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INTRODUCTION 
 
We are interested in defining the genetic changes that initiate and drive the aggressive 
behavior of epithelial ovarian malignancies.  In a pilot study looking at the genetic 
changes occurring across the whole genome of high-grade papillary serous ovarian 
cancers, we identified cyclin E as an interesting candidate gene.  We found high-copy 
number amplification of the cyclin E gene locus to be the single most notable recurrent 
genetic event.  Furthermore, epidemiological evidence links the subset of cyclin E 
overexpressing epithelial ovarian cancers to an increased number of lifetime ovulatory 
cycles and the “incessant ovulation” theory of ovarian cancer causality.  Experimental 
systems have shown deregulation of cyclin E levels to result in chromosomal instability, 
a hallmark feature of epithelial ovarian cancers.  This led us to hypothesize that cyclin 
E deregulation is an important initial event in ovarian carcinogenesis.  We proposed 
three specific aims:  (1) to characterize the genetic events induced along with cyclin E 
amplification and overexpression; (2) to determine the role of cyclin E and its 
collaborating genetic events in ovarian cancer initiation; and (3) to define the subset of 
ovarian cancers with impaired cyclin E inhibition and to determine whether these 
tumors demonstrate an enhanced response to targeted therapy.  Here, we report 
research accomplishments from the first two years of the study. 
 
 
BODY 
 
Specific Aim 1: To characterize the genetic events induced along with cyclin E 
amplification and overexpression.   
 

Task 1:  DNA analysis for genetic events occurring with cyclin E gene 
amplification using anatomical samples.   
 
Upon screening 72 ovarian cancer cases on a frozen tumor tissue microarray for 
CCNE1 gene amplification using fluorescence in-situ hybridization (FISH), we 
identified 11 cases with a cluster pattern of cyclin E. These samples have also 
undergone gene expression profiling on an Agilent Human 1A VS Chip. Together, 
these studies have found a high correlation between cyclin E gene amplification and 
cyclin E overexpression.   We planned to have these 11 samples arrayed with the 
Affymetrix 250K Nsp oligonucleotide microarray to determine the genetic events that 
occur commonly among ovarian cancer samples with CCNE1 gene amplification.  
However, we have put this task on hold for now as our collaborator has generated 
Agilent array CGH data on 128 ovarian cancer samples from our tumor bank.  Of 
these, 20 tumors demonstrated focal amplification of the CCNE1 gene locus.  We will 
be working together in the next year to determine the genetic copy number variation 
events that occur in this subset of 20 tumors.   
 
We plan to take this analysis a step further with FISH analysis of formalin-fixed, 
paraffin-embedded tissue from the 132 papillary serous ovarian cancers in the gene 
expression dataset that were not analyzed by array CGH.  Over the last year, we 
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have been troubleshooting our CCNE1 FISH probe.  Bacterial artificial chromosome 
(BAC) clone RPCI11.C-345J21 (Invitrogen, Carlsbad, CA) was used as the 
homebrew probe. A commercial probe was purchased from Empire Genomics.   We 
have recently had success with getting a CCNE1 FISH signal from both probes 
(Figure 1).   
 

 
Figure 1. FISH for CCNE1.  Fluorescent in situ hybridization of CCNE1 gene locus on 
normal DNA demonstrating normal diploid copy number. 

 
 
The CCNE1 FISH probe will be used to analyze CCNE1 gene amplification in 132 
papillary serous ovarian cancers that have been already undergone gene expression 
profiling on the Agilent Human IA V2 Chip.  Briefly, slide sections will be 
deparaffinized, treated with a protease solution, denatured, and hybridized overnight 
with the fluorescently-labeled FISH probe. The sections will then be washed and 
analyzed by fluorescence microscopy to detect cyclin E amplification.   
 
This will allow us to correlate CCNE1 gene amplification and cyclin E expression 
patterns.  We will be able to further refine our analysis by limiting the correlations to 
those tumors with CCNE1 gene amplification.  Cases with normal CCNE1 gene copy 
number but high levels of cyclin E gene expression can be analyzed in a separate 
analysis.  Differences in gene expression patterns between the two subsets of cyclin-
E overexpressing tumors can also be analyzed.   
 
The results obtained from FISH experiments will be analyzed along with the 
corresponding gene expression profiling data from these same samples. Such 
analyses will allow for correlative studies between cyclin E amplification and other 
genes which are concurrently up-regulated or down-regulated. We anticipate that 
these results will be generated and analyzed in the upcoming year. 

 
Task 2:  RNA analysis for gene pathways activated with cyclin E 
overexpression, using anatomical samples.   
 
We have completed RNA isolation and gene expression profiling from 132 papillary 
serous ovarian cancer samples.  We have performed an analysis to identify the 
genes that are upregulated with cyclin E overexpression.  We found the majority of 
the genes are cell cycle genes functionally related to cyclin E and cell cycle 
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progression.  This is unlike Her2 in breast cancer, where the genes correlating with 
HER2 are located on the same amplicon.  However, we found some correlated genes 
adjacent to CCNE1, including C19orf1, C19orf12 and ZNF587.   
 
 

 
Specific Aim 2:  To determine the role of cyclin E and its collaborating genetic 
events in ovarian cancer initiation 
 

Task 3:  Mouse model to test ability of cyclin E and its collaborating genetic 
events to induce oncogenic activation 
 
To test the cancer initiating potential of cyclin E overexpression, we are using a 
mouse model which allows for introduction of collaborating genetic events to lead to 
transformation of mouse primary ovarian surface epithelial cells. Full-length cyclin E 
and a truncated cyclin E isoform have been expressed by a retroviral vector which 
allows for introduction of a gene of interest into a specific cell type or tissue. 
 
Lower molecular weight isoforms of cyclin E have been described by Dr. K. 
Keyomarsi’s group in Texas [1].  As many as five low molecular weight (LMW) 
isoforms of cyclin E exist in cancer tissues, while only the 50-kDa cyclin E form is 
expressed in normal tissues.  The LMW isoforms have been described to have 
greater malignant potential.   
 
Cyclin E overexpression:  We have created the reagents that allow for 
introduction of the full-length cyclin E gene and a truncated cyclin E isoforms into 
our mouse model.  OVCAR5 cells were transfected with 2 µg pRC-CMV-cyclin E, 
pcDNA3-cyclin E FL, pcDNA3-cyclin E trunc 1, or pcDNA3-cyclin E trunc 2 using 
the BioT transfection reagent (Bioland Scientific, La Palma, CA). Whole cell lysates 
were collected and 25 µg of protein was analyzed by Western blot. Cyclin E protein 
expression was detected using an anti-cyclin E mouse monoclonal antibody (clone 
HE12, Santa Cruz Biotechnology, Santa Cruz, CA), followed by a fluorescently-
conjugated secondary antibody for visualization using the LI-COR Odyssey Infrared 
Imaging System (LI-COR Biotechnology, Lincoln, NB). The pRC-CMV-cyclin E 
construct was provided by B. Weinberg and the pcDNA3-cyclin E constructs were 
provided by K. Keyomarsi (University of Texas). 
 
Whole cell lysates were collected and the protein analyzed by Western blot (Fig. 2). 
The pRC-CMV-cyclin E construct expressed full-length cyclin E (50 kDa) in addition 
to the lower molecular weight isoforms (45 kDa, 35 kDa). The pcDNA3-cyclin E FL 
also expressed all isoforms, especially the 50 kDa protein. The pcDNA3-cyclin E 
trunc 1 and trunc 2 expressed the 45 and 35 kDa isoforms, respectively. The cyclin 
E expression cassettes from these constructs were recombined into the RCAS 
retroviral vector for introduction of the viral vector into our mouse model. 
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Figure 2. Western blot analysis of cyclin E expression. OVCAR5 cells 
were left untreated (lane 1) or transfected with 2 µg pRC-CMV-cyclin E, 
pcDNA3-cyclin E FL, pcDNA3-cyclin E trunc 1, or pcDNA3-cyclin E trunc 2 
(lanes 2-5). Whole cell lysates were collected and analyzed by Western blot.  

 
 
Recombination Reaction with RCAS Vector: To test the cancer initiating potential 
of cyclin E overexpression using a mouse model, we have expressed full-length 
and truncated cyclin E isoforms in a retroviral vector called RCAS (replication-
competent ASLV long terminal repeat with splice acceptor). The Gateway 
Technology system (Invitrogen, Carlsbad, CA) was used for recombination of cyclin 
E into the RCAS vector (contains attR recombination sites). First, the cyclin E 
expression cassettes from the constructs mentioned above were cloned into a 
donor vector, generating an entry clone with attL recombination sites. The LR 
reaction, which facilitates recombination of an attL substrate (entry clone) with an 
attR substrate (destination clone) in the presence of the LR clonase enzyme, was 
performed to generate RCAS-cyclin E (Fig. 3). The full length Cyclin E and Cyclin E 
trunc 2 successfully replaced the lethal ccdB gene present in the parental 
destination vector.  We were not able to generate the RCAS-Cyclin E trunc 1 
expression vector. 
 

 

entry  clone

cyclin EattL attL

+ destination 

vector

RCAS vector

attR ccdB attR
LR clonase

expression  
clone

cyclin EattB attB

RCAS-cyclin E

entry  clone

cyclin EattL attL

entry  clone

cyclin EattL attL

+ destination 

vector

RCAS vector

attR ccdB attR
LR clonase

expression  
clone

cyclin EattB attB

RCAS-cyclin E  
 

Figure 3. LR recombination with cyclin E entry clone and RCAS destination 
vector. Full-length cyclin E and a truncated low molecular weight isoform (trunc 2) 
were cloned into a donor vector generating an entry clone with attL sites. The entry 
clone recombined with the destination vector (RCAS) containing attR sites, 
replacing the lethal ccdB gene. The final expression clone is the RCAS vector 
expressing cyclin E (flanked by attB sites). 
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Generation of RCAS-cyclin E virus:  The DF-1 chicken fibroblastic cell line was 
used for RCAS-cyclin E FL and RCAS-cyclin E trunc2 transfection and subsequent 
virus production. DF-1 cells were maintained in DMEM supplemented with 10% 
FBS and 1% penicillin-streptomycin. Twenty micrograms of each construct was 
transfected into a 10-cm dish of DF-1 cells using Lipofectamine 2000 reagent 
(Invitrogen Corporation, Carlsbad, CA). The following day, the supernatant 
containing RCAS-cyclin E FL and RCAS-cyclin E trunc2 virus particles were 
collected and filtered through a 0.8 µm filter to remove cell debris.  DF-1 cells stably 
expressing RCAS-myc, RCAS-Kras and RCAS-cre were previously established in 
the lab. 
 

Concentration of the viral supernatant:  DF-1 cells expressing RCAS viruses 
with different oncogenes were grown in 10-cm tissue culture dishes in DMEM with 
10% FBS, and 1% antibiotics. Once cells were completely confluent, they were 
further expanded into eight 15-cm dishes. Upon confluency of the 15-cm dishes, the 
media was replaced with reduced serum Opti-MEM media overnight. The following 
day, the medium was collected and filtered through 0.8um filter to remove cell 
debris. The filtered supernatant was then incubated overnight at 4°C with Retro-X 
Concentrator (Clontech, Mountain View, CA) to concentrate virus. The following 
day, the samples were centrifuged at 4°C for 45 min at 3100 rpm. The supernatant 
was removed and the virus pellet was resuspended in Opti-MEM before storing at -
80°C. 
 
Mouse Model:  We have crossed transgenic mice that express Keratin5-TVA 
(chicken retroviral keratin receptor that is expressed on the ovary) with conditional 
P53 mutant mice.  K5-TVA mice have been crossed with 129S4-Trp53tm2Tyj  (P53 
LSL R172H) mice, which carry a conditional point-mutant allele of the p53 gene that 
can be activated by Cre-mediated recombination. This line contains a LoxP site and 
a transcriptional / translational STOP sequence in intron 1 (making it functionally 
equivalent to a null mutation) and an R172H missense mutation in exon 5.  The 
strain was maintained on a 129S4/SvJae background.  Activation with Cre-
recombinase leads to deletion of the transcriptional termination sequence (Lox-
Stop-Lox) and expression of the oncogenic P53 protein.  The genotyping strategy is 
illustrated in figure 4.   

 
Primers:       Product Sizes: 

  T036 :   5'-agc tag cca cca tgg ctt gag taa gtc tgc a -3'   T036/T035: 279 bp (Mut LSL) 
  T035 :   5'-ctt gga gac ata gcc aca ctg -3'     T037/T035: 166 bp (Wild Type) 
  T037 :   5'-tta cac atc cag cct ctg tgg -3' 

 

 
Figure 4.  Genotyping strategy of P53 LSL R172H mice.  The noted primers allow 
us to detect the wild type allele with T037 and T035, which amplify intron 1, and the 
mutant allele with T036 and T035, which amplifies the LSL element. 
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We have genotyped mice with one-step PCR procedures using mouse tail tissues 
to isolate DNA from crude lysates. Mice that carry the K5-TVA transgene and the 
conditional mutant P53 allele were selected for further experiments. The RCAS-
Cyclin E vector and Ad-Cre were introduced into the OSE of K5-TVA p53 LSL 
R172H mice to determine the oncogenic potential of cyclin E overexpression in the 
setting of P53 oncogenic expression.   
 
Ovary isolation and infection of ovarian cells: Ovaries from newborn K5-TVA 
p53 LSL R172H pups were isolated using standard aseptic surgical procedures: 
The ovaries were separated from the bursa and transferred to a tissue culture dish 
containing DMEM (supplemented with 10% FBS and 1% antibiotics). The ovaries 
were allowed to grow in a CO2 incubator for 48 hr. After the cells were attached, 
the medium was then replaced with fresh viral supernatant.  

 
The viral supernatant was used to replace the medium of growing ovarian cells. The 
infection of OSE cells was repeated every 12 hours for 5 days.  The cells were then 
trypsinized and expanded. 

 

Infection of ovarian cells in culture. 
The isolated ovaries were divided into five groups: each group was infected with a 
unique combination of viral supernatants from DF-1 cells producing RCAS viruses 
with different oncogenes. 
 
 
The following combinations were used to infect the ovarian cells: 
 

1) RCAS-cre (to activate expression of oncogenic P53) 
2) RCAS-cre + RCAS-CyclinE 
3) RCAS-cre + RCAS-CyclinE + RCAS-myc 
4) RCAS-cre + RCAS-CyclinE + RCAS-Kras 
5) RCAS-cre + RCAS-CyclinE + RCAS-Akt 
6) RCAS-cre + RCAS-myc + RCAS-Kras (positive control) 

 
 
The ovarian cells infected with any combination containing CyclinE successfully 
proliferated during the early passages, but starting from passage 3, they did not 
survive.  The ovarian cells infected with only RCAS-cre did not passage well and 
died during early passages.  
 
Phenotypes of the infected ovarian cells were observed during the first days of 
infection (Fig. 5).  
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       RCAS-cre 

          RCAS-CyclinE (+ cre) 

       RCAS-Cyclin E + RCAS-myc (+ cre) 

       RCAS-Myc + RCAS-Kras (+ cre) (positive control) 
 

Figure 5.  Phenotypes of mouse ovarian surface epithelial cells infected with 
RCAS virus causing overexpression of various combinations of oncogenes.  
The mouse OSE cells infected with RCAS-cre only (to activate the expression of 
oncogenic P53 did not survive in early passages.  The mouse OSE cells infected with 
RCAS-cre + RCAS-Cyclin E appeared to have an initial growth advantage, but these 
cells eventually started to die after the third passage.  Similarly, the cells infected with 
RCAS-cre + RCAS-myc + RCAS-Kras (our positive control) also started to die after 
the third passage. 

 
The failed experiment was repeated again.  This time, the mouse OSE cells were 
infected with concentrated viruses, but the same results were obtained: the infected 
cells did not survive after the early passages.  Prior literature (“Induction of ovarian 
cancer by defined multiple genetic changes in a mouse model system”, Sandra 
Orsulic, et al. Cancer Cell 2002), suggests we should see transformation of ovarian 
surface epithelial cells after exposure to oncogenic expression of c-myc and K-ras 
in the setting of null P53 protein. Our experiment did not demonstrate this result 
when we overexpressed c-myc and K-ras in the setting of mutant P53 protein.  This 
left us to conclude three possibilities as to why our experiment failed: 
 

1) The viral supernatant  is not adequately allowing for infection of the mouse 
OSE cells 

2) The cre recombinase is not causing expression of the dominant negative 
mutated P53 protein 
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3) The mutant P53 protein of 129S4-Trp53tm2Tyj   mice is not sufficiently 
silencing normal P53 activity (compared to the null P53 condition) and this is 
causing cells to die upon exposure to oncogenic stress 

 
To address the first possibility (the viral supernatant is not adequately allowing for 
infection of the mouse OSE cells), we generated RCAS-AP (alkaline phosphatase) 
virus in DF-1 cells.  The isolated ovaries were infected with supernatant of the DF-1 
cells containing the RCAS-AP or the concentrated RCAS-AP virus for 3 days, 
replacing the medium with fresh RCAS-AP every day.  The expression of Alkaline 
Phosphatase was determined using the Fast Violet B salt from Sigma-Aldrich AP 
kit, following the manufacturer’s recommendations.  Figure 6 demonstrates the 
OSE cells were positively stained with AP dye, confirming successful infection with 
RCAS virus.   

 
 

 

 

 
Figure 6.  Expression of RCAS-AP (alkaline phosphatase) in mouse ovarian surface 
epithelial cells.  The mouse ovaries are isolated and placed in a tissue culture dish 
containing DMEM.  After 48 hours, the ovarian surface epithelial cells are found attached to 
the dish surrounding the ovary (dark spot).  The medium was replaced with fresh viral 
supernatant containing RCAS-AP.  The cells were fixed with 10% formalin for 10 minutes, 
washed with PBS and stained with Fast Violet B salt alkaline dye.  The top left panel 
demonstrates the negative control.  The top right panel demonstrates RCAS-AP infection 
through addition of viral supernatant.  The bottom two panels demonstrate infection with 
concentrated RCAS-AP virus.  The AP is expressed as a brown stain. 

 
 
The second possibility explaining the failure of our experiment is that the cre-
recombinase is not causing adequate expression of the P53 dominant negative 
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mutated protein.  To investigate this possibility, we are testing the activity of RCAS-
cre in the epithelial cells of K5-TVA 129S4-Trp53tm2Tyj   (p53 LSL R172H) mice. 
 
The third possibility is that we are not able to achieve a complete inactivation of p53 
activity in the OSE cells of 129S4-Trp53tm2Tyj (P53 LSL R172H) mice.  Since the 
original mouse model experiments were done using the ovaries from transgenic 
mice generated from K5-TVA and p53 null parents, we are repeating these 
experiments in mouse OSE cells with K5-TVA+/+ and  p53-/- genotypes.  
 
Currently, we are in the process of generating mice with the desired genotype. For 
that purpose, we use Trp53tm1Tyj mutant strain developed in the laboratory of Dr. 
Tyler Jacks at the Center for Cancer Research at the MIT.  These mice have a 
targeted (knock-out) allele that was produced by a targeted neo insertion into the 
Trp53 locus.  Homozygotes show no visible phenotype but develop tumors at 3 – 6 
months of age.  Heterozygotes develop tumors at 10 months of age.  These mice 
will be crossed with K5-TVA mice. The following information from the developer’s 
lab  (http://jaxmice.jax.org/strain/002101.html) is provided to genotype our 
population of mice (fig. 7). 
 
 

 
 
 
 
                       
 

             1    2     3     4     5    6     7    8    9    10    11       

 
 
 
600 
400 

 
 

            
Figure 7.  Genotype of P53 null mice.  The top gel demonstrates the expected genotyping 
results for null (600 bp), heterozygote (400 bp and 600 bp), and wild type P53 mice (400 
bp).  The bottom gel demonstrates the genotyping results for the mice in our lab.  Lanes 5, 
7, and 11 demonstrate the heterozygote P53 null state in three mice.   
 
 

The heterozygote p53 +/- mice (mouse 1 male and mice 5, 7 female) are being 
crossed with the K5-TVA mice. The next generation of K5-TVA p53 +/- mice will be 
bred together to generate K5-TVA p53 -/- offspring.  The K5-TVA p53 +/- mice will 
also be bred to the K5-TVA 129S4-Trp53tm2Tyj   (p53 LSL R172H) mice to generate 
mice with the K5-TVA P53 LSL R172HMut/- mice. 
 
 

Expected 
Results: 

Mutant = 600 bp 
Heterozygote = 400 bp and 600 bp 
Wild type = 400 bp 
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The ovaries will be isolated from the female pups with the K5-TVA p53 -/- genotype 
and the K5-TVA P53 LSL R172HMut/- genotype and the viral infections will be 
repeated.   

 
 
 
Specific Aim 3:  To define the subset of ovarian cancers with impaired cyclin E 
inhibition and to determine whether these tumors demonstrate an enhanced 
response to targeted therapy 
 

Task 4:  Immunohistochemistry (IHC) for cyclin E, SKP2, P27 using anatomic 
samples 
 
We will perform immunohistochemistry for cyclin E, SKP2 and P27 in patient ovarian 
cancer samples.  We have collected 188 ovarian cancer clinical samples for this task.  
We have also tested the Santa Cruz Biotechnology Cyclin E (M-20): sc-481 antibody.  
We have used the OVCAR 3 ovarian cancer cell line, which is known to carry a 
CCNE1 gene amplification, as a positive control.  We have used the OVCAR3 cell 
line with sh-CCNE1 knock-down cell line as a negative control.  Unfortunately, we 
have obtained purely cytoplasmic staining with this antibody and no appreciable 
difference in staining between the OVCAR3 and OVCAR3 sh-CCNE1 cells (Fig. 8). 
 

  
 

Figure 8.  Immunohistochemistry for cyclin E in OVCAR3 (left panel) and 
OVCAR3 sh-CCNE1 (right panel) cells.  We are seeing purely cytoplasmic rather 
than nuclear staining. 

 
We are in the process of trouble-shooting these results.  This cyclin E antibody 
appears to be producing non-specific staining, despite the fact that this antibody has 
successfully demonstrated nuclear protein staining in prior studies in the literature.  
We are ordering a blocking peptide, sc-481 (100 ug peptide in 0.5 ml PBS containing 
< 0.1% sodium azide and 0.2% BSA) from Santa Cruz Biotechnology to assess the 
specificity of this staining pattern.  An alternative possibility to non-specific staining is 
the aberrant cytoplasmic expression of cyclin E in the setting of oncogenic 
overexpression of the CCNE1 gene.  
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Task 5:  DNA mutation analysis for FBXW7 mutations, using anatomical 
samples 
 
In our pilot study, we identified thirteen samples with loss of heterozygosity at the 
FBXW7 gene locus.  The SCF-Fbw7 ubiquitin ligase system ensures tight control of 
cyclin E levels.  Disruption of the Fbw7 tumor suppressor leads to genetic instability 
through deregulated cyclin E activity.  The FBXW7 gene has been found to be 
mutated in ovarian cancer cell lines, implicating its potential role in the pathogenesis 
of this malignancy.  We planned to screen for mutations in the FBXW7 gene in these 
13 ovarian cancer samples.  We did a search of publically available data from Sanger 
and the cancer genome atlas (TCGA).  In the Sanger data, one FBXW7 mutation 
(c.1417delA) was found in a single cell line (T-24) among a panel of 21 ovarian 
cancer cell lines.  Sanger data also included sequencing in 183 clinical tumors 
(including breast, CNS, kidney, colon, lung, pancreas, pleura, salivary gland, skin, 
upper GI tract, and urinary tract) and found mutations in FBXW7 in 2 (1%) of 
samples.  No clinical ovarian cancer samples were included in the Sanger data, but 
the TCGA used NextGen sequencing and found no FBXW7 mutations in 60 to 80 
ovarian cancer samples.  Based on this publically available data, FBXW7 appears to 
be very infrequently mutated in multiple tumor types, including ovarian cancer.  
Therefore, we have not performed this task and have focused our attention on other 
areas that are likely to be of higher yield.   
 
Task 6: In vitro proliferation assays, using 6 serous ovarian cancer cell lines 
with various cyclin E and SKP2 expression, and assessing for therapeutic 
response to the proteasome inhibitor, bortezomib 
 
The goal of this task was to determine whether targeted therapies could be used to 
specifically inhibit ovarian cancers that overexpress cyclin E.   
 
To accomplish this task, we assayed a panel of ovarian cancer cell lines to determine 
endogenous levels of cyclin E and SKP2.  We found OVCAR3 cells to express high 
levels of both proteins and OVCAR5 cell to express low levels of both proteins (figure 
9).  We used these two cell lines in further experiments.  Additionally, we found 
OVCAR3 cells to have a genetic amplification of the CCNE1 gene locus on 
chromosome 19, similar to the amplifications seen in clinical ovarian cancer cell lines 
(figure 10).  This led us to conclude that OVCAR3 cells are a good model for studying 
therapeutic responses in the setting of cyclin E amplification and overexpression.   
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Figure 9.  Cyclin E and SKP2 expression in panel of ovarian cancer cell lines.  9A.  
Real time PCR demonstrating differing cyclin E expression levels in various ovarian cancer 
cell lines.  9B.  Real time PCR demonstrating differing SKP2 levels in various ovarian cancer 
cell lines.  9C.  Western blot demonstrating cyclin E, P27, SKP2 levels in OVCAR3 and 
OVCAR5.   
 

 
 
 

 
 
Figure 10.   Amplification at the cyclin E gene 
locus on chromosome 19 in the OVCAR3 
ovarian cancer cell line.  Blue lines projecting 
above the “0” copy number line represents areas of 
genetic amplification.  The broad area of copy 
number amplification contains the CCNE1 gene. 
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Tumors with cyclin E deregulation were hypothesized to be attractive targets for 
therapy with SKP2 inhibitors.  SKP2 is a ubiquitin ligase that targets P27kip1 for 
degradation.  P27 is a powerful negative regulator of the cell cycle, preventing 
activation of cyclin E-cdk2 or cyclin D-cdk4 complexes and cell cycle progression at 
the G1 to S boundary.  Therefore, inhibition of SKP2 could lead to upregulation of 
P27 levels and inhibition of aberrant cyclin E activity and inhibition of progression 
through the cell cycle.  Recently, the proteasome inhibitor bortezomib (Velcade) was 
shown to inhibit the growth of colorectal tumor cell lines through upregulation of P27 
and induction of apoptosis.   
 
We tested the sensitivity of OVCAR3 and OVCAR5 ovarian cancer cell lines to the 
effects of bortezomib.  Consistent with our hypothesis, we discovered that the cyclin 
E overexpressing OVCAR3 cells were indeed more sensitive to bortezomib (figure 
11). 

 
 
 
 

Figure 11.  OVCAR3 (high cyclin E levels) cells are 
more sensitive to bortezomib than OVCAR5 cells 
(low cyclin E levels).  Relative cell proliferation to 
various concentrations of bortezomib was measured by 
the MTT assay at 48 hours.   

 
 

 
However, given the fact that OVCAR3 and OVCAR5 cells differ in many ways other 
than cyclin E levels, we set out to create a more informative model system.  We 
transfected OVCAR5 cells to overexpress cyclin E or an empty control vector.   We 
treated these cells with bortezomib and found no difference in their response (figure 
12).  Similar negative data were obtained with stable transfection in OVCAR5 cells, 
as well as with overexpression of cyclin E in other ovarian cancer cell lines such as 
SKPV3 and A2780 (data not shown).  This led us to conclude that the differential 
effects demonstrated between OVCAR3 and OVCAR5 were not due to cyclin E 
levels. 

 
 

Figure 12.  No difference in 
sensitivity to bortezomib 
between OVCAR5 cells 
transfected with empty vector 
(pGFP) or cyclin E (pCyclin 
E).  Data are shown for 
transient overexpression of 
cyclin E.   
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In light of this data disproving our original hypothesis, we searched the literature for 
alternative agents that might be capable of differentially targeting cyclin E 
overexpressing cells.  We found a report of a natural dietary phytochemical, indole-3-
carbinole (I3C), that works as a natural elastase inhibitor and disrupts cyclin E activity 
[2].  The low molecular weight (LMW) isoforms of cyclin E are tumor-specific and 
cause increased cell proliferation, elevated kinase activity and increased 
clonogenicity.    These LMW cyclin E isoforms are generated via proteolysis of the 
normal 50 kDa cyclin E form by the elastase enzyme, which itself can be selectively 
inhibited by I3C.  I3C exhibits potent anti-carcinogenic properties and has been 
shown to shift the accumulation of cyclin E from the LMW to the 50 kDa isoform and 
to induce a G1 cell cycle arrest.   
 
Considering the specific inhibitory properties of I3C and bortezomib in the processing 
and expression of cyclin E, we investigated the hypothesis that ovarian cancer 
overexpressing cyclin E may demonstrate an enhanced response to targeted 
combination therapy with I3C and bortezomib.  We found synergistic cytotoxicity of 
I3C and bortezomib in both OVCAR3 and OVCAR5 cells, with greater sensitivity of 
each individual drug in OVCAR3 cells and greater synergistic effect of the drug 
combination in OVCAR5 cells (figure 13).   
 

 

 
 

Figure 13.  OVCAR3 cells are more sensitive to the effects of I3C and bortezomib 
alone and OVCAR5 cells are more sensitive to the combination treatment.  Cell 
viability data are generated from Cell Titer-Glo Luminescent Cell Viability Assay (upper 
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panel).  Synergy data are determined by isobologram analysis using CalcuSyn software 
(lower panel).   

 
 

We found that I3C and bortezomib have varying effects on the cell cycle in the two 
different cell lines (figure 14).  I3C induces an S phase accumulation in OVCAR3 and 
a G1 arrest in OVCAR5 cells.  Bortezomib induces a G2/M arrest in both cell lines, 
but this is more pronounced in the OVCAR5 cells.  The combination of the two drugs 
causes a G2/M arrest and the accumulation of a sub-G1 population of cells that are 
undergoing apoptosis.   
 
 

 
 
Figure 14.  I3C and bortezomib alone and in combination alter the cell cycle and 
enhance apoptosis in OVCAR3 and OVCAR5 cells.  For cell cycle analysis, cells were 
treated with the indicated concentrations of drugs and harvested 24 hours post treatment.  
Samples were fixed with 70% ethanol and labeled with propidium iodide (PI).  Samples 
were analyzed for PI incorporation with a Becton Dickinson FACScan using ModFit LT 
software.  The results were generated from multiple independent experiments performed 
in triplicate.   

 
 
 

The combination of the two agents appeared to have a greater impact in inducting 
apoptosis in the OVCAR5 cells (figure 15).   
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Figure 15.  I3C and bortezomib 
induce apoptosis.  The greatest 
effect is seen in OVCAR5 cells with a 
combination of drugs.  FACS analysis 
of Annexin V and propidium iodide (PI) 
stained cells were used to discriminate 
between early and late apoptotic cells. 
 
 
 
 
 
 
 
 
 

 
We performed western blotting analysis for proteins from various cellular pathways to 
interrogate the mechanisms for the observed data.  We found a decrease in 
phospho-Rb levels with increasing drug concentration in both cell lines for single and 
combination treatment, with the effect being more pronounced in the OVCAR5 cells 
(figure 16).  This data suggest an inhibitory effect of the drugs on progression through 
the cell cycle at the G1/S phase.  P27kip1 levels are not altered and do not appear to 
be responsible for the observed effects.   
 
 

 
 
 
 
 
 

 
Figure 16.  Decreased 
phosphor-Rb levels with 
increasing doses of I3C and 
bortezomib alone and in 
combination.  Western 
blotting was used for protein 
expression analysis of 
OVCAR3 and OVCAR5 cells 
treated with the indicated 
agents for 24 hours. 
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This data was presented as a poster presentation at the 2010 AACR (American 
Association for Cancer Research meeting in Washington D.C., see appendix).   
 
To determine the mechanism responsible for the synergistic effect of I3C and 
bortezomib, we performed RNA microarray analysis.  Considering that both the 
apoptotic and synergistic effects of I3C and bortezomib were more robust in OVCAR5 
cells compared to OVCAR3 cells at equipotent doses, we selected OVCAR5 cells for 
microarray analysis.  We treated OVCAR5 cells with vehicle (mock), 675 µM I3C, 
37.5 nM bortezomib or combination for 24 h, identical to the maximum concentrations 
used for our apoptosis and cell cycle studies.  Three independent experiments were 
performed for a total of four triplicate conditions (12 samples).  Total RNA was 
isolated as described for qRT-PCR analysis and the quality of RNA confirmed using 
an Agilent 2100 bioanalyzer.  Probe labeling, microarray hybridization, washing and 
scanning were carried out as per manufacturer’s instructions (Illumina).   
Twelve samples were used to probe the Illumina HumanHT-12 v4 Expression 
BeadChip containing 47,231 human gene transcripts.  Subsequent microarray 
analysis showed that our replicate samples from triplicate experiments share genes 
with similar gene expression patterns that cluster close together.  This data is 
represented as a dendrogram (Fig. 17), and demonstrates the reproducibility of our 
results.  
 
 
 
 

Figure 17.  Dendrogram demonstrating data 
from triplicate experiments cluster closest to 
one another.  OVCAR5 cells were treated with 
vehicle (mock), 675 µM I3C, 37.5 nM bortezomib 

or in combination for 24 h with subsequent RNA 
isolation and microarray gene expression 
analysis.   

 
 
To filter our microarray data, we focused on significantly altered genes (p<0.0025) 
with log-fold changes >1.5 (upregulated) or <-1.5 (downregulated).  While I3C 
treatment has significantly more differentially expressed genes (216 genes) in 
common with co-treatment compared to bortezomib (147 genes), the majority are 
unique to the combination condition (297 genes) (Fig. 18).   
 

 
 
Figure 18.  Venn diagram representing overlap 
between I3C and bortezomib treatment.  Target 
genes with log-fold changes >0.4 or <-0.4 (p<0.0025) 
are presented. 
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In total, I3C/bortezomib treatment altered the expression of 774 genes.  Classification 
of these genes indicate that co-treatment with I3C and bortezomib primarily inhibits 
the multistep development of cancer, consistent with the GO gene enrichment 
dataset (data not shown).  Validation of our microarray data by qRT-PCR and 
Western blot analysis in both OVCAR3 and OVCAR5 cells showed that target genes 
involved in cell cycle control (e.g. CDKN1A, CDK1), apoptosis (e.g. BCL2L1, BCL10) 
and signal transduction (e.g. DUSP1, NFkBIB) were significantly deregulated (Fig. 19 
and data not shown).   
 

 
 

 
Figure 19.  Quantitative RT-PCR of candidate target genes identified by 
microarray analysis categorized by function.  Target gene validation was also 
performed in OVCAR3 cells treated with vehicle (mock), 270 µM I3C, 18.8 nM 
bortezomib or in combination for 24 h 
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Moreover, metastasis (e.g. MET, SNAI1), angiogenesis, and adhesion target genes 
showed altered expression (Fig. 19).  Notably, co-treatment with I3C and bortezomib 
appeared to downregulate TOP2A and ABCC4, target genes that are typically 
associated with chemoresistance.  Consistent with our microarray data, qRT-PCR 
showed that TOP2A was severely downregulated (Fig. 19), a result that was 
reproducible by Western analysis in OVCAR3 cells but not in OVCAR5 cells (Fig. 20), 
suggesting that these effects are transient and/or evident only at the transcriptional 
level.   
 

 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Western 
blot demonstrating 
effects of I3C, 
bortezomib, and 
combination 
treatment on protein 
levels categorized 
by function.  Actin 
was used as a loading 
control. 
 
 
 
 
 
 
 
 

 
 
Besides promoting cell death and inhibiting cancer progression, the combination of 
I3C and bortezomib deregulated other biological processes including ER stress, 
protein folding, centrosome and mitotic spindle apparatus, carcinogen metabolism, 
metabolic pathways, and cytoskeletal regulators.  Representative target genes (e.g. 
DDIT3, HSPA6, CENPF) from each of these processes were validated by qRT-PCR 
with the majority of them demonstrating regulation as determined by microarray 
analysis (Fig. 19).   
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Overall, we found that co-treatment with I3C and bortezomib causes widespread 
gene deregulation that impinges on multiple pathways ultimately resulting in cell 
death (Fig. 21).   
 
 

 
 

Figure 21.  Pleiotropic effect of I3C and bortezomib on multiple biological processes.  
Representative target genes with log-fold changes >1.5 or <-1.5 (p<0.0025) are shown. 

 
 
This data has particular relevance in light of recent phase II data demonstrating 
limited single-agent activity of bortezomib in recurrent ovarian cancer [3].  The finding 
that I3C, a natural dietary phytochemical found in cruciferous vegetables, 
synergistically sensitizes ovarian cancer cells to the cytotoxic effects of bortezomib 
may lead to a novel therapeutic combination. 
 
We are currently in the process of submitting this manuscript, entitled “Synergistic 
cytotoxicity of Indole-3-Carbinol (I3C) and Bortezomib in Epithelial Ovarian Cancer 
Cells” for publication. 

 
Task 7:  siRNA experiments against cyclin E and SKP2 using ovarian cancer 
cell lines that overexpress both proteins 
 
Small interfering RNAs (siRNAs) against cyclin E and SKP2 were purchased from 
Sigma Aldrich and introduced into the OVCAR3 cell line (which expressed high 
endogenous levels of cyclin E and SKP2).  We were able to achieve partial knock-
down of protein expression levels of the two targets (figure 22).  However, we found 
the cells with cyclin E knock-down to grow poorly and to be a poor experimental 
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system for further manipulation, such as treatment with drugs.  Furthermore, we were 
initially interested in SKP2 as a target for inhibition in tumors that overexpress cyclin 
E.  Based on the negative data generated in task 6 (no difference in cell proliferation 
in cells expressing different levels of cyclin E when treated with the proteasome 
inhibitor bortezomib) and the generation of only partial knock-down of SKP2 levels, 
we did not pursue further experiments with these cells. 

 
 

 
 

   
Figure 22.  Small interfering RNA inhibition of cyclin E (upper panel) and SKP2 in 
OVCAR3 ovarian cancer cells.  Western blotting data demonstrate partial knock-down of 
the two target proteins. 
 

 
Task 8: In vivo tumor xenograft experiments 
 
We are in the process of performing in vivo tumor xenograft experiments.  Twenty 
nude mice have been injected with OVCAR5 cells into each flank.  Five mice will be 
treated with intraperitoneal I3C twice a week, five mice will be treated with 
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intraperitoneal bortezomib twice a week, five mice will be treated with the 
combination of intraperitoneal I3C and bortezomib twice a week, and five control mice 
will be injected with intraperitoneal PBS twice a week.  Tumors will be measured 
twice a week to determine whether the combination of treatment with I3C and 
bortezomib will reproduce a synergistic result in an in vivo setting. 
 
 

Task 9: Data analysis and manuscript generation and grant preparation 
 
Data analysis has been on-going throughout the year and has driven the experimental 
processes, with re-evaluation of hypotheses and generation of additional experiments 
to address the evolving data.  Data from specific aim 3 were presented in poster format 
at the 2010 AACR meeting in Washington DC (see appendix).  A manuscript is 
currently being generated with this data and will be submitted for publication in the next 
month.  A review article on ovarian cancer biomarkers was published during the first 
year by myself and a mentor on this award, Beth Karlan (see appendix) [4].  Dr. Karlan 
provided me with the opportunity to write this review to further support my academic 
and career development activities related to ovarian cancer research.   
 
 
KEY RESEARCH ACCOMPLISHMENTS 
 

 We found synergistic cytotoxicity of I3C and bortezomib in ovarian cancer 
cell lines with differing levels of cyclin E expression.  These findings provide 
a potential novel therapeutic option in the treatment of ovarian cancer 
expressing high or low levels of cyclin E.  This may have particular clinical 
relevance in light of recent phase II clinical data showing limited activity of 
bortezomib as a single-agent in recurrent ovarian or peritoneal carcinomas. 

 We have infected ovaries from K5-TVA transgenic, P53 conditional mutant 
mice with RCAS viruses causing overexpression of various oncogenes 
(oncogenic P53, cyclin E, myc, K-ras, AKT).  This did not result in 
transformation of ovarian surface epithelial cells into epithelial ovarian 
carcinoma.  We are crossing these mice with p53 -/- null mice and will be 
repeating the experiments in year 3. 

 We have collected 188 clinical samples and will be performing a panel of 
IHC staining and FISH analysis for CCNE1 in year 3. 

 We examined gene expression profiles among cyclin E overexpressing 
ovarian cancers and found the co-expressed genes to be drivers of the cell 
cycle rather than neighboring genes on the CCNE1 gene locus. 

 
 
REPORTABLE OUTCOMES 
 

 Taylor-Harding B, Agadjanian H, Nassanian H, Berenson JR, Miller C, 
Karlan BY, Orsulic S, Walsh CS.  The natural dietary phytochemical Indole-
3-Carbinol (I3C) sensitizes ovarian cancer cells to the proteasome inhibitor 
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bortezomib.  Abstract presented as poster at the American Association for 
Cancer Research meeting in Washington D.C., April 2010 

 Walsh CS, Karlan BY.  Molecular signatures of ovarian cancer: from 
detection to prognosis.  Mol Diagn Ther 14(1):13-22, 2010 

 Taylor-Harding B, Agadjanian H, Nassanian H, Kwon S, Guo X, Miller C, 
Karlan BY, Orsulic S, Walsh CS.  Synergistic cytotoxicity of Indole-3-
Carbinol (I3C) and Bortezomib in Epithelial Ovarian Cancer Cells.  
Manuscript in preparation. 

 
 
CONCLUSION 
 
At the genetic level, ovarian cancer is characterized by a large degree of genetic 
instability.  High copy-number amplification at the CCNE1 (cyclin E) gene locus is the 
single most notable recurrent change, occurring in about 20% of tumors.  We have 
hypothesized that CCNE1 gene amplification is an initiating event in the carcinogenic 
process of a subset of epithelial ovarian cancers.  We have further hypothesized that 
this subset of tumors can be treated with specific targeted therapies, based on the 
biology of cyclin E overexpression.  In the first two years of this award, we have made 
progress towards testing our hypothesis of cyclin E-induced ovarian cancer initiation in 
a mouse model.  We have successfully crossed the K5-TVA mice with P53 conditional 
mutant mice to generate the model for introduction of genetic changes to ovarian 
surface epithelial cells.  We have constructed the vectors to introduce full-length cyclin 
E and a truncated low molecular weight isoform of cyclin E and other collaborating 
genetic events into the mouse model.  Our initial attempts to cause transformation of 
normal mouse ovarian surface epithelial cells through introduction of various oncogenic 
drivers were not successful.  We are hypothesizing that the mouse model, which 
utilizes a p53 conditional mutant that is reported to function as a dominant negative 
protein, is not completely suppressing p53 activity, allowing for cells to undergo 
apoptosis under oncogenic stress.  We are making modifications to our model and are 
currently crossing in a p53 null allele in order to inactivate the p53 wild-type activity and 
more closely recapitulate the human oncogenic condition (p53 mutant allele with loss 
of heterozygosity of the wild-type allele).   
 
In testing for a targeted response of cyclin E-overexpressing cells, we have 
demonstrated that the proteasome inhibitor bortezomib does not affect ovarian cancer 
cells through a cyclin E-mediated pathway.  However, based on the biology of low 
molecular weight cyclin E isoforms, we found a natural dietary phytochemical called 
Indole-3-Carbinol (I3C) that disrupts cyclin E processing through the inhibition of the 
elastase enzyme.  When combining I3C with bortezomib, we found I3C to 
synergistically sensitize ovarian cancer cells to bortezomib.  This was true of various 
ovarian cancer cell lines, irrespective of the cyclin E expression levels.  The 
mechanism of synergy was explored through microarray and validation studies.  Co-
treatment caused gene expression changes affecting carcinogenesis, 
chemoresistance, endoplasmic reticulum stress, cytoskeletal regulation, and other 
metabolic pathways.  These findings have translational potential as bortezomib as a 
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single-agent was found to have minimal activity in a phase II treatment trial of recurrent 
ovarian cancer.  This finding could re-introduce bortezomib to the therapeutic 
armamentarium against ovarian cancer if the in vitro results replicate in mice and 
humans.   
 
In the upcoming year of the grant, we look forward to further examining the potential 
ovarian cancer initiating effects of cyclin E overexpression in ovarian surface epithelial 
cells with our modified mouse model.  We will also examine and describe the genetic 
events that occur commonly among cyclin E overexpressing clinical ovarian cancer 
samples and look for clues to the biology underlying these tumors.  Finally, we will 
make correlations between various immunohistochemical protein expression patterns, 
cyclin E gene amplification, and clinical outcomes in patients.
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Ovarian Cancer Cells to the Proteasome Inhibitor Bortezomib 

through Inhibition of Cyclin E Activity 
Barbie Taylor-Harding1, Hasmik Agadjanian1, Hoorig Nassanian1, James R. Berenson2, Carl Miller1, Beth Y. Karlan1, Sandra Orsulic1, and Christine Walsh1
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Epithelial ovarian cancer (EOC) remains the leading cause 
of gynecologic cancer mortality. Cyclin E deregulation is an 
important initial event in a subset of EOCs associated with 
poor outcome. The proteasome inhibitor bortezomib has 
been shown to inhibit the growth of both ovarian and 
colorectal tumor cell lines through upregulation of p27, 
indicating its potential therapeutic role in the subset of 
ovarian cancers that overexpress cyclin E. As many as five 
low molecular weight (LMW) isoforms of cyclin E exist in 
cancer tissues, while only the 50-kDa cyclin E form is 
expressed in normal tissues. These LMW isoforms are 
generated via proteolysis of the normal 50-kDa cyclin E 
form by elastase. Proteolytic activity of elastase can be 
selectively inhibited by indole-3-carbinol (I3C), a natural 
component of Brassica vegetables and potent 
anticarcinogen. Considering the specific inhibitory 
properties of I3C and bortezomib in the processing and 
potential expression of cyclin E, respectively, we 
hypothesize that ovarian cancers overexpressing cyclin E 
may demonstrate an enhanced response to targeted 
combination therapy with I3C and bortezomib.

Results

Methods
Viability of OVCAR3 and OVCAR5  human ovarian cancer 
cells ± I3C and ± bortezomib for 48 h was assessed by MTT 
assays.

Synergy between I3C and bortezomib was determined using 
isobologram analysis using Calcusyn software; combination 
indices (CI)<1.0 are considered synergistic. 

FACS analysis of Annexin V and propidium iodide (PI) 
stained cells was used to discriminate between early and late 
apoptosis in OVCAR3 and OVCAR5 cells treated with ± I3C 
and ± bortezomib for 24 h.

Western blotting was used for protein expression analysis of 
OVCAR3 and OVCAR5 cells treated with ± I3C and ± 
bortezomib for 24 h.

Real-time PCR was used for gene expression analysis.

Our data demonstrate synergistic cytotoxicity of I3C and 
bortezomib, through premature apoptosis and impairment of 
cell cycle progression. Our findings support a possible 
therapeutic role for I3C and bortezomib in the treatment of 
ovarian cancers expressing high or low levels of cyclin E. 

Translational Potential
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