukey’s post hoc revealed a significant decrease in levels of N-cadherin 
in EGF treated cells with Ncad siRNA compared to EGF treated cells 
exposed to scramble siRNA or EGF treated cells that were not exposed 
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Figure 1: Long term incubation with Epidermal Growth Factor (EGF) causes persistent change in OVCA 433 cell morphology and induction 
of mesenchymal markers A) Representative phase images taken with 10X objective of OVCA 433 control, long term EGF-treated (EGF) 
and long term EGF treated cells in which the ligand was removed for at least 7 days (removal). Scale bar=200 µm. B) Representative 
western blots of E-cadherin, N-cadherin and vimentin for control, EGF and 7 day removal (removal) samples with GAPDH as a loading 
control C) Quantification of normalized optical densities for E-cadherin in control, EGF and removal samples D) Relative E-cadherin 
mRNA expression. E) Quantification of normalized optical densities for N-cadherin in control, EGF and removal samples showed a 
significant increase in N-cadherin protein in EGF and removal samples, n=5, ***p<0.001. F) Relative N-cadherin mRNA expression was 
also increased in EGF and removal samples, n=5, **p<0.01. G) Quantification of normalized optical densities for vimentin in control, EGF 
and removal samples showed a significant increase in vimentin protein in EGF and removal samples, n=5, **p<0.01. H) Relative vimentin 
mRNA expression was also increased in EGF and removal samples, n=5, **p<0.01.
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to any siRNA treatment (Figure 4B). We were also able to significantly 
knockdown N-cadherin protein in SKOV3 cells using siRNA (Figures 
4C and 4D). As shown in the images in Figure 5A, N-cadherin knock 
down largely reversed the MCA compaction observed in cells that 
received prolonged EGF treatment. The higher magnification images 
depict the defined edges present in the EGF treated scramble MCAs 
and the lack of those defined edges in both control and Ncad siRNA 
MCAs. One-way ANOVA followed by Tukey’s post hoc test showed 
that the area of MCA compaction when N-cadherin protein was 
reduced in EGF treated cells was significantly increased compared to 

EGF treated scramble siRNA MCAs (Figure 5B). Similarly, knockdown 
of N-cadherin in SKOV3 cells caused the MCAs to be less compact 
than control untreated SKOV3 MCAs or SKOV3 MCAs treated with 
scramble siRNA (Figures 5D and 5E). In addition, the area of MCA 
spreading was significantly increased in long term EGF treated cells 
exposed to Ncad siRNA compared to passage control MCAs (Figure 
5C). These findings demonstrate that N-cadherin knockdown largely 
reversed the long term EGF-induced MCA behavior (compaction 
and spreading) indicating that the persistent induction of N-cadherin 
following constitutive activation of the EGFR has a functional 

Figure 2: Long term EGF causes compact MCA formation and increased cell spreading. A) Representative western blot of N-cadherin and 
vimentin with GAPDH as a loading control over weeks of 10 nM EGF treatment.B) Representative images of MCAs formed from passage 
controls and EGF treated cells over weeks of 10 nM EGF treatment. Scale bar=100 µm C) Representative 10X images of MCAs and MCA 
spreading on collagen from control, EGF and removal cells. Scale bar=200 µm. D) Data showing area of the formed MCA was significantly, 
and irreversibly, decreased in EGF treated and removal cells compared to controls, n=6, ***p<0.001. E) Data of area of the spreading 
of MCAs on collagen showed a significant increase in EGF treated and removal cells compared to controls, n=6, ***p<0.001, *p<0.05. 
Removal cell spreading was also significantly decreased compared to EGF, #p<0.05.
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significance in the formation of multicellular aggregates. 

Compact MCAs resulting from long term EGFR activation 
are more resistant to cisplatin treatment

 A described characteristic of MCAs is their resistance to 

chemotherapy [2,8]; thus, we aimed to test whether MCA compaction 
further modified drug resistance. Monolayers of cells and MCAs for 
control OVCA 433, EGF treated and removal cells as well as SKOV3 
cells were treated with increasing doses of cisplatin. Figures 6A-D 
illustrate that MCAs are more resistant to cisplatin compared to their 
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respective monolayer cultures in all groups. Two-way ANOVA of the 
data in Figure 6A followed by post hoc analysis showed a significant 
difference between control monolayer viability and MCA viability at 
both 5 and 10 µM cisplatin. IC50 values for control monolayer and MCAs 
were 19 and 35 µM cisplatin, respectively. EGF treated monolayer and 
MCA showed a similar result (Figure 6B). Post hoc analysis showed 
a significant difference between EGF monolayer viability and MCA 
viability at 5, 10, 20, 50 and 100 µM cisplatin. IC50 values for EGF 
monolayer and MCAs were 7 and 43 µM cisplatin, respectively. 
Removal cell data for monolayer and MCA cultures also illustrated that 
MCAs are more resistant to chemotherapeutics (Figure 6C). Post hoc 

analysis showed a significant difference between removal monolayer 
viability and MCA viability at 5, 10, 20 and 50 µM cisplatin. IC50 
values for removal monolayer and MCAs were 9 and 47 µM cisplatin, 
respectively. SKOV3 MCAs were also significantly different than 
monolayer cultures at 5, 10, 20, 50, 100 µM cisplatin with IC50 values 
for monolayer and MCAs at 10.5 and 35 µM cisplatin, respectively. 
Following knockdown of N-cadherin in long term EGF treated cells, 
MCAs became more sensitive to cisplatin compared to long term EGF 
treated MCAs given scramble siRNA. Two-way ANOVA followed 
by post hoc analysis showed that percent viability was significantly 
different at 100 µM cisplatin. Highlighting the comparison between 
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percent viability of control, EGF treated, EGF treated with scramble 
siRNA and EGF treated with Ncad siRNA MCAs at 100 µM cisplatin, 
we find that both the EGF and EGF treated with scramble siRNA are 
significantly more resistant to cisplatin than control cells; however, 
when N-cadherin is knocked down, there is a significant decrease in 
the percent viability compared to EGF treated MCAs (Figure 6F). This 
suggests that N-cadherin, in part, mediates the observed response to 
cisplatin in long term EGF treated MCAs.

Discussion
A correlation between EGFR activation and poor patient prognosis 

is well documented in ovarian cancer; however, a clear mechanism for 
how EGFR activation confers poor prognosis has yet to be defined. 
This work makes a step towards elucidating the mechanistic link 
between EGFR activation and poor prognosis with N-cadherin as a 
key regulator in this process. In this study, we analyzed the effects of 
constitutive EGFR activation on ovarian cancer cells in order to gain a 
better understanding of the molecular consequences resulting from the 
unique ovarian tumor microenvironment. We found that constitutive 
EGFR activation results in the acquisition of some EMT-like 
characteristics, such as a persistent increase in mesenchymal markers, 
specifically N-cadherin, as well as compact MCA formation. Compact 
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expressed as a percentage of untreated control cells, n=4. Two way ANOVA showed a significant overall main effect of monolayer vs. MCA [F(1,48)=9.711, 
p<0.01], a significant effect of cisplatin exposure [F(7,48)=146.1, p<0.001] as well as a significant interaction [F(7,48)=4.971, p<0.001]. Significant differences 
in viability observed at 5 and 10 µM cisplatin in control cells, **p<0.01. B) Long term EGF treated cells viability for monolayer (solid line) and MCAs (dashed 
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a significant interaction [F(7,48)=14.6, p<0.001]. Significant differences in viability observed at 5, 10, 20, 50 and 100 µM cisplatin in EGF cells, ***p<0.001, 
**p<0.01. C) Removal cells viability for monolayer and MCAs in response to cisplatin. Data expressed as a percentage of untreated removal cells, n=4. 
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MCAs were more resistant to cisplatin treatment and N-cadherin was 
found to be an important regulator of MCA compaction and also play 
a role in sensitivity to cisplatin. This work is particularly interesting as 
it provides mechanistic evidence that the molecular consequences to 
EGFR activation, specifically induction of N-cadherin expression, can 
contribute to the development of resistance and can therefore promote 
tumor progression thereby leading to poor patient prognosis.

Activators of the EGFR are present at high levels in patient ascites 
and have also been shown to be produced by ovarian cancer cells 
[9,26,27]. Given that more than one third of patients present with 
ascites at diagnosis and almost all have ascites at recurrence [28] the 
current model evaluating long term or constitutive EGFR activation 
(~40 days) is a representation of the extended exposure to EGFR 
activators that the ovarian cancer cells experience within patient 
ascites. Acute EGFR activation (8-48 hrs) has previously been shown 
to be associated with EMT, downregulation of E-cadherin increased 
expression of transcription factors associated with EMT (Slug, Snail 
and Twist) [16,29,30], but the previous studies did not establish 
whether these responses were durable or reversible. In the current 
studies, we found no changes in the levels of E-cadherin or E-cadherin 
transcription regulators (Slug, Snail, Twist) after long term EGF, 
although other markers of EMT such as vimentin and N-cadherin were 
upregulated suggesting that mechanisms and outcomes to short term 
versus persistent EGFR activation differ. Interestingly, continuous 
EGFR activation based on a mutation that confers constitutive 
activation and reduced capacity for internalization and degradation 
(EGFRvIII) [31], leads to upregulation of N-cadherin and silencing 
of E-cadherin [24]. Within this model, we previously published 
results showing that that constitutive activation of mutant EGFRvIII 
results in (E-cadherin) CDH1 promoter methylation [32]. While 
even short term activation of the EGFR resulted in increased DNA 
methyltransferase activity and long term EGF treatment increased 
global DNA methylation, only the persistent activation conferred by 
the EGFRvIII mutant decreased E-cadherin expression via CpG island 
1 promoter methylation [32]. We believe that differences in whether or 
not E-cadherin is downregulated in the constitutive EGFR activation 
models can be attributed accumulation of epigenetic alterations over 
extended EGFR activation that may not be evident at 40 days. However, 
differences in receptor recycling/degradation between the models may 
also be a contributing factor; EGF receptors typically recycle 3-5 times 
through the early endosome before they is selected for degradation 
[33], however EGFRvIII has a decreased capacity to internalize or 
degrade [31]. In addition, Wheelock et al. describe a scenario for 
cadherin switching in which E-cadherin expression does not change 
significantly, but N-cadherin is increased [17]. Since this was our 
observation, we believe this may be one example for which E-cadherin 
loss is not essential for the induction of some EMT-like characteristics, 
particularly mesenchymal marker induction. Furthermore, this 
suggests that even with continued E-cadherin expression, gain of 
N-cadherin is sufficient to alter cell behavior and drug response as 
indicated by our studies. We focused on N-cadherin in the current 
studies as we observed robust increases in its expression with long term 
EGF treatment both at the protein and mRNA level that significantly 
persisted even in the absence of EGF. This suggests a permanent change 
in the molecular programming within the ovarian cancer cell. Previous 
patient data concurs that N-cadherin expression is an important 
marker in ovarian cancer metastasis as staining was found to be strong 
in primary tumors (71%) and this immunoreactivity is maintained in 
67% of paired metastatic lesions [3]. Patient data is corroborated by 
several in vitro studies correlating increased N-cadherin expression 
with a more invasive phenotype [17,34,35]. Furthermore, while other 
studies have shown that additional cadherins such as P-cadherin and 

OB-cadherin (or cadherin-11) are associated with acquisition of or 
maintenance of an invasive phenotype [35,36], we found no significant 
changes in either of these cadherins, nor any change in the type II 
cadherin H-cadherin in long term EGF treated samples. Thus, since the 
literature clearly supported a role for N-cadherin in tumor progression, 
our studies aimed to evaluate the functional consequence of increased 
N-cadherin levels. 

MCAs represent a 3D model in which to study tumor cells. 
Researchers use 3D models as opposed to 2D monolayers as it is a better 
representation of the tumor microenvironment and chemosensitivity 
in a 2D model may not accurately reflect the pathophysiological 
responses seen in patients [37,38]. It has been proposed that MCAs 
can gain invasive properties by undergoing EMT [39]. However, the 
expression of both E-cadherin and N-cadherin, along with vimentin, 
have been implicated in MCA formation and compaction [8,39]. More 
specifically, N-cadherin levels have been shown to be important for 
MCA compaction in ovarian and breast cancer cells [8,25]. Thus, the 
observation of significantly more compact MCAs in long term EGF 
treated cells correlated well with our data showing persistent increase in 
N-cadherin levels even though E-cadherin levels remained unchanged. 
As further evidence that mesenchymal markers are mediating this 
compact nature of MCAs, we used the SKOV3 cell line which inherently 
does not express E-cadherin and has increased mesenchymal marker 
expression compared to OVCA 433. SKOV3 MCAs, as expected, are 
compact just as we observed in the long term EGF treated MCAs. In 
support of our results showing that extended EGFR activation confers 
compact MCA formation, Sodek et al. treated OVCAR-3 and SKOV3 
cells with patient ascites, which is known to contain EGFR activators, 
and found that extended culture in ascites (~10 days) resulted in 
compact spheroid formation in both cell lines [39]. However in this 
previous study, the functional consequences to extended exposure 
to ascites and increased MCA compaction in the same cell line were 
not evaluated. The siRNA experiments described here illustrate that 
N-cadherin is a key regulator of MCA compaction in long term EGF 
treated cells as well as SKOV3 MCAs. Interestingly, compact MCAs 
also showed significant increases in the attachment area (spreading) 
when allowed to adhere to collagen, but this response was significantly 
decreased when N-cadherin was knocked down. Of note, we do not 
negate that other mesenchymal markers, such as vimentin which was 
upregulated in both long term EGF cells and SKOV3 cells, could also 
be regulators in these processes and further studies will evaluate the 
contribution of vimentin. Taken together, this suggests that compact 
MCAs, resulting from long term EGFR activation, have an increased 
capacity to re-attach and disaggregate quickly onto a conducive matrix, 
such as collagen. For the patient, this might suggest that compact 
MCAs may be better at infiltrating the mesothelia thereby leading to 
increased metastasis.

MCAs are believed to represent a key component of metastasis 
and platinum resistance, thus are attractive targets for therapy. 
The development of resistance to chemotherapeutic treatment is a 
major factor contributing to the low survival rate for ovarian cancer 
patients. Most patients are initially responsive to treatment, but a 
large majority of those patients will relapse due to acquired drug 
resistance [40]. Interestingly, studies have shown that levels of the 
EGFR ligand, HB-EGF, is significantly increased in ovarian cancer 
patient ascites [23] as well as in platinum resistant cells [41]. Cisplatin 
treatment itself is known to activate the EGFR and it is known that 
this activation is mediated by cleavage of HB-EGF [42]. Furthermore, 
hyperactivation of the EGFR in ovarian cancer cells is reported to be 
associated with cisplatin resistance [43]. Our studies looking at cell 
viability in response to cisplatin show that MCAs are significantly 
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more resistant to cisplatin treatment compared to monolayers of cells 
in all groups evaluated, including SKOV3 cells. This observation that 
3D models (MCAs) are more chemoresistant to their 2D counterparts 
(monolayer cultures) has also been documented by others [38]. The 
current work depicts a significant change in sensitivity to cisplatin 
using a 3D model (MCAs) within the same cell line after those cells 
had undergone extended exposure to an external growth factor, EGF, 
as well as reveals N-cadherin as an important regulator of this change 
in sensitivity. When comparing control and long term EGF treated 
MCAs, we observed a significant increase in cell viability for compact 
(EGF treated) MCAs at higher doses (100 µM) of cisplatin, which was 
largely reversed when N-cadherin was silenced with siRNA. Thus, 
suggesting that N-cadherin in addition to, or because of, its ability to 
regulate MCA compaction, it also plays a role in the cell’s sensitivity to 
cisplatin. In support of this, N-cadherin was previously shown to play a 
role in regulating rat surface epithelial cell apoptosis [44]. 

Although other EMT markers, Slug and Snail, have been associated 
with development of chemoresistance [43,45-47], these markers were 
not altered in our studies. Previous studies did not individually evaluate 
the contribution of N-cadherin as a regulator of chemoresistance as 
several EMT markers were induced concurrently with upregulation of 
N-cadherin. Our model of acquisition of some EMT-like characteristics, 
particularly N-cadherin induction, and resistance to cisplatin provided 
a way to eliminate other EMT markers as potential regulators of this 
phenomenon and highlight N-cadherin as a key regulator as shown by 
the N-cadherin siRNA experiments which conferred more sensitivity 
to cisplatin. In support of preferentially evaluating N-cadherin as a 
key regulator in platinum resistance, in vivo ovarian cancer studies 
have shown a significant negative association with high expression 
of N-cadherin and progression-free survival [3,48] and there is an 
increased trend of retention of N-cadherin in metastatic lesions [3,47] 
yet no significant relationship between N-cadherin expression and 
ovarian cancer progression has been made within the field [3,48]. This 
work opens the door for further investigation linking N-cadherin to 
the acquisition of drug resistance in ovarian cancer potentially as a 
biomarker for drug response.

Furthermore, recent studies have shown that EMT markers, 
including N-cadherin, are upregulated in the formation of MCAs 
and that treatment with drugs targeting epigenetic mechanisms 
such as Trichostatin A (TSA) and 5-aza-2’-deoxycytidine (5-aza-
CdR) in combination with cisplatin suppressed EMT markers [6]. 
Additionally, TSA and 5-aza-CdR treatment increased sensitivity 
of the cells to cisplatin [6], thus supporting a role for EMT markers, 
like N-cadherin, in cell sensitivity to cisplatin. It further suggests that 
epigenetic modifications may be mediating these changes in EMT 
markers and thus also influencing cell sensitivity to cisplatin. Taken 
together with previous work linking EGFR activation to increases in 
DNA methyltransferase (DNMT) activity and global methylation 
[32], it supports a role for the EGFR in the development of platinum 
resistance either by alterations to epigenetic mechanisms or persistent 
mesenchymal marker induction or both. We believe that the current 
work begins to illustrate an EGFR dependent mechanism, for which 
N-cadherin is a key component, by which drug resistance and 
metastasis can arise in ovarian cancer patients. This is an important 
advancement towards delineating a clear mechanism linking EGFR 
activation to poor patient prognosis. 
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