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Abstract
The PI3 kinase/Akt pathway is commonly deregulated in human cancers, functioning in such
processes as proliferation, glucose metabolism, survival and motility. We have previously
described a novel function for one of the Akt isoforms (Akt3) in primary endothelial cells: the
control of VEGF-induced mitochondrial biogenesis. We sought to determine if Akt3 played a
similar role in carcinoma cells. Since the PI3 kinase/Akt pathway has been strongly implicated as
a key regulator in ovarian carcinoma, we tested the role of Akt3 in this tumor type. Silencing of
Akt3 by shRNA did not cause an overt reduction in mitochondrial gene expression in a series of
PTEN positive ovarian cancer cells. Rather, we find that blockade of Akt3, results in smaller, less
vascularized tumors in a xenograft mouse model that is correlated with a reduction in VEGF
expression. We find that blockade of Akt3, but not Akt1, results in a reduction in VEGF secretion
and retention of VEGF protein in the endoplasmic reticulum (ER). The reduction in secretion
under conditions of Akt3 blockade is, at least in part, due to the down regulation of the resident
golgi protein and reported tumor cell marker, RCAS1. Conversely, over-expression of Akt3 results
in an increase in RCAS1 expression and in VEGF secretion. Silencing of RCAS1 using siRNA
inhibits VEGF secretion. These findings suggest an important role for Akt3 in the regulation of
RCAS1 and VEGF secretion in ovarian cancer cells.
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Introduction
Ovarian cancer continues to be a major cause of death in women worldwide, accounting for
at least 4% of all diagnosed cancers in women. Most ovarian cancer patients present with
advanced disease and even with aggressive treatment most patients relapse and develop
drug-resistance. As survival rates are approximately 3 years, new therapies are required for
the treatment of ovarian cancer. One promising avenue for ovarian cancer cell treatment is
inhibition of angiogenesis. New vessel development is crucial for the reproductive cycle and
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normal ovarian function, and is implicated during ovarian cancer development1.
Angiogenesis is thought to be a relatively early event in ovarian cancer. Although ovarian
tumors spread via peritoneal dissemination, new vasculature is required for the growth of the
primary tumor and the metastases are dependent on new vessels for their sustained growth2.

Angiogenesis is required for the growth, maintenance, and metastasis of tumors. Vascular
endothelial growth factor (VEGF) is widely accepted to be a main inducer of vascularization
and angiogenesis, both during development and during the growth of primary tumors.
Tumors, under hypoxic conditions, induce the expression of VEGF via the hypoxia-
inducible transcription factor Hif1α 3-5. VEGF then stimulates an angiogenic response via
VEGF receptors (VEGFR1 and VEGFR2) expressed on endothelial cells. New vessels
supply the growing tumor with appropriate nutrients and oxygen for further development
and metastasis. Although VEGF receptors had been thought to be specific to endothelial
cells, it has become clear that many tumors, including ovarian cancer cells, express these
receptors and are responsive to VEGF, resulting in a paracrine loop 6. In addition, VEGF is
found in fluid-filled cysts generated during ovarian cancer development which is required
for ascites formation1. VEGF levels are a negative prognostic indicator: patients with high
levels of VEGF have significantly lower survival rates. Anti-VEGF treatments such as
bevacizumab, a monoclonal antibody directed against VEGF, has shown some promise for
the treatment of drug resistant ovarian cancer 7, however, new targets for inhibition of this
signaling pathway need to be developed.

PI3K is up-regulated in approximately 40% of all ovarian cancers and its downstream
effectors, Akt1 and Akt2, are also activated and/or over-expressed in a variety of tumors
including ovarian cancers8. Akt3 is up-regulated in over 20% of primary ovarian tumors and
has been shown to be involved in the regulation of the G2/M transition9. Although the Akt
family members share approximately 80% homology at the amino acid level, have similar
domain structure including pleckstrin homology (PH), kinase and regulatory domains and
are PI3 kinase (PI3K) dependent 10, 11, there is emerging evidence that each family member
has differential function depending on the cell type. For example, Akt1 is required for breast
cancer development in MMTV-Her2/neu driven cancers, whereas ablation of Akt2 results in
increased carcinogenesis12. Akt2 is amplified and over-expressed in a large fraction of
pancreatic cancers 13, 14 and has recently been shown to be critical for the metastasis of
colorectal cancers 15. Akt3 activity is increased in over 70% of melanoma acting as an
important cell survival factor in this type of cancer 9, 16. In some tumor cells Akt1 can
increase the stability and/or translation of the hypoxia inducible factor Hif1α thus acting
upstream of VEGF production 17-20.

Akt3 is important for maintenance of brain homeostasis 21, 22. We have previously shown
that Akt3 is an important regulator of mitochondrial biogenesis in primary endothelial cells
and that this function is specifically regulated by Akt3, not by Akt1. Indeed, Akt3 null
animals display a mitochondrial phenotype in brain tissue 23. We sought to test whether
inhibition of Akt3 leads to changes in mitochondrial function in tumors derived from
carcinoma cells similarly to that described in endothelial cells. Silencing of Akt3 by shRNA
did not result in an overt reduction in mitochondrial function in PTEN positive cancer cells,
assessed either by changes in mitochondrial-specific expression or by changes in the rate of
O2 consumption. Using a xenograft mouse model, we show that Akt3 knockdown results in
smaller tumor size and in decreased VEGF secretion and vascularization. Blockade of Akt3,
not Akt1, results in a reduction in VEGF secretion by ovarian cancer cells. This reduction is
not due to inhibition of VEGF expression but is instead due to retention of VEGF protein in
the endoplasmic reticulum. The reduction in secretion is, at least in part, due to the reduced
expression of the RCAS-1 tumor cell marker. Indeed, knockdown of RCAS-1 expression
using RNAi also results in a decreased secretion of VEGF. Over-expression of Akt3 results
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in increased RCAS1 expression and in VEGF secretion. These findings suggest an important
role for Akt3 in the regulation of VEGF secretion in ovarian cancer cells.

Materials and Methods
Cell Culture and Lentiviral Transduction

786-O cells were obtained from ATTC and maintained in DMEM supplemented as below.
ES2, SKOV3, and A2789 ovarian cancer cells and PANC1 pancreatic cancer cells (gifts
from S. Eblen and C. Schweinfest, Medical University of South Carolina) were maintained
at 37°C with 5% CO2 in McCoy's 5A (ES2) or DMEM (SKOV3, A2789 and PANC-1)
(Lonza, Basal, Switzerland) supplemented with L-glutamine, 10% fetal bovine serum (FBS,
Valley Biomedical Inc, Winchester, VA, USA) and 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA). Serum starved medium was supplemented with 0.1% FBS and 1% penicillin/
streptomycin.

Mission shRNA lentiviral constructs directed against Akt1 and Akt3 were purchased from
Sigma/Aldrich. A scrambled pLKO.1 shRNA vector was purchased from Addgene.
Lentiviruses were propagated in 293T cells, maintained in DMEM supplemented as above.
Lentiviral production was performed using psPAX2 and pMD2.G packaging vectors
purchased from Addgene using the protocol for producing lentiviral particles from Addgene.
For transduction of target cells, 7.5 × 105 cells were plated on 100 mm2 plates and allowed
to incubate overnight. The next day cells were transduceded using a final concentration of 1
μg/ml polybrene and either scrambled control, Akt1 or Akt3 shRNA lentiviruses. All
transductions were monitored for appropriate knockdown by RT-PCR.

RNAi directed against RCAS1 (Santa Cruz, Santa Cruz, CA) or against Akt3 (Upstate-
Smart Pool, Lake Placid, NY) were transiently transfected using Lipofectamine (Invitrogen)
by procedures outlined by the manufacturer. Cells were assessed 48 hours post transfection.
A full length Akt3 expression vector was purchased from Genecopoeia, Inc. (Rockville,
MD).

All primer pairs are listed as follows: Akt3: forward 5′ TGGACAAAGATGGCCACATA 3′,
reverse 5′ ATCAAGAGCCCTGAAAGCAA 3′; CoxII: forward 5′
TCCATGATCACGCCCTCATA 3′, reverse 5′ TAAAGGATGCGTAGGGATGG 3′;
HPRT: forward 5′ CTTGCTCGAGATGTGATGA 3′, reverse 5′
GTCTGCATTGTTTTGCCAGTG 3′; RCAS1: forward 5′ GAGTGGACTTCCTGGGATGA
3′, reverse 5′ CCCATGCATTGGTATTTTCC 3′; VEGF: forward 5′
CGAAACCATGAACTTTCTGC 3′, reverse 5′ CCTCAGTGGGCACACACTCC 3′; S26:
forward 5′ CTCCGGTCCGTGCCTCCAAG 3′,reverse 5′
CAGAGAATAGCCTGTCTTCAG 3′.

Gene Array Analyses
To assess Akt3 specific target genes, Atlas nylon based gene arrays (Clontech, Mountain
View, CA, USA) were used for microarray analyses in procedures described by the
manufacturer. Briefly, total RNA isolated from ES2 cells transduced with scrambled or Akt3
shRNA was used to create 32P-radiolabeled for hybridization to the Atlas Select Human
Oncogene array. This array contained approximately 600 genes that were differentially
expressed between MCF7 breast carcinoma cells and MCF7-ErbB2, a breast carcinoma
over-expressing the tyrosine kinase receptor, ErbB2. Akt3-specific changes in gene
expression were assessed by autoradiography followed by analysis using AtlasImage
software in procedures provided by the manufacturer (Clontech).
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Western Blot Analyses, Antibodies and Immunoprecipitation
The antibodies used for Western blot analysis are as follows: anti-p85 subunit of PI3K
(Upstate Biotechnology, Lake Placid, New York), anti-actin (Sigma-Aldrich, St. Louis, MO,
USA), anti-Akt1/2 (Santa Cruz, Santa Cruz, CA, USA), anti-Akt3 (UpState Biotechnology),
anti-phospho-specific Akt (Cell Signaling, Danvers, MA, USA, UpState Biotechnology),
and anti-VEGF (Santa Cruz). Appropriate HRP-conjugated secondary antibodies were
purchased from Caltag (Invitrogen, Carlsbad, CA, USA).

For Western blot analyses of conditioned media, media of transduced cells was changed to
serum starvation media for 6 hours, collected and concentrated by Centricon centrifugal
concentrators MW 3000 (Millipore, Billerica, MA, USA) to 400μl. For total cell lysate,
treated cells were washed once with 1X PBS and lysed in 1× NP40 Lysis Buffer (50mM
Tris-HCl, pH7.4, 150mM NaCl, 40mM NaF, 0.5mM Na3PO4, 1% NP40) supplemented with
Complete Protease Inhibitors without EDTA (Roche, Palo Alto, CA, USA) and 200 μM
Na3PO4. Protein concentrations were determined by a BCA protein assay (Pierce, Rockford,
IL, USA). Equal volumes of supernatant or amounts of protein were resolved by either 10%
or 12% SDS-PAGE and transferred onto Immobilon-P PVDF membranes (Millipore). Blots
were blocked in Blotto (5% nonfat dry milk in TBS (150mM NaCl, 10mM Tris pH7.4) plus
0.1% Tween-20) for 30 min and then probed with appropriate antibodies overnight at 4°C.
Proteins were visualized using Luminol Reagent (Santa Cruz).

For immunoprecipitations, equal amounts of protein were incubated overnight with antibody
at 4°C. The appropriate amount of antibody was empirically determined to insure antibody
excess. Protein A and G Sepharose (Amersham Biosciences, Piscataway, NJ, USA) was
added for an additional 45 min. Immunoprecipitates were pelleted, washed with 1 ml 1×
NP40 Lysis Buffer, resolved on SDS-PAGE and subjected to Western blot analysis.

Measurements of O2 consumption
A Seahorse Bioscience XF24 instrument was used to measure the rate of change of
dissolved O2 and pH in medium immediately surrounding ES2 cells transduced with
scrambled or Akt3 shRNA lentiviruses. Measurements were performed using a cartridge
where 24 optical fluorescent O2 and pH sensors are configured as individual well
“plungers.” For measurements of rates, the plungers gently descended into the wells,
forming a chamber that entraps the cells in ∼7 μl volume. O2 concentration and pH were
measured over 1 min, a period of time that this is insufficient for >5–10% change in gross
O2 levels. The rates of O2 consumption were obtained from the slopes of concentration
changes vs. time. For preparation of the cell plate for assay with the XF24 instrument, 1 ml
of Krebs-Henseleit buffer lacking bicarbonate (111 mM NaCl, 4.7 mM KCl, 2.0 mM
MgSO4, 1.2 mM Na2HPO4, 0.24 mM MgCl2, 2.5 mM glucose, 0.5 mM carnitine, and 100
nM insulin) warmed to 37°C was added to each well containing 0.5 × 106 ES2 cells. These
assays were performed in at least triplicate three independent times.

RT-PCR
For RT-PCR, RNA was extracted with Qiagen RNeasy Mini Kit (Hilden, Germany)
following manufacturer's instructions. cDNA was synthesized from 2μg total RNA with a
Superscript First Strand Synthesis Kit (Invitrogen), using Oligo(dT) following the
manufacturer's instructions. PCR reactions contained equal amounts of cDNA and 1.25 μM
of the appropriate primer pair (Sigma-Proligo, St. Louis, MO, USA) as listed in Table 1.
Cycling conditions were: 94°C for 5 min; 30-35 cycles of 94°C for 1 min, 55-65°C (based
on primer Tm) for 1 min, 72°C for 1min; 72°C for 7 min and cooled to 4°C. Cycle number
was empirically determined to be within the linear range of the assay for each primer pair
used. All semi-quantitative RT-PCR was performed in tandem with hypoxanthine-guanine
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phosphoribosyltransferase (HPRT) or the ribosomal protein subunit S26 primers as internal
controls. Products were run on 1-1.5% (based on product size) agarose gels and visualized
on a BioRad Molecular Imaging System (Hercules, CA, USA).

Real time PCR was performed using a Brilliant CYBR green QPCR kit in combination with
an Mx3000P Real-Time PCR system both purchased from Stratagene. Internal control
primers that detect S26 were used. Real time PCR was performed at least three independent
times and at least in triplicate.

Xenograft Model
ES2 cells transduced with scrambled control or Akt3 shRNA lentivirus were selected for
two weeks with puromycin at 500ng/ml. Adult female SCID mice were injected
subcutaneously (dorsal flank) at 107 cells of either the scrambled control (left) or Akt3
shRNA expressing ES2 cells (right). After 7 days, tumors were dissected, fixed, weighed,
and standard paraffin embedding, sectioning, and staining with hematoxylin and eosin
(H&E) were performed for microscopic examination.

Statistical analysis was performed using a Sign Test, a nonparametric test of whether there is
a difference in the weights of tumors from the two types of cells injected.

Cellular Fractionation
Endoplasmic reticulum isolation was performed by procedures described in Current
Protocols 24. Briefly, ES2 cells either transduced with scrambled or Akt3 shRNA
lentiviruses for 48 hours. Cells were scraped into PBS and homogenized using a dounce
homogenizer. Homogenized cell lysates were adjusted to 1.4M sucrose and layered under a
discontinuous sucrose gradient of 1.2 and 0.8M and over a gradient of 1.6M. During
centrifugation in a Beckman SW41 at 110×g for 2hr, the ER membranes (heavier) are
separated from the Golgi membranes and resolve between the 1.4 and 1.6M layers. Protein
concentrations are measured and ER fractions were resolved by SDS PAGE followed by
Western blot analysis.

Confocal Microscopy
Transduced cells were seeded onto poly-L-lysine (Sigma) coated cover slips (Fisher,
Pittsburgh, PA, USA) and incubated to allow for attachment overnight. Cells were fixed in
3.7% formaldehyde in 1X PBS pH 7.4 for 20 min, washed in PBS and permeabilized in
0.1% Triton X-100 for 20min. After washing in PBS fixed cells were blocked with 5%
bovine serum albumin (BSA) in 1X PBS for 30 min with gentle agitation. Cells were
incubated with the primary antibody KDEL (gift from Vincent Dammai, Medical University
of South Carolina), RCAS1 or VEGF (Santa Cruz) (concentrations of which were
empirically determined) for 1 hr, washed in PBS and incubated with the appropriate
secondary antibody for 1 hr. Washed cover slips were mounted in Gel/Mount (Biomeda
Corporation Foster City, CA, USA) for visualization. Confocal microscopy was performed
using the Olympus IX70 microscope equipped with the Fluoview confocal system. Z-stacks
were performed with a step size of 0.4 μm and a 60× oil immersion objective.

Tumor tissue samples were dissected from xenograft models and immediately fixed in 4%
paraformaldehyde in 1X PBS for 24 hr. Samples were paraffin imbedded and sectioned at 5
μm. Samples were blocked in 5% BSA in 1X PBS for 10 min and rinsed briefly in 1X PBS.
Samples were incubated at room temperature with either 1X PBS for control, VEGF primary
antibody (AbCam, Cambridge, MA) or anti-α smooth muscle actin (Dako, Denmark) in 1X
PBS for 1 hr, then briefly rinsed in 1X PBS. Secondary rabbit-488 or goat-546 AlexaFluor
antibody (Invitrogen) was diluted 1:100 in 5% BSA in 1X PBS and applied to samples for
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30 min room temperature. Secondary antibody was quenched with distilled water. Samples
were then rehydrated through graded alcohols and cleared in xylene twice for 5 min.
Samples were mounted in Gel/Mount and cover slipped for visualization using confocal
microscopy.

Confocal microscopy was performed using the Olympus IX70 microscope equipped with the
Fluoview confocal system. Z-stacks were performed with a step size of 0.4 μm and a 60× oil
immersion objective.

Results
Akt3 silencing does not affect mitochondrial function in PTEN positive cell lines

Our previous studies have shown a role for the serine threonine kinase Akt3 (PKBγ) in the
regulation of mitochondrial biogenesis in response to VEGF in primary endothelial cells.
We sought to test whether this Akt3-specific function was retained in carcinoma cell lines.
Using a series of carcinoma cell lines which are all PTEN positive we compared the level of
Akt1/2 and Akt3 to a PTEN negative renal cell carcinoma cell line, 786/0. As shown in
Figure 1A, the ovarian cancer cell lines ES2, SKOV3 and A2789 and PANC1, a pancreatic
cancer cell line, express high levels of Akt3 as compared to the PTEN negative renal cell
carcinoma cell line, 786/O. Since ES2 cells had the highest levels of Akt3 expression, we
tested the role of Akt3 in mitochondrial gene expression in this cell line using a lentiviral
shRNA expression system. Figure 1B shows knockdown of Akt3 protein expression after 48
hours of transduction using a shRNA directed against Akt3 as compared to a scrambled
control. Under conditions of Akt3 knockdown, there is little effect on Akt1 levels in this cell
line. However, as shown in Figure 1C there is no concurrent repression of mitochondrial
coxII gene expression under conditions of Akt3 knockdown nor was there an overt change
in mitochondrial DNA content (data not shown). Knockdown of Akt3 expression in ES2
cells did not cause a statistically significant reduction in O2 consumption rates (Fig. 1D).
Similar results were obtained using the PANC1 cell line (data not shown). These findings
are in direct contrast to those obtained in endothelial cells where mitochondrial DNA
content, expression and oxygen consumption are down-regulated in response to Akt3
knockdown 23. These findings suggest that Akt3 does not function directly to regulate
mitochondrial biogenesis in carcinoma cell lines as it does in primary endothelial cells.

Akt3 knockdown inhibits tumor growth in a xenograft mouse model
Since Akt3 is over-expressed in at least 20% of primary ovarian tumors and some ovarian
cell lines possess duplications of the Akt3 gene, we decided to focus on the ovarian
carcinoma cell line, ES2, for further study. To test whether Akt3 silencing would result in
changes in tumors grown in vivo a xenograft SCID mouse model was used. ES2 cells were
stably transduced with lentiviruses expressing either a scrambled control or Akt3 shRNA.
Equal amounts of cells were injected subcutaneously into the flank of female SCID mice;
each mouse was subjected to two injections, scrambled control and Akt3 shRNA, one on
each flank. Tumors were isolated after seven days, weighed and fixed for further analysis.
Tumors derived from scrambled control were markedly larger than those derived from ES2
cells expressing Akt3 shRNA. There was a greater than 2-fold size difference in all 12
matched tumors samples (Fig. 2A). These differences were found to be statistically
significant (p =0.0386). As shown in Figure 2B, there is little difference in tumor cell
proliferation as measured by direct cell counts between Akt3 and scrambled control cells.

Akt3 controls VEGF expression and tumor vascularization
Tumors obtained above were sectioned and subjected to H&E staining. Figure 3A shows a
comparison of H&E staining between tumors derived from scrambled control or Akt3
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shRNA expressing ES2 cells. This staining shows a reduction in red blood cell infiltration
(bright red staining) in tumors derived from ES2 cells expressing the shRNA directed
against Akt3. Indeed, tumors derived from these cells appeared to have fewer vessels than
the scrambled control tumors. Additionally, areas of early stage and late stage necrosis were
observed in both tumor types. High levels of necrosis in the Akt3 shRNA expressing tumors
could be due to a lack of vascular involvement. To test whether Akt3 silencing resulted in
reductions in vessel density, tumor sections were stained using an antibody directed against
α-smooth muscle actin. Figure 3B shows the results of these experiments. Tumors derived
from ES2 cells expressing a scrambled control shRNA have a much higher vessel number
per field than those tumor samples derived from ES2 cells expressing an Akt3 shRNA.
Quantitation of tumor vasculature is shown in Figure 3C.

Since VEGF is a primary inducer of an angiogenic phenotype, VEGF expression was
assessed in the tumor samples using an antibody directed against VEGF. As shown in Figure
3D, in scramble control tumors VEGF staining in the extracellular matrix is clearly shown
whereas tumors derived from cells expressing Akt3 shRNA show marked decrease in VEGF
staining. Images are shown using identical parameters. Quantitation shows at least a 2-fold
decrease in the expression of VEGF in Akt3 knockdown tumors in this model. Taken
together our results suggest that Akt3 is required for the secretion VEGF thus promoting
growth and vascularization of ovarian cancer cells.

Akt3 is required for VEGF secretion
To test whether Akt3 silencing resulted in an effect on VEGF expression in ES2 cells,
VEGF expression was tested by RT-PCR and Western blot analysis of both total and
secreted protein after 48 hours of shRNA treatment. Akt3 silencing does not markedly affect
the expression of VEGF on the mRNA level (Fig. 4A and 4B). However, Akt3 silencing
results in increased protein expression, as shown by Western blot analysis of total protein
(Fig. 4C). This increased protein expression is correlated with a decrease in the secretion of
VEGF, as shown by the Western blot of VEGF contained within conditioned media (Fig.
4C). As shown by ELISA, VEGF concentrations in conditioned media show a 3- to 4-fold
reduction under conditions of Akt3 silencing (Fig. 4D). These results were confirmed in two
additional ovarian cancer cell lines, SKOV3 and A2789 (data not shown) and suggest that
Akt3 silencing may interfere with VEGF secretion resulting in accumulation within the
cells.

To test whether knockdown of Akt3 resulted in an accumulation of VEGF, ES2 cells were
transduced with lentiviruses expressing shRNA directed against Akt3 or scrambled control
for 48 hours and subjected to immunofluorescence using antibodies directed against VEGF
and the endoplasmic reticulum (ER) marker KDEL. As shown by the confocal imaging in
Figure 4E, Akt3 silencing results in an increased co-localization of VEGF and KDEL,
indicating a potential accumulation of VEGF in the ER. To confirm the accumulation of
VEGF in the ER, cellular fractionation was performed using sucrose gradient centrifugation.
As shown by the Western blot in Figure 4F, Akt3 silencing results in a VEGF accumulation
in the ER fraction as demonstrated using the ER marker Calreticulin.

To insure that the reduction in VEGF secretion was not due to off-target effects of the
shRNA, these analyses were repeated using transient transfection of an RNAi directed
against Akt3 that is a different sequence than the shRNA lentiviruses. Quantitation of the
resultant Akt3 knock down using this RNAi is shown in Figure 5A. This RNAi similarly
reduces the secretion of VEGF (Fig. 5B). To show specificity of this pathway to Akt3, Akt1
was similarly silenced using an RNAi directly against Akt1 in ES2 cells. As shown in Figure
5C, knockdown of Akt1, does not affect the expression of VEGF nor does it down regulate
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VEGF secretion into conditioned media. These findings suggest that VEGF secretion is
specifically regulated by Akt3, not by Akt1.

Akt3 is required for the expression of the RCAS1 ovarian tumor cell marker
To begin to assess potential targets regulated by Akt3, ES2 cells treated either with Akt3
shRNA or a scrambled control shRNA were assessed for changes in gene expression using a
nylon based gene array that contains 600 genes found to be differentially expressed between
wild type MCF7 breast cancer cells and MCF7 cells expressing high levels of Her2/neu.
Only a small subset of genes was Akt3 dependent (Table 1, suppl.), however, RCAS1
(Receptor binding Cancer Antigen expressed on SiSo cells), an ovarian tumor cell marker
whose expression correlates with VEGF expression, was markedly reduced. Confirmation of
the gene array is shown by real time PCR of RCAS1 in the presence of Akt3 shRNA as
compared to the levels expressed in a scrambled control shRNA (Fig. 6A). This reduction in
mRNA expression is also correlated with a decreased RCAS1 protein expression by both
shAkt3 and Akt3 RNAi (Fig. 6B) suggesting that Akt3 is required for the expression of
RCAS1.

Inhibition of the Akt3/RCAS1 pathway results in VEGF accumulation in the endoplasmic
reticulum

RCAS1 expression is associated with advanced disease of a number of different cancer
types, including ovarian cancer, and is correlated with increased VEGF expression and
tumor vasculature in human tumor samples 25. The subcellular location of RCAS1 seems to
vary depending on tumor type and particular tumor stage but has been shown, at least in
MCF7 breast cancer cells, to localize to the Golgi 26. Since we find that VEGF accumulates
in the ER we asked whether RCAS1 was also located in this cellular compartment. ES2 cells
were subjected to immunofluorescence using antibodies against RCAS1 and KDEL. As
shown in Figure 6C, fluorescent imaging suggests that RCAS1 is also localized to the ER in
this ovarian cell line.

These findings suggested a linear pathway whereby Akt3 leads to the expression of RCAS1
and to VEGF secretion. To test whether over-expression of Akt3 would lead to increased
RCAS1 expression, ES2 cells were transfected with a construct driving Akt3 expression.
Under conditions of Akt3 over-expression, RCAS1 levels are also increased (Fig. 6D). To
confirm a role of RCAS1 in the regulation of VEGF secretion similar to that observed under
conditions of Akt3 silencing, ES2 cells were transiently transfected either with scrambled
control RNAi or with RNAi directed against RCAS1. As shown in Figure 6E knockdown of
RCAS1 expression results in a decrease in VEGF in conditioned media. Indeed, over-
expression of Akt3 also results in an increased secretion of VEGF which is blocked by co-
transfection of RCAS1 RNAi (Fig. 6F). These results suggest that Akt3 controls the
expression of RCAS1 with in turn affects growth factor secretion.

Discussion
Here we report a novel function for Akt3 in ovarian cancer: control of growth factor
secretion. Blockade of Akt3, not Akt1, results in a marked reduction in the expression of
RCAS1 (EBAG9), a tumor cell marker 27-29 whose expression tightly correlates with VEGF
expression in ovarian and uterine tumor samples 25, 30. In line with this observation, we
show that Akt3 knockdown results in reduced levels of VEGF in conditioned media,
accumulation of VEGF in the endoplasmic reticulum and increased VEGF protein levels in
total cell lysates. Since there are little, if any changes in VEGF mRNA in response to Akt3
knockdown, these findings suggest a role for Akt3 in the secretion of VEGF. This activity is
apparently not completely specific to VEGF since connective tissue growth factor (CTGF)
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another highly angiogenic growth factor, is also reduced in conditioned media (data not
shown). Importantly, this function is not compensated by other Akt family members as Akt1
knockdown does not have a similar effect.

Using a xenograft SCID mouse model, we show that Akt3 silencing results in a statistically
significant reduction in tumor growth. This can be attributed, at least in part, to a reduction
in cellular proliferation (Fig. 2). Akt3 silencing can lead to a slowing of the G2 to M
transition within the cell cycle in some ovarian cancer cell lines 9, although we do not see a
similar effect in ES2 cells. Instead, the reduction in tumor mass is accompanied by a marked
down-regulation of VEGF secretion.

In this in vivo situation, inhibition of growth factor secretion could be affecting autocrine
signals. For example, many ovarian cancer cell lines express receptors for VEGF and are
thought to be responsive to this growth factor in an autocrine fashion 6. A similar scenario
could be envisioned for other Akt3-dependent secreted factors such as CTGF. These
findings suggest that blockade of Akt3 may result not only in an effect on neoangiogenesis
but also on tumor cell growth per se.

The tumor antigen RCAS1 also plays a role in the Akt3 secretory pathway. Its expression
levels are reduced by Akt3 silencing while inhibition of RCAS1 expression using RNAi
results in decreased VEGF secretion. Indeed, down regulation of RCAS1 blocks an Akt3-
dependent increase in VEGF secretion. We have been unsuccessful in the rescue of VEGF
secretion by RCAS1 over-expression. Over-expression of RCAS1 results in a marked
reduction in VEGF secretion that is only slightly increased in the absence of Akt3. Taken
together, these findings suggest that perturbations in physiological levels of RCAS1 may
disturb normal cellular secretion and that RCAS1 is necessary but not sufficient for VEGF
secretion.

Exactly how RCAS1 influences cellular secretion is unclear. Its expression is elevated in
some uterine and ovarian cancers and its level of expression correlated with poor prognosis.
Originally RCAS1 was defined as a tumor cell surface antigen as recognized by the 22-1-1
monoclonal antibody derived against SiSo cells 31. There is recent data, however, that
suggests that RCAS1 is not the tumor surface antigen itself but is a resident Golgi protein
that promotes the secretion of the TN glycan antigen found on the surface of tumor cells 32.
The 22-1-1 monoclonal antibody therefore recognizes the TN glycan antigen and not
RCAS1 26. Indeed, RCAS1 can associate with certain SNARE complexes which reside in
secretory vesicles and can act to modulate cellular secretion 33. We show RCAS1 is also
localized to the ER; interestingly its subcellular localization seems to vary depending on
tumor stage and cell type. Our studies are consistent with a role for RCAS1 in the Akt3-
dependent regulation of VEGF secretion. The exact mechanism by with Akt3 regulates
RCAS1 is presently under investigation.

It is interesting that the Akt3-dependent mitochondrial phenotype observed in endothelial
cells is not similarly recapitulated in the carcinoma cell lines. Although our initial gene array
analyses blocking the expression of Akt3 had evidence for small changes in the expression
(<2-fold) of some nuclear encoded mitochondrial genes, overt changes in mitochondrial
function or in mitochondrial DNA copy number was not evident in carcinoma cells. The
lack of Akt3 in these cells could be compensated by other family members expressed in
epithelial cells such as Akt2. Akt2 expression is not detected in primary endothelial cells 34.
Whether blockade of Akt2 and Akt3 simultaneously will allow for detectable reductions in
mitochondrial function will have to be determined. However, the lack of an Akt3 effect on
mitochondrial function in the epithelial cell lines could also be due to high mutation rates of
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mitochondrial DNA in tumor cells or due to changes in glycolytic capacities (Warburg
effect) also known to occur during tumorigenesis 35-37.

In summary, the findings presented above show an important role for Akt3 in the ovarian
tumorigenesis; via the regulation of growth factor secretion. Since Akt3 is pivotal for
mitochondrial function and endothelial cell energetics 23, it is interesting to speculate that
blockade of Akt3 in an in vivo model may also result in a reduction in the activation of
endothelial cells toward an angiogenic phenotype. Inhibition of Akt3 then could have dual
targets, both tumor cells and their secretion of angiogenic factors and the ability to launch an
angiogenic response. Taken together, these findings suggest that Akt3 may present as an
important target for therapeutic intervention for the treatment of ovarian cancer.
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Fig. 1. Akt3 inhibition does not affect mitochondrial function
(A) Western blot analysis of Akt1/2 and Akt3 in 786/0 (PTEN-) renal carcinoma, and four
PTEN positive cell lines ES2, PANC-1, SKOV3 and A2789. Actin is shown as a loading
control. Relative ratios of Akt3 expression as compared to actin are shown. (B) Western blot
analysis of Akt1 and Akt3 expression in ES2 cells treated with shRNA scrambled control
(SCR) or Akt3 shRNA. The p85 PI3 kinase subunit is used as an internal control. (C)
Quantitative RT-PCR of total RNA isolated from ES2 cells treated with an shRNA
scrambled control (SCR) or Akt3 shRNA for the times indicated using primers directed
against Akt3, mitochondrial coxII and HPRT as an internal control. Relative quantities are

Liby et al. Page 13

Int J Cancer. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shown. (D) Graphical representation of O2 consumption rates obtained in real time of ES2
cells transduced with either a scrambled control (SCR) or Akt3 shRNA lentivirus.
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Fig. 2. Blockade of Akt3 expression results in reduced tumor growth in a xenograft mouse model
(A) ES2 cells were stably transduced with either a shRNA scrambled control (SCR) or Akt3
shRNA, injected subcutaneously into SCID mice and allowed to develop for 7 days. Tumors
were dissected, fixed and weighed. A graph showing weight of 12 matched tumors are
shown. The bar indicates the average weight of each tumor type. (B) Equal numbers of ES2
cells transduced with either a shRNA scrambled control (SCR) or Akt3 shRNA were plated
and directly counted for the times indicated. The p value is indicated.
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Fig. 3. Akt3 silencing in tumors results in smaller, less vascularized tumors
(A) H&E staining of paraffin sections within the tumors grown in SCID mice. Different
magnifications are shown. (B) Fluorescent images of paraffin sections of tumors derived
from cells either expressing scrambled (SCR) or Akt3 shRNA stained using an antibody
against α-smooth muscle actin to visualize blood vessels. (C) Quantitation of number of
vessels per field of scrambled control (SCR) and shAKT3 expressing tumors. Six fields per
section of three independent tumor sections were counted. (D) Fluorescent images of
paraffin sections of tumors derived from cells either expressing scrambled (SCR) or Akt3
shRNA stained using an antibody against VEGF. A no primary control is shown using
scrambled control sections. Each fluorescent image was obtained using identical parameters.

Liby et al. Page 17

Int J Cancer. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Liby et al. Page 18

Int J Cancer. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Silencing of Akt3 inhibits VEGF secretion
(A) PCR of total RNA isolated from ES2 cells treated with a shRNA scrambled control
(SCR) or Akt3 shRNA (shAkt3) using primers directed against VEGF and HPRT as an
internal control. (B) Quantitation of VEGF expression by real time PCR in ES2 cells as
treated in A. (C) Western blot analysis of VEGF expression in ES2 cells treated as in A
using either total lysate or conditioned media, from the same cells. The PI3K subunit p85 is
used as a loading control and relative ratios of VEGF expression is shown. (D) Quantitation
of VEGF within conditioned media of cells treated as above performed by ELISA. (E)
Visualization of VEGF (red) and KDEL (green) by confocal analyses of ES2 cells treated
with scrambled or Akt3 shRNA lentiviruses. Merged images are also shown. (F) Western
blot analysis of an ER fraction derived from sucrose gradient centrifugation of either
scrambled control (SCR) or Akt3 shRNA transduced cells were assessed for expression of
VEGF and the ER marker, Calreticulin. Relative ratios of VEGF expression compared to
Calreticulin are shown.
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Fig. 5. Akt1 is not required for VEGF secretion
(A) Real time PCR analysis of total RNA isolated from ES2 cells transiently transfected
with an Akt3 RNAi unrelated to the Akt3 shRNA. (B) Western blot analysis of VEGF in
conditioned media from cells similarly transfected. Relative ratios of VEGF compared to the
internal control are shown. (C) PCR analysis of RNA isolated from ES2 cells treated with a
shRNA scrambled control (SCR) or Akt1 shRNA lentivirus using primers directed against
Akt1, VEGF and S26 as an internal control. (D) Western blot analysis of VEGF expression
in conditioned media from ES2 cells treated as in B. Relative ratios of VEGF compared to
the internal control are shown.
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Fig. 6. RCAS1 is localized to the ER and is required for VEGF secretion
(A) Real time PCR analysis of RCAS1 expression in total RNA isolated from ES2 cells
transduced with an Akt3 shRNA or scrambled control. Expression is shown relative to S26
as an internal control. (B) Western blot analysis of RCAS1 expression in cells treated either
with shAkt3 (top) or with Akt3 RNAi (bottom). Relative ratios are shown. (C) Fluorescent
images of ES2 cells stained using antibodies against KDEL (green) and RCAS1 (red) and
the resultant merged images. (D) RTPCR of RCAS1 and Akt3 expression in cells
transfected with either an empty vector control or two different amounts of an Akt3
expression vector. Relative ratios of both RCAS1 and Akt3 are shown. (D) Western blot
analysis of VEGF from conditioned media derived from cells ES2 cells transfected with an
RNAi directed against RCAS1 or a scrambled control. p85 is shown as a loading control and
relative ratios are shown. (E) Western blot analysis of VEGF in conditioned media from ES2
cells transfected with an Akt3 expression vector with or without co-transfection of an
RCAS1 RNAi. p85 is shown as an internal control and relative ratios are shown.
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Table 1
Akt3 Dependent Genes

Genes Down-Regulated Accession Number Fold Change

RCAS1 (EBAG9) NM_198120.1 >4

Casein kinase 1 gamma 2 U89896 >3

Ras-related Rab5a NM_004162.4 >3

Genes Up-Regulated Accession Number Fold Change

Prostate apoptosis response protein (Par-4) U63809 >2

NM23-H2 L16785 >2

HMG-17 M12623 >2

Thymosin B10 M92381 >2

60S ribosomal protein L7 NM_000971.3 >2

Eukaryotic initiation factor 4B X55733 >2

Polyadenylate binding protein Y00345 >2

ATP synthase, mitochondrial F1 complex O subunit X83218 >2

List of genes either down or up-regulated in ES2 cells expressing Akt3 shRNA as compared to cells expressing a scrambled control shRNA.
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