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Abstract
Identification and characterization of underlying genetic aberrations could facilitate diagnosis and
treatment of ovarian cancer. Copy number analysis using array Comparative Genomic
Hybridization (aCGH) on 93 primary ovarian tumors identified PI3K/AKT pathway as the most
frequently altered cancer related pathway. Furthermore, survival analyses to correlate gene copy
number and mutation data with patient outcome showed that copy number gains of PIK3CA,
PIK3CB and PIK3R4 in these tumors were associated with decreased survival. To confirm these
findings at the protein level, immunohistochemistry (IHC) for PIK3CA product p110α and p-Akt
was performed on tissue microarrays from 522 independent serous ovarian cancers.
Overexpression of either of these two proteins was found to be associated with decreased survival.
Multivariant analysis from these samples further showed that overexpression of p-AKT and /or
p110α is an independent prognostic factor for these tumors. siRNAs targeting altered PI3K/AKT
pathway genes inhibited proliferation and induced apoptosis in ovarian cancer cell lines. In
addition, the effect of the siRNAs in different cell lines seemed to correlate with the particular
genetic alterations that the cell line carries. These results strongly support the utilization of PI3K
pathway inhibitors in ovarian cancer. They also suggest identifying the specific component in the
PI3K pathway that is genetically altered has the potential to help select the most effective therapy.
Both mutation as well as copy number changes can be used as predictive markers for this purpose.
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INTRODUCTION
Epithelial ovarian cancer is the leading cause of death from gynecological malignancies and
the fifth most common malignancy among American women, with an overall survival rate
as low as 30%. Many genetic changes are involved in the development and progression of
ovarian cancer. Identifying these genetic defects will improve our understanding of
molecular mechanisms for ovarian cancer, and may contribute to improved detection,
prognostication and therapy. Array comparative genomic hybridization (aCGH) detects
DNA copy number alterations and is widely used to identify genomic regions that may
harbor oncogenes or tumor suppressor genes in cancer (Pinkel and Albertson 2005).
However, as pathways rather than individual genes govern the course of tumorigenesis
(Vogelstein and Kinzler 2004), it is useful to analyze genes in the context of biological
pathways in order to clarify the molecular mechanism underpinning cancer development.

The significance of the PI3K/AKT pathway in ovarian cancer has been reported previously
(Lu, et al. 2003; Mills, et al. 2001; Vivanco and Sawyers 2002); Genetic evidence of
deregulation of PI3K/AKT signaling in ovarian cancer includes gain-of-function mutations
and amplifications of PI3K genes, amplification of AKT2, and allelic imbalance and
mutations in PTEN. However, multiple signaling pathways are involved in ovarian cancer
(Bell 2005; Nicosia, et al. 2003). Thus, in order to develop effective therapeutic strategies it
is necessary to dissect the relative contribution of various pathways. In this study, we
identified genomic regions harboring the most frequent DNA copy number changes in a
panel of 93 primary ovarian cancers. The specific genetic copy number aberrations in these
regions were analyzed in the context of signaling pathways and evaluated for associations
with clinical outcome. Finally, we investigated the effectiveness of inhibiting the PI3K/AKT
pathway in ovarian cancer cell lines with specific genetic alterations using siRNA
knockdown as a surrogate for targeted therapy.

MATERIALS AND METHODS
Tissues

A total of 93 fresh frozen (set 1) and 522 archival ovarian tumors (set 2) were analyzed. The
frozen tumors were used for aCGH and PI3KCA mutation analysis and were collected at
University of Pennsylvania and University of Turin, Italy. The independent set of 522
archival tumors were used for tissue-array analysis and were collected at Helsinki University
Central Hospital. Clinical outcome data were available on 55/93 tumors in set 1 and all of
the archival samples in set 2.

For aCGH and the initial survival analysis, 93 tumors (Set I) were immediately snap-frozen
and stored at −80 °C. Hematoxylin-eosin (H&E) staining was performed and the tissue was
analyzed by a study pathologist for confirmation of the percentage of malignant tissue in the
block. Only tissues with more than 70% tumor cells were used in the study. 10 µm sections
were treated with Proteinase K digestion followed by phenol-chloroform extraction to
achieve an optimal quality of genomic DNA (ODA260/A280 >1.70).

Cell Lines and Cell Culture
Four ovarian cancer cell lines: A2008, OVCAR8, UPN251 and OVCAR10 and two
immortalized normal human ovarian surface epithelium (HOSE) cell lines were used. All
cancer cell lines were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum 2mM L-glutamine, 100 U/ml
penicillin and 0.1 mg/ml streptomycin (all from Invitrogen) in a humidified, 5% CO2
incubator at 37°C. HOSE cells were generously provided by Dr. Birrer (IOSE6) and Dr.
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Auersperg (HOSE398). Immortalized HOSEs were cultured in 1:1 media 199/MCDB 105
(Sigma, St. Louis, MO) supplemented with 15% fetal bovine serum.

Array CGH
Array construction and hybridization protocols have been described previously (Greshock,
et al. 2007). This assay is composed of ~4,100 bacterial artificial chromosome (BAC) clones
spaced in ~1 Mb intervals across the genome (Greshock, et al. 2004). Upon construction, a
specific effort was made to cover known cancer genes (n = ~400). Prior to printing on
commercially available microarray slides, BAC clone DNA was isolated, amplified,
lyophilized and then resuspended in 50% DMSO. Briefly, genomic DNA was isolated from
frozen tumors or cultured cells by overnight digestion, phenol-chloroform extraction and
ethanol precipitation. One µg of tumor and reference DNA were labeled with Cy3 or Cy5,
respectively (Amersham, Piscataway, NJ) using the BioPrime random-primed labeling kit
(Invitrogen, Carlsbad, CA). In parallel experiments, tumor DNA and reference DNA were
labeled with the opposite dye, in order to account for difference in dye incorporation and
provide additional data for analysis. Labeled tumor and reference DNA were combined and
precipitated with human Cot-1 DNA to reduce non-specific binding. DNA was resuspended
and hybridized to the array for 72h at 37°C on a rotating platform. Images were scanned
with an Axon 4500 microarray scanner (Axon, Union City, CA) and analyzed with GenePix
software (Axon). For each sample, copy number estimates were made by the CBS method
using the DNAcopy package in R programming language (Olshen, et al. 2004). The purpose
of this method is to reduce noise and translate intensity measurements into regions of
contiguous copy number. All samples were run in duplicate. Per the algorithmic
requirements of CBS, copy number alterations must be represented by a minimum of two
clones. A segmental log2 Cy3/Cy5 ratio cutoff of ± 0.25 was used for calling regional gains
and losses. Using this approach, copy number alterations scored by single clones, when
concordant between experiments, will be correctly identified as such.

Pathway Analysis for DNA Copy Number Alterations
The pathway visualization tool GenMAPP was used to evaluate copy number aberrations in
nine signaling pathways. Only genes that were gained or had lost at least one copy in at least
15% of samples were included for the analysis. The frequencies of gains or losses of genes
across the sample set were used as the indicator of “signal strength”.

Pathway Analysis for Expression Microarray Data
Pathway analysis for ovarian cancer expression data was performed using the Ingenuity
Pathway Analysis software. Two publically available sets of data were analyzed. The first
dataset is from Welsh et al (Welsh, et al. 2001) (22 tumors and 4 normal tissues, after
excluding tumors with less than 30% of cancer cells); the second data set was obtained from
the GEO database (Accession # GSE6008, 41 serous tumors and 4 normal ovaries).
Significantly differentially expressed genes between ovarian tumors and normal tissues
(p<0.05) from both sets were imported into the Ingenuity Pathway Analysis software to
access the significance of canonical pathways in each dataset.

Mutational Analyses of PIK3CA in Ovarian Tumors
Genomic DNA was isolated from fresh frozen tumor specimens. Primer sequences for
PIK3CA were published previously (Nakayama, et al. 2006; Samuels, et al. 2004). PCR was
performed using GoTaq Green master mix (Promega-Madison, WI) and standard conditions.
PCR fragments were cleaned with QIAquick® PCR Purification Kit (Qiagen Inc., Valencia,
CA) and sequenced utilizing an ABI 3100A capillary genetic analyzer (Applied Biosystems,
Foster City, CA) and analyzed in both sense and antisense directions for the presence of
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heterozygous mutations. Analysis of the DNA sequence was performed using Sequencher®
v4.5 (Gene Codes Corp., Ann Arbor, MI) followed by visual analysis of each
electropherogram by two independent reviewers. Appropriate positive and negative controls
were included for each of the exons evaluated.

Quantitative Real-Time PCR
We validated the aCGH data with quantitative PCR of PIK3CA, the most frequently gained
gene in the PI3K/AKT pathway in this sample set. TaqMan primers and probes labeled with
FAM and TAMRA were designed using Primer Express software (Applied Biosystems,
Foster City, CA) and synthesized by ABI. The data were collected using the Applied
Biosystems Prism 7900HT Sequence Detection System, analyzed with SDS v2.1 and Excel
(Microsoft Corp., Redmond, WA, USA). DNA copy number was calculated relative to TBP
(TATA box binding protein; mapping to 6q27), which is relatively stable at DNA level in
human cancers determined by the aCGH data in this study. The correlation between aCGH
segmented data and quantitative PCR copy number in 42 ovarian tumors with available
DNA was 0.76 for PIK3CA. Primers and probes used were:

PIK3CA-QF: 5’ GGATTCCACACTGCACTGTTAATAA 3’

PIK3CA-QR: 5’ TGCTGTTCATGGATTGTGCAA 3’

PIK3CA-QP: 5’ FAM TCCTATGCAATCGGTCTTTGCCTGCT TAMARA 3’

TBP-QF: 5’ GGTGGTGTTGTGAGAAGATGGA 3’

TBP-QR: 5’ GGCACTTACAGAAGGGCATCA 3’

TBP-QP: 5’ FAM CTGGTGCCACACCCTGCAACTCAA TAMARA 3’

Tissue Microarray Construction
The tissue microarrays were constructed as described previously (Kononen, et al. 1998).
Briefly, tumor and normal tissues were embedded in paraffin and five-µm sections stained
with H&E were obtained to select representative areas for biopsies. Core tissue biopsy
specimens (diameter 0.8 mm) were taken from these areas of individual donor paraffin
blocks and precisely arrayed into a new recipient paraffin block with a custom-built
instrument (Beecher Instruments, Silver Spring, MD). Tissue specimens from 34 normal
ovarian and 23 normal fallopian tube (normal equivalent of serous epithelium) samples and
522 serous ovarian carcinomas were arranged in six recipient paraffin blocks. Four core
tissue biopsies were obtained from each specimen. The presence of tumor tissue on the
arrayed samples was verified on the H&E stained section.

Immunohistochemistry
Five-µm-thick sections were cut from each block on coated slides and dried overnight at 37
°C. The sections were deparaffinized in xylene and rehydrated through graded
concentrations of ethanol to distilled water, and then boiled in citrate buffer (pH 6.0) in
microwave oven for 20 min. Primary antibodies incubated for 1 hour at room temperature
were: polyclonal rabbit anti-PI3Kinase p110α (#4254, dilution 1:25) and monoclonal rabbit
anti-phospho-Akt (#3787, dilution 1:25). Both antibodies came from Cell Signaling
Technology (MA, USA). The procedure was performed in a TechMate 500 automated
machine (DAB detection kit; Dako ChemMate) and the sections were lightly counterstained
with Mayer’s hematoxylin. The background for phosho-Akt staining was measured by
incubating the primary antibody with blocking peptide (#1140, Cell Signaling Technology,
MA, USA) and the background for PI3Kinase p110α staining was meansured by omitting
the primary antibody in the staining solution. The staining results were interpreted as
follows: staining corresponding to that seen in the epithelium of the Fallopian tube (normal
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serous epithelium) was considered as normal and staining intensity exceeding this was
considered as elevated. The reader of staining intensity was blinded to the clinical outcome
data.

Survival Analysis
Survival analysis was performed using the Kaplan-Meier survival curves with MedCalc
software (MedCalc Software, Mariakerke, Belgium) and compared with the use of log-rank
statistics. A p-value <0.05 was regarded significant. A Cox Proportional Hazards Model was
used to identify independent prognostic factors for overall survival in the 522 patients in set
2. The study consisted of 522 patients treated for serous ovarian carcinoma at the
Department of Obstetrics and Gynecology of the Helsinki University Central Hospital
between 1964–2000 (median of recruitment 1989). The serous histology of all carcinomas
had originally been determined by a gynecological pathologist and was verified by one of
the authors (R.B.). The clinical information of the patients was extracted from the hospital
records, and additional survival information was obtained from the Population Register
Centre, where all death certificates are collected in Finland. To be included in the study, data
of primary treatment and the survival status of the patient were required. In 406 (78%) of the
522 patients included in the study, total abdominal hysterectomy and bilateral salpingo-
ophorectomy were performed along with surgical removal of tumor masses, and in 173 of
these also pelvic and/or para-aortic lymphadenectomy was performed. In 61 (12%) cases
uni- or bilateral salpingo-ophorectomy was performed, and in 55 (10%) cases only biopsies
were obtained in the primary surgery. The tumor samples for the study were obtained from
the primary surgery before patients recieved any chemotherapy. In 347 cases (66%)
platinum-based combination therapy was given as first-line chemotherapy, and in 101 of
these cases paclitaxel was given in combination with platinum compound. In 104 (20%)
cases, the patient recieved other than platinum-based chemotherapy and/or radiotherapy, and
in 71 (14%) cases no adjuvant therapy was given. Ovarian carcinoma specific overall
survival was calculated from the date of diagnosis to death from ovarian carcinoma. Patients
who died of intercurrent causes or were alive at follow-up were censored. The median
follow-up of patients alive at the end of the study period was 5.2 years (range, 0.4 to 36.1
years). The 5-year overall survival rate for the whole cohort was 49% (95% CI, 44%–53%).

RNA Interference/ Transfection of Synthetic siRNA
Synthetic SMARTpool reagent siRNA targeting human AKT1, AKT2, PIK3CA, PIK3CB, and
PIK3R1 (Dharmacon, Chicago, IL) or appropriate siCONTROL non-targeting siRNAs
(Dharmacon) were transfected into cultured cells. Transfection was performed using
HiPerfect transfection reagent (Qiagen) following the manufacturer’s instructions. Ovarian
cancer cell lines were cultured in 6-well plates in antibiotics-free 10% fetal bovine serum
plus medium. Upon 70~80% confluency, transfection of siRNAs at 100 nM was performed.
Triplicate transfection was performed for each experiment group and the experiment was
repeated at least two additional times. Total protein was extracted to confirm decreased
expression of target genes by western blot 72 hours after transfection. The specificity of
siRNA knock-down experiments was also tested with western blot using the antibody to
other isoforms of the target proteins. For proliferation and apoptosis assays, cells were
counted and plated in 96-well plates at 3000cell/well and cultured for 24 additional hours
after the initial 72-hr transfection and subjected to the experiments.

Protein Isolation and Western Blot
Total protein from cell lines was extracted with M-PER mammalian protein extraction
reagent (PIERCE, Rorkford, IL). Ten micrograms of total protein was electrophoresed in a
4–20% SDS-PAGE gel, transferred to a PVDF membrane (Millipore, Billerica, MA) in a
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA) at 15 V for
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30 min, blocked for 2 h at room temperature with 5% skim milk in Tris-buffered saline
containing 0.05% Tween 20 (TTBS) and incubated overnight with primary antibodies
diluted according to the manufacturer’s protocols. Antibodies to Akt1, Akt2, phospho-Akt
and β-actin were obtained from Cell Signaling Technology (Danvers, MA); to p85α was
obtained from Upstate (Charlottesville, VA); to p110α was obtained from BD Pharmingen
(San Diego, CA); to p110β (S-19) was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The membrane was then probed with secondary peroxidase-conjugated anti-
mouse or anti-rabbit antibodies (1:2,000 dilution in TTBS, Cell Signaling, Danvers, MA) for
1 h and developed with a LumiGLO detection kit (Cell Signaling) according to the
manufacturers’ protocols.

Cell Proliferation Assay (MTT)
After siRNA transfection, cell viability was measured using the Cell Proliferation Kit I
(MTT) (Roche, Indianapolis, IN) following the manufacturer’s protocol. Briefly, 10µl of
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) labeling reagent (5
mg/ml MTT in PBS) was added to each well of the 96-well plates and the cells were
incubated for 4 hr at 37°C. Then, 100µl of solubilization solution (DMSO) was added and
the plate was further incubated for 24 hours at 37°C to dissolve the formazan crystals. The
optical density was measured at a wavelength of 570 nm on a Labsystem multiskan
microplate reader (Merck Eurolab, Dietikon, Schweiz). Results represented the OD ratio
between the cells transfected with targeting siRNA or control siRNA.

Histone/DNA ELISA for Detection of Apoptosis
Quantification of apoptotic cell death after siRNA transfection was determined by a ‘Cell
Death Detection ELISA’ kit that measures cytoplasmic histone-DNA fragments produced
during apoptosis following manufacturer’s protocol (Cat. Number 11 544 675 001, Roche,
Indianapolis, IN). Cells cultured in the 96-well plates were centrifuged (200g) for 10 min,
the supernatant was discarded, and lysis buffer was added. After lysis, the samples were
centrifuged and 20µl of the supernatant was transferred to a strepavidin-coated microtitre
plate. Anti-histone biotin and anti-DNA peroxidase antibodies were added to each well, and
the plate was incubated at room temperature for 2 h. After three washes with buffer, the
peroxidase substrate was added to each well. Following a 5-min incubation, the plates were
read at 405 nm in a Labsystem multiskan microplate reader (Merck Eurolab, Dietikon,
Schweiz). The enrichment of histone-DNA fragments is expressed as fold increase in
absorbance as compared with negative-control siRNA transfection.

RESULTS
Pathway analysis of ovarian cancer aCGH data reveals frequent genetic aberrations in the
PI3K/AKT pathway

Ninety-three frozen ovarian cancer specimens (Set I) were assayed by aCGH and analyzed
by Circular Binary Segmentation (CBS) (10). While the copy number status of key PI3K
pathway genes were largely concordant with previous studies (Zhang, et al. 2007), the
frequency of alterations was slightly lower in this study, probably due to the more
conservative CBS approach which requires two or more clones to confirm a copy number
change. Nine canonical signaling pathways were interrogated using GenMAPP analysis
software. These pathways were chosen based on their role in cell proliferation and apoptosis
and their importance in human cancer(Elliott and Blobe 2005; Fesik 2005; Kops, et al. 2005;
Luu, et al. 2004; Olson and Hallahan 2004; Sebolt-Leopold and Herrera 2004; Silva 2004;
Vasilevskaya and O'Dwyer 2003). These pathways included the PI3K/AKT, MAPK, TGF-β,
p38/MAPK, JNK, JAK/STAT, WNT/β-Catenin, NF-κB as well as the apoptosis pathway
(data for all pathways shown in Supplementary Fig. S1). In this sample set, multiple
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components of the PI3K/AKT pathway had frequent amplifications and deletions (Fig. 1).
Importantly, most amplifications and deletions were directionally concordant such that each
could contribute to abnormally increased activity of the pathway, potentially resulting in
survival and cell proliferation advantages. Among the other pathways analyzed, some
pathways, like MAPK, showed copy number aberrations at lower frequencies for certain
components in the pathway; however a majority of pathway components did not harbor
frequent copy number changes. Some other pathways had frequent copy number aberrations
(> 20%) in multiple components, but they were largely “non-directional”, (i.e. not consistent
with oncogenic pathway activation) (Supplementary Fig. S1). For example, in the apoptosis
pathway, the caspase-3 and caspase-6 genes had frequent copy number loss, but frequent
copy number gains were seen in the caspase-2 gene. Also, the anti-apoptotic BCL2 gene had
copy number loss but its inhibitor, pro-apoptotic BAK gene, had copy number gains.
Collectively, these copy number changes would not favor decreased apoptosis and can be
considered noise. Unlike these pathways, copy number changes in the PI3K/AKT pathway
clearly would favor increased proliferation and decreased apoptosis. In the PI3K/AKT
pathway, three of the four catalytic subunits of PI3K (PIK3CA, PIK3CB and PIK3CG) and
two of the four regulatory subunits, PIK3R3 and PIK3R4, had copy number gains in more
than 15% of the samples. Other altered critical components and downstream effectors of this
pathway included gains in AKT2, TERT, and CCND2. In this sample set, 76% of tumors had
at least one copy number aberration and 49% had at least two co-occurring activating events
in a component of PI3K complex and/or an AKT isoform. Mutation analysis for PIK3CA
also identified seven PIK3CA mutations among these tumors (7/93, 8%) (Supplementary
Table S1). PI3K has been suggested as a target for ovarian cancer (Dent, et al. 2009; Zhang,
et al. 2009). Collectively, our data not only support the important role of PI3K in ovarian
cancer, but also suggest that even comparing to other cancer pathways, genetic activation of
the PI3K/AKT pathway as a whole is an important characteristics of ovarian cancer.
Transcriptomics analysis using publicly available ovarian cancer expression microarray data
showed that at mRNA level, PI3K/AKT pathway is also one of the most significantly
deregulated pathways in ovarian cancer (Supplementary Fig. S2 & S3)

Copy number gain of PI3K genes is associated with decreased survival in the 55 frozen
ovarian tumors

Among the 93 frozen ovarian tumors profiled for aCGH (set 1), 55 tumors have clinical data
including survival. To study the impact of copy number aberrations of the PI3K/AKT
signaling pathway on clinical outcome in ovarian cancer, we classified these 55 frozen
tumors on the genomic status of the three most frequently gained genes in this pathway:
PIK3CA, PIK3CB and PIK3R4. There was a significant association of shorter survival time
with copy number gains or mutation of PIK3CA and copy number gains of PIK3CB or
PIK3R4 (Fig. 2). Patients with two copies of wild-type PIK3CA (n=25) in tumor DNA had
significantly greater survival time (59.3 vs.28 months, p=0.036) than those with copy
number gains or mutation (n=30). Patients with tumors that were diploid for PIK3CB (n=36)
or PIK3R4 (n=41) also had longer survival than those with copy number gains (n=19,
p=0.0051 for PIK3CB; n=14, p=0.0185 for PIK3R4). No significant difference in survival
was seen for copy number gain of AKT2 (data not shown) probably because the sample size
for the AKT2 amplified group was too small (only 8 samples). A significant difference in
survival was also detected when tumors were classified as: i) no copy number gains or
mutation in PIK3CA, PIK3CB or PIK3R4 genes (n=23); ii) gains or mutation in only one of
the three genes (n=14); and iii) gains or mutation in two or more of the three genes (n=18).
The group with no detected genetic alterations in any of the three genes had the longest
median survival time (80.4 months), while the group with copy number gains or mutation in
two or more of the above three PI3K genes had the shortest survival (18.2 months,
p=0.0094) (Fig. 2d).
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Overexpression of p110α and/or pAkt is associated with decreased survival in 522 archival
ovarian tumors

To further validate the significance of the PI3K/AKT pathway in survival at protein level,
we assessed the expression of the PIK3CA protein product p110α and p-Akt in an
independent set of 522 serous ovarian carcinomas (Lassus, et al. 2003) (set 2) using
immunohistochemistry. Overexpression of either p110α or p-Akt in these archival tumors
was significantly associated with decreased survival (p<0.0001 and p<0.005, respectively)
(Fig. 3). However there was no significant difference in survival for tumors overexpressing
both proteins (n=12) compared to tumors overexpressing p110α alone or p-Akt alone
(n=141). Multivariant analysis using Cox Proportional Hazards Model further showed that
overexpression of p-Akt and /or p110α in these tumors is an independent prognostic factor
for these patients, besides the known factors like residual tumor size and type of
chemotherapy (Table 1).

Genetic alterations in the PI3K/AKT pathway of the cell lines predict effect of specific
siRNAs targeting different components of the pathway

To test whether PI3K/AKT pathway genomic alterations have functional and possibly
therapeutic implications, some major components of the PI3K/AKT pathway (PIK3CA,
PIK3CB, PIK3R1, AKT1 and AKT2) were knocked down using siRNAs in vitro and the
effect on cell apoptosis or proliferation was studied. We selected four ovarian cancer cell
lines with representative genetic aberrationns: A2008 (PIK3CA mutation); OVCAR8 (AKT2
copy number gain); UPN251 (PIK3CA DNA copy number gain); OVCAR10 (wild type for
both PIK3CA and AKT2); as well as two immortalized normal human ovarian surface
epithelial lines (HOSE) serving as controls. Regardless of the genetic background of the
cancer cells, all siRNA transfections were efficient. Western blottings demonstrated
significantly reduced abundance of the target proteins in cells transfected with the targeted
siRNAs relative to cells transfected with the non-targeting control siRNAs (Fig. 4c & 4d). β-
actin was used as a loading control in all cases.

Notably, none of the siRNAs induced apoptosis in the normal HOSE cell lines. In the cancer
cell lines, AKT2 siRNA was the most effective inducer of apoptosis among all siRNA
treatments in 3 of the 4 cancer cell lines (p<0.05). Only in cell line UPN251, which harbors
a PIK3CA copy number gain, AKT2 and PIK3CA siRNAs showed similar potency in
inducing apoptosis (Fig. 4a). Comparing to other cell lines, in the cell line with an AKT2
copy number gain (OVCAR8), AKT2 siRNA exhibited the strongest overall effect with a
5.53-fold increase of apoptosis and 51% decrease of proliferation (p<0.05). In this particular
cell line OVCAR8, AKT2 siRNA showed the strongest overall effect in apoptosis and
proliferation comparing to all other siRNAs (p<0.05). In a cell line with PIK3CA mutation
(A2008) and a cell line with PIK3CA copy number gain (UPN251) PIK3CA siRNA caused
the greatest decrease of proliferation comparing to other siRNAs (p<0.05) (Fig. 4b),
although this correlation was not observed for apoptosis. For PIK3CA siRNA the strongest
proliferation inhibition effect was observed in A2008 comparing to other cell lines (p<0.05).
These data are consistent with the hypothesis that the genetic background of the cells
determines and predicts response to targeting specific genes in the PI3K/AKT pathway.

DISCUSSION
In this study, by using array CGH to profile genetic aberrations in ovarian cancer, we
identified the PI3K/AKT pathway to be the most frequently affected cancer pathway at
genetic level. The copy number gains of multiple PI3K genes were associated both
individually and additively with decreased patient survival when compared to tumors
lacking copy number changes in the 55 frozen tumors with aCGH data. The overexpression
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of the p110α and p-Akt proteins were confirmed by IHC in an independent set of more than
500 serous ovarian tumors, and the result showed that overexpression of p110α or p-Akt
protein had a significant negative impact on the survival of ovarian cancer patients.
Furthermore, the overexpression of one or both proteins can serve as independent prognostic
factor in this set of archival tumors. Knockdown studies in ovarian cancer cell lines showed
that apoptosis induction and proliferation inhibition effect of the individual siRNAs
targeting PI3K/AKT pathway components correlate with the specific genetic alteration that
the cell line harbors. Collectively, these results suggest that PI3K/AKT pathway genes are
important targets for ovarian cancer treatment and that genetic alterations in these genes may
predict response to such targeted agents.

The tumor samples from this study overlap with the 89 tumors used in the paper from Zhang
L. et al (Zhang, et al. 2007) with 4 additional tumors. In the study by Zhang et al. only PI3K
family genes were studied. Here we looked at the entire PI3K/AKT pathway including genes
downstream of the PI3K complex, and identified PI3K/AKT pathway as one of the most
significantly deregulated cancer pathways in ovarian cancer. Different methods were used to
analyze aCGH data as well. In this study we used a segmentation approach to analyzing
DNA copy number changes. This method is more conservative as it requires two or more
clones to confirm a copy number change. As such, 4/6 amplified PI3K family genes from
Zhang’s paper have slightly lower alteration rates by this method. However even using two
different methods, the result is mostly concordant (Figure 1 of this manuscript and Figure
1A of Zhang et. al) and both reached the same conclusion that multiple PI3K genes are
amplified in ovarian cancer.

Previous microarray studies on ovarian cancer samples focused on identifying individual
genes as potential cancer targets (Ramakrishna, et al.). Analysis of the aCGH data using
GenMAPP software revealed the PI3K/AKT pathway with the most significant copy number
changes relative to eight other signaling pathways implicated in human cancer. Notably, the
frequent copy number changes of various components in the PI3K/AKT pathway were
mostly directionally concordant (i.e. those suggesting oncogenic activation of the pathway
and increased cell survival and proliferation). Multiple PI3K genes were frequently (> 15%)
altered by copy number gain. However, PIK3R1 loss was seen in 22% of samples. The
protein encoded by PIK3R1, the regulatory subunit p85α, actually stabilizes and also inhibits
the activity of the catalytic p110α. This is concordant with our finding that it is more
frequently deleted in tumors where the PI3K pathway is active. In fact, unlike PIK3R3 and
PIK3R4, whose DNA amplification have been reported previously (Soroceanu, et al. 2007)
(Wilting, et al. 2008), copy number loss for PIK3R1 has been reported in breast cancer
(Johannsdottir, et al. 2006). When we took a survey of the published aCGH data, frequent
loss of PIK3R1 loci was identified in tumor samples from different tissue origins
(Supplementary Fig. S4). Deletions within the coding regions of PIK3R1 that causes
truncated proteins have also been reported in GBM (2008) as well as ovarian and colon
tumors (Philp, et al. 2001). These deletions seem to disrupt the interaction between the p85α
and p110α proteins, relieving the inhibitory effects of p85α on p110α. Interestingly, when
we knocked down the expression of PIK3R1 to non-detectable level, apoptosis and
proliferation inhibition in cell lines with activated PI3K/AKT pathway was also observed
(Fig. 4). It is noted that all the deletions we observed in our samples were heterozygous loss.
It is possible that the dosage of PIK3R1 is important. One copy loss of PIK3R1 that causes
reduced expression may activate the downstream pathway. But severe loss of the protein
would cause destablization of p110α and inactivate the PI3K complex. This notion was
supported by a mouse study which showed that for PIK3R1+/− mouse (one allele loss of
PIK3R1), despite the decrease in p85α protein level, PI3-kinase activation was normal, and
insulin-stimulated Akt activity was in fact increased (Mauvais-Jarvis, et al. 2002).
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Although frequent copy number changes were observed for PI3K/AKT pathway genes,
unfortunately gene expression data is not available for this panel of tumors. As an alternative
we analyzed two publicly available ovarian cancer expression microarray datasets. By using
Ingenuity pathway analysis tool, PI3K/AKT pathway was shown to be the most significantly
altered cancer pathway (P-value =7.99E-12) at expression level in the Welsh dataset that
was also used in Zhang’s paper (Welsh, et al. 2001) (the other ovarian dataset used in
Zhang’s paper samples size is too small with only 11 tumors and 4 normals) (Supplementary
Fig. S2). In another independent expression microarray dataset from an ovarian tumor
collection with an even bigger sample size, PI3K/AKT pathway was identified to be the 2nd
most significantly altered pathway with p-value of 1.42E-06 (Supplementary Fig. S3). These
analyses strongly support the notion that the amplification of the PI3K/AKT pathway genes
can be translated into the expression level. To further confirm the significance of PI3K/AKT
pathway activation at protein level, we performed IHC for PIK3CA protein product p110α
and p-Akt in an independent set of 522 serous ovarian carcinomas, and showed that
overexpression of these two proteins are associated with decreased survival, and can be
independent prognostic factor for these tumors. In the previous ovarian paper, among the six
amplified PI3K genes, Zhang et al identified that PIK3R3 was the only one significantly
overexpressed in the two publicly available ovarian cancer expression microarray datasets.
Clearly at genetic level, multiple components along PI3K/AKT pathway can be activated.
By comparing the DNA copy number data from one sample collection with expression data
from a different sample collection, the significance of individual genes can be masked.

A tumor phenotype is predominantly a result of the genetic alterations that occur during
cancer development. Thus, specific genetic changes may segregate with clinical parameters
such as grade and survival (Wilhelm, et al. 2002). Here we demonstrate that copy number
gains of PIK3CA, PIK3CB, and PIK3R4, or overexpression of PIK3CA protein product
p110α and p-AKT protein were significantly associated with decreased survival in two
independent ovarian cancer cohorts. Further, survival was negatively correlated with the
extent of copy number gain of selected PI3K/AKT pathway components. The shortest
survival was observed in patients whose tumors have copy number gains in more than one
gene and longest survival in patients whose tumors harbor no copy number gains of these
genes. However, unlike PIK3CA, there was no significant association between AKT2 copy
number gain and reduced survival. This finding may be explained by the relatively small
sample size of tumors harboring an AKT2 copy number gain (8 out of 55). Also there is no
direct BAC clone covering the AKT2 gene. The closest BAC clone is still over 2Mb away.
Thus the sensitivity and accuracy for detecting AKT2 copy number gains could be
compromised.

Using siRNA gene knockdown, we observed that downregulating key components of the
PI3K/AKT pathway can effectively induce ovarian cancer cell apoptosis and inhibit
proliferation. Non-tumorigenic HOSE cells did not exhibit increased cell death following
any siRNA exposure, suggesting that increased apoptosis caused by inhibition of the PI3K/
AKT pathway may be a tumor-specific phenomenon and that inhibitory agents targeting the
PI3K/AKT pathway might be an opportune choice for treatment of ovarian cancer.
Furthermore, the effect of the siRNAs in different cell lines seemed to correlate with the
specific genetic alterations that the cell line carries. For the siRNA targeting AKT2, the
apoptosis induction and proliferation inhibition effect was most prominent in a cell line with
AKT2 copy number gains (Fig. 4a). Similarly PIK3CA siRNA caused the greatest decrease
of proliferation in a cell line with PIK3CA mutation (A2008) and a cell line with PIK3CA
copy number gain (UPN251), although this correlation was not observed for apoptosis (Fig.
4b). Knockdown of PIK3CA has been shown to attenuate growth of ovarian cancer cell lines
(Zhang, et al. 2009). Mutation in PIK3CA was reported to predict response to PI3K inhibitor
(Ihle, et al. 2009). Our siRNA experiments on 5 different PI3K pathway components further
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suggested that identifying the specific component in the PI3K pathway that is genetically
altered has the potential to help select the most effective therapy. For this purpose, both
mutations as well as copy number changes can serve as predictive markers. This is
particularly important since many therapies targeting different components along PI3K
pathway are currently under clinical development, including Akt, different PI3Ks and
mTOR inhibitors.

Overall, the results from this study suggest that a subset of ovarian cancers is “addicted’ to
the PI3K/AKT pathway and strongly support the development of PI3K/AKT inhibitors for
the treatment of ovarian cancer. The data further suggests that copy number and/or mutation
status of the genes along this pathway can potentially serve as predictive biomarkers for
identifying responsive patients for individual therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GenMAPP view of the PI3K/AKT pathway for the ovarian cancer copy number data
aCGH data for the ninty-three ovarian tumors were analyzed by GenMAPP software. Genes
are labeled by color according to the frequency of copy number aberration. Dark green
represents copy number gains in at least 20% of tumors; light green represents copy number
gains in 15–20% of tumors; dark red represents copy number losses in at least 20% of
tumors; light red represents copy number losses in 15–20 % of tumors; white represents
genes with copy number changes in less than 15% of tumors. The number next to each gene
indicates the exact frequency of copy number aberrations of the gene.
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Figure 2. Copy number aberrations in the PI3K/AKT pathway correlate with patient survival
for the 55 frozen ovarian tumors with aCGH data
For the 55 frozen ovarian tumors that both aCGH and survival data were available, survival
of patients were grouped by genetic aberration status of PIK3CA, PIK3CB and PIK3R4 and
presented as Kaplan Meier curves. The X-axis represents survival (in months) and the Y-
axis represents probability of survival. For panels a, b and c, the blue solid line represents
patients with no copy number gain/mutation; the red dashed line denotes presence of copy
number gain/mutation in the single specified gene. In the combinatorial analysis (panel d),
the blue solid line represents patients with no copy number gain/mutation; the red dashed
line represents patients with copy number gain/mutation in only one of the three PI3K
genes; the orange dotted line represents patients with copy number gain/mutation in more
than one of the three genes. a) Patients grouped by PIK3CA copy number gain/mutation. (P
value = 0.036 between the two groups). b) Patients grouped by PIK3CB copy number gain.
(P value = 0.0051 between the two groups). c) Patients grouped by PIK3R4 copy number
gain. (P value = 0.0185 between the two groups). d) Patients grouped by PIK3CB, PIK3R4
copy number gain and PIK3CA copy number gain/mutation. (P value = 0.0094 between the
group with one genetic alteration and the group with more than one genetic alterations).
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Figure 3. Protein expression levels of PIK3CA and p-Akt correlate with patient survival for the
522 archival ovarian tumors
Data are presented as Kaplan-Meier curves to estimate survival of patients by protein
expression levels of p-Akt and PIK3CA for the 522 archival ovarian tumors. The X-axis
represents survival (in years) and the Y-axis represents probability of survival. a) Patients
grouped by p110α level. The blue solid line represents patients with normal protein levels;
the red dashed line represents patients with elevated p110α protein levels. The survival is
significantly worse for patients with elevated p110α protein (P value < 0.0001). b) Patients
grouped by p-Akt level. The blue solid line represents patients with normal p-Akt protein
level; the red dashed line represents patients with elevated p-Akt protein levels. The survival
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is significantly worse for patients with elevated p-Akt (P value < 0.005). c) Patients grouped
by protein levels of p-Akt and p110α. The blue solid line represents patients with normal
p110α and p-Akt levels; red dashed line represents patients with elevated protein levels of
either p-Akt or p110α; orange dotted line represents patients with elevated protein levels of
both p-Akt and p110α. While there is no significant survival difference between patients
with tumors overexpressing both proteins vs patients with tumors overexpressing one of the
two proteins (p > 0.05), both groups differ significantly from patients with tumors not
overexpressing either of the proteins (p<0.0001).
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Figure 4. Induction of apoptosis and inhibition of proliferation in ovarian cell lines following
siRNA knockdown of specific PI3K/AKT pathway components
The X-axis in a) and b) represents cell lines studied (from left to right): OVCAR10,
OVCAR8 (AKT2 copy number gain), A2008 (PIK3CA mutation), UPN251 (PIK3CA gain),
and two immortalized ovarian epithelial control cell lines: H398 and IOSE6. a) Induction of
apoptosis after siRNA treatments. The Y-axis represents the fold change in apoptosis for the
cells transfected with the respective siRNAs compared to the same cell line transfected with
the control non-targeting siRNA. b) Inhibition of proliferation after siRNA treatments. The
Y-axis represents percentage of proliferation for the cells transfected with the respective
siRNAs relative to the proliferation of the same cells transfected with the control non-
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targeting siRNA. c) Western blot demonstrating the knockdown efficiency of PIK3CA,
PIK3CB and AKT2 using the antibodies for the respective target proteins. d) Western blot
demonstrating the knockdown efficiency of PIK3R1 and AKT1 using the antibodies for the
respective target proteins. The results demonstrate reduced abundance in cells transfected
with targeted siRNAs vs cells transfected with the non-targeting control siRNA. Β-actin was
used as a control in all cases.
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