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ABSTRACT
Ovarian cancer represents one of the most common malignancies among women
with very high mortality rate worldwide. A-kinase anchor protein 4 (AKAP4), a unique
cancer testis (CT) antigen has been shown to be associated with various malignant
properties of cancer cells. However, its involvement in various molecular pathways in
ovarian cancer remains unknown. In present investigation, employing gene silencing
approach, we examined the role of AKAP4 in cell cycle, apoptosis and epithelialmesenchymal transition (EMT). Further, we also investigated the effect of ablation
of AKAP4 on tumor growth in SCID mice ovarian cancer xenograft mouse model. Our
results showed that ablation of AKAP4 resulted in increased reactive oxygen species
(ROS) generation, DNA damage, cell cycle arrest and apoptosis in ovarian cancer
cells. AKAP4 knockdown lead to degradation of protien kinase A (PKA) which was
rescued by proteosome inhibitor MG-132. ROS quencher N-acetyl cysteine (NAC)
treatment rescued cell cycle arrest and resumed cell division. Subsequently, increased
expression of pro-apoptotic molecules and decreased expression of pro-survival/
anti-apoptotic factors was observed. As a result of AKAP4 depletion, DNA damage
response proteins p-γH2AX, p-ATM and p21 were upregulated. Also, knockdown of
CREB resulted in similar findings. Further, PKA inhibitor (H89) and oxidative stress
resulted in similar phenotype of ovarian cancer cells as observed in AKAP4 ablated
cells. Collectively, for the first time our data showed the involvement of AKAP4 in
PKA degradation and perturbed signaling through PKA-CREB axis in AKAP4 ablated
ovarian cancer cells.

INTRODUCTION

of cancer [3]. Recently, role of CT antigens has been
demonstrated in various malignant properties of cancer
cells [4]. In addition, CT antigens are highly immunogenic
and have tumor restricted expression and hence are now
being explored as cancer therapeutic vaccine [5].
Earlier, we reported a novel CT antigen namely A
kinase anchor protein (AKAP4) expression in various
types of malignancies [6–9]. It has been proposed that
AKAP4 functions as a scaffolding protein and tethers
protein kinase A (PKA) in various signaling complexes
and subcellular organelles [10]. PKA regulates various

Ovarian cancer is a complex disease with very
high mortality rate among all gynecological cancers [1].
Majority of patients have recurrent ovarian cancer that
occurs shortly after chemotherapy with limited available
treatment options [2]. Therefore, there is an urgent need
to develop novel therapeutic treatment for better cancer
management. In this regard, a unique class of tumor
associated antigens known as cancer testis (CT) antigens
have been shown to be associated with different types
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aspects of physiology including cell growth, motility
and apoptosis [11]. PKA phosphorylates and mediates
its effects through various substrate including cyclic
AMP response element binding protein (CREB), a
known regulator of various oncogenic processes in
the cell [11, 12]. In this context, pro-survival nature of
PKA-CREB signaling has been reported in NIH3T3
k-ras transformed cells under glucose starvation [13] and
maintenance of ROS homeostasis in melanocytes [14].
In addition, PKA anchoring and its role in metastasis has
been proposed in ovarian cancer cells [15].
Recently, in colorectal cancer cell line model, we
showed that ablation of AKAP4 lead to cell cycle arrest,
cell death, inhibited migration, invasion and reduced
tumor growth [16]. Yet another study showed that ablation
of AKAP4 resulted in reduced tumor growth in esophageal
cancer xenograft mice model [17]. However, the putative
function and involvement of AKAP4 in various signaling
modules and in PKA-CREB signaling has not been studied
in ovarian cancer cells so far. Therefore, in the present
study, employing gene silencing approach, we investigated
the effect of ablation of AKAP4 in ovarian cancer cells
which showed decreased expression of PKA and CREB.
Further, various signaling cascades and malignant
properties involving PKA and CREB were investigated
and found compromised after AKAP4 ablation. Our data
suggests that AKAP4 may play an important role for
ovarian cancer cell survival, and it may be targeted as a
novel therapeutic intervention in ovarian cancer.

significantly inhibited in shRNA2 treated (P = 0.001)
and shRNA3 treated (P = 0.0001; Figure 2A and 2B) as
compared to NC shRNA treated A10 and Caov-3 cells.
Further, effect of AKAP4 knockdown on cell viability
was assessed by MTT (3-(4, 5- dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) assay in A10 and Caov-3
cells, which showed (Figure 2D) significant decrease in
cell viability after shRNA2 (P = 0.0001and P = 0.004)
and shRNA3 (P = 0.0001 and 0.003) treatment in A10 and
Caov-3 cells respectively compared to NC shRNA treated
cells. In addition, cell viability was also confirmed by
Trypan blue exclusion method, which showed (Figure 2E)
significant increase in non viable cell population after
shRNA2 treatment (P = 0.006 and P = 0.004) and shRNA3
treatment (P = 0.007 and P = 0.005) in A10 and Caov-3
cells respectively, compared to NC shRNA treatment.

AKAP4 knockdown induces cell cycle arrest
Further to examine specifically at what phase of
cell cycle, cancer cells are arrested post shRNA treatment,
propidium iodide (PI) staining was performed. PI staining
revealed s-phase arrest (Figure 3A and 3B) in shRNA2
(16%) and shRNA3 (21%) treated A10 cells and (13%)
and (18%) in Caov-3 cells respectively as compared to
(5%) in A10 and (7%) in Caov-3 NC shRNA treated cells.
We subsequently examined the expression of cell cycle
related proteins by Western blotting (Figure 3C and 3D)
and found decreased level of s-phase specific proteins
cyclin A2, cyclin E and CDK2 which are important in
terms of its regulation and progression. We also found
decreased expression of CDK1, CDK4, CDK6, cyclin
D1 and cyclin B1, indicating global inhibition in survival
and cell cycle progression. Further we found decreased
expression of PCNA and β-catenin, and increased
expression of p21 tumor suppressor protein. Next we pretreated ovarian cancer cells with NAC, a reactive oxygen
species quencher to rescue cell cycle arrest. Interestingly,
NAC (4 mm) pre-treatment recovered cells from s-phase
cell cycle arrest and showed an increase of s-phase cell
population by (3%) in case of shRNA2 + NAC treatment
and (1%) in case of shRNA3 + NAC treatment compared
to NC shRNA treated A10 cells (Supplementary Figure
1A). Similarly NAC pre-treatment in Caov-3 cells
showed only (1%) increase in s-phase cell population
in both shRNA2 + NAC and shRNA3 + NAC treatment
compared to NC shRNA treated cells (Supplementary
Figure 1A). Western blot was also carried out (Figure 3E
and 3F) and no difference was found in the expression
of s-phase specific proteins Cyclin A2, Cyclin E and
CDK2 in A10 and Caov-3 and PKA, p-CREB and cleaved
caspage7 in Caov-3. Further, mode of degradation of
PKA was investigated by inhibiting proteosome mediated
degradation. Pre-treatment (before shRNA treatment)
with 500 nm MG-132 (proteosome inhibitor) for 1h
blocked PKA degradation completely (Figure 3F and

RESULTS
AKAP4 gene, protein expression and FACS
AKAP4 gene expression was examined by RT-PCR
which showed presence of AKAP4 gene expression in
all three ovarian cancer cells (Figure 1A). Further, gene
expression was validated by Western blotting which
showed AKAP4 protein expression (Figure 1B). AKAP4
expression is not seen in HEK-293. Subsequently, AKAP4
surface localization was evaluated by fluorescent activated
cell sorting (FACS), which revealed 98% in A10 cells and
99% in Coav-3 cells surface localization as compare to 6%
and 4% in unstained A10 and Coav-3 cells (Figure 1C).

AKAP4 knockdown inhibits cellular
proliferation and cell viability
Effects of AKAP4 ablation on various malignant
properties of cancer cells were investigated in A10 and
Caov-3 cells. Cellular proliferation was significantly
inhibited in shRNA2 treated (P = 0.003 and P = 0.006)
and shRNA3 treated (P = 0.0001 and P = 0.0008)
in A10 and Caov-3 cells respectively (Figure 2C)
compared to NC shRNA treated A10 and Caov-3 cells.
Colony forming ability was also investigated and found
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Supplementary Figure 1B), as shown in Western blot
analysis in Caov-3.

found elevated at 48h (Figure 4C). Further, to confirm
caspase mediated cell death in AKAP4 ablated cells,
Western blot revealed (Figure 4C) increased expression
of pro-apoptotic molecules Apaf-1, BAD, Bak, Bax, and
cleaved caspase 7 in A10 cells and Bid, BAD, Cyto-c and
cleaved caspase 7 in Caov-3 cells. Decreased expression
of anti- apoptotic proteins Bcl-xL in A10 and Bcl-2 in
Caov-3 cells was also observed. Interestingly, caspase
inhibitor rescued apoptotic phenotype and resumed cell
division as shown in PI staining (Supplementary Figure
2A). In addition, no difference was seen in PCNA, PAPR1,
p-ATM (Supplementary Figure 2B). To evaluate whether
AKAP4 knockdown has any effect on PKA mediated
signaling, we carried out Western blotting and found
decreased expression of PKA catalytic subunit in A10,
Caov-3 and SKOV-3 cells (Figure 4C and Supplementary
Figure 1C) post shRNA2 and shRNA3 treatment compare
to NC shRNA treated cells. Phosphorylation of CREB was
also shown to be downregulated after AKAP4 knockdown.
Another important regulator of cell growth and metabolism
is AKT [18], which was also found to be downregulated
after AKAP4 ablation in A10 and Caov-3 cells (Figure 4C).

AKAP4 ablation leads to increased ROS
generation DNA damage and cell death
Intracellular ROS generation after shRNA treatment
in A10 and Caov-3 cells was evaluated by CellRox Deep
Red reagent. As shown in Figure 4A, cells treated with
shRNA2 in A10 and Caov-3 showed 2.39 fold and 1.5
fold increase in ROS generation respectively. Similar
results were obtained when cells were treated with
shRNA3 which showed 2.77 fold and 1.73 fold increased
ROS generation respectively compared to NCshRNA
treated cells. In order to investigate the gene silencing
effect of AKAP4 knockdown on DNA fragmentation and
apoptosis, TUNEL (terminal dUDP nick-end labeling)
assay was performed in A10 and Caov-3 cells 48hr post
transfection. TUNEL assay revealed increased BrdU
positive cells (Figure 4B) in shRNA2 (26%) and shRNA3
(43%) in A10 cells and (27%) and (37%) in Caov-3 cells
respectively as compared to (8%) in A10 and to (5%) in
Caov-3 cells treated with NC shRNA. Further, specific
proteins related to DNA damage response was evaluated
by Western blotting. Phosphorylated γH2AX (H2A histone
family, member X) in A10 and Caov-3 cells was found
downregulated after AKAP4 ablation at 48 hr. However,
p- γH2AX was found upregulated at 24 h and p-ATM
which is an another marker of DNA damage was also

AKAP4 knockdown inhibited wound healing
ability and metastatic markers in A10 and Caov3 cells
In order to study the migration ability phase contrast
images (Figure 5A) were acquired in A10 and Caov-3

Figure 1: AKAP4 gene, protein expression and surface localization. (A) RT-PCR shows AKAP4 gene expression in ovarian

cancer cell line A10, Caov-3 and SKOV3. (B) Western blot shows AKAP4 protein expression in A10, Caov-3, SKOV3 and HEK-293
(negative control). β- actin serves as loading control. (C) FACS analysis shows surface expression of AKAP4 protein in A10 and Caov-3.
FITC positive cells are shown on X-axis in histogram overlay , which shows AKPA4 expression (orange line) in A10 (98%) and Caov-3
(99%) verses (6%) and (4%) in unstained population (black line) of A10 and Caov-3 respectively. The data shown as mean ± standard error
of the mean (SEM) of three independent experiments. *P < 0.05; **P < 0.01.
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cells post NC shRNA, shRNA2 and shRNA3 treatment.
Significant reduction in wound healing ability was
observed in shRNA2 treated (P = 0.001) and shRNA3
treated (P = 0.0001) cells compared to NC shRNA cells
in both A10 and Caov-3 cells. The wound was completely
healed in NC shRNA treated A10 cells within 36 h but
not in shRNA2 and shRNA3 treated A10 cells. Further,
Western blot analysis (Figure 5B) supported decreased
metastatic potential revealing decreased expression of
mesenchymal marker N-cadherin and SLUG and increased
expression of epithelial marker E-cadherin in A10 and
Caov-3 cells after AKAP4 ablation by shRNA2 and
shRNA3 treatment compared to NC shRNA. Migration
assay showed 62% and 73% reduction in A10 and 64%
and 66% in Caov-3 after shRNA2 and shRNA3 treatment

(Figure 5C). Similarly, Invasion assay showed 58% and
63% reduction in A10 and 59% and 64% in Caov-3 after
shRNA2 and shRNA3 treatment compared to NC shRNA
treated cells (Figure 5D).

AKAP4 ablation in ovarian cancer xenograft
reduces tumor growth
Effect of ablation of AKAP4 on tumor growth
in SCID mice ovarian cancer xenograft model was
evaluated. Intra-tumor injection of 50 μg NC shRNA or
shRNA3 was given to control and experimental group on
alternate days. Significant reduction (P = 0.001) in tumor
volume was observed in in vivo tumor xenograft (Figure
5E) after shRNA3 treatment as compared to NC shRNA

Figure 2: AKAP4 knockdown inhibits colony forming ability, cellular proliferation and cell viability. (A and B) Image and

Bar diagram shows colony formation ability of A10 and Caov-3 after NC shRNA, shRNA2 and shRNA3 treatment. Significant inhibition
in colony forming ability was observed in shRNA2 and shRNA3 treated cells compare to NC shRNA treated cells (C) Bar diagram depicts
reduced cellular proliferation at 24 h, 48 h and 72 h in A10 and Caov-3 after AKAP4 knockdown. (D) Bar diagram depicts MTT assay
at 0 h, 24 h, 48 h and 72 h after NC shRNA, shRNA2 and shRNA3 treatment. (E) Trypan blue cell exclusion assay shown in the bar
diagram with significant increase in cell death after AKAP4 ablation. The data shown as mean ± standard error of the mean (SEM) of three
independent experiments. *P < 0.05; **P < 0.01.
www.impactjournals.com/oncotarget

53127

Oncotarget

treatment. Western blot of tumor lysate showed (Figure
5F) decreased expression of AKAP4, PKA and p-CREB in
shRNA3 treated animals compared to NC shRNA animals.

impact of ROS on cell cycle was also evaluated after
H2O2 treatment. PI staining was carried out, which
showed accumulation of 9% cells in s-phase and 23% cells
in G2/M-phase when treated with 40 μm H2O2 in Caov-3
cells and 13% cells in s-phase and 31% cells in G2/Mphase when treated with 80 μm H2O2 compared to 8%
cells in s-phase and 19% cells in G2/M-phase in untreated
population at 24h (Figure 6C). Western blot analysis
further supported cell cycle arrest and showed (Figure 6D)
decreased expression of PKA, p-CREB, cyclin A2, CDK1
and CDK2 after H2O2 treatment in Caov-3 cells.

H89 and ROS treatment resulted in similar
phenotype of Caov-3 cells
PKA inhibitor (H89) and oxidative stress (H2O2
treatment) resulted in similar phenotype of ovarian cancer
cells as observed in AKAP4 ablated cells. To evaluate
direct impact of PKA inhibition, PI staining was carried
out after H89 treatment in Caov-3 cells, which showed
(Figure 6A) accumulation of 13% cells in s-phase after
(30 μm H89) treatment compared to 6% cells in s- phase
in untreated cell population. An increase in sub G0/G1
population and decrease in G2/M- phase cells was also
observed after H89 treatment. Western blot analysis
revealed (Figure 6B) decreased expression of p-CREB,
cyclin A2, cyclin E and CDK2 post H89 treatment,
confirming s-phase cell cycle arrest. Similarly, direct

CREB knockdown mimicked AKAP4 ablated
phenotype in ovarian cancer cells
Ablation of CREB in ovarian cancer cells (A10
and Caov-3) mimicked AKAP4 ablated phenotype. PI
staining after CREB ablation showed s-phase growth
arrest in A10 and Caov-3 cells. In A10, shRNA1 and
shRNA2 treatment showed (9%) and (13%) cells in

Figure 3: AKAP4 knockdown induces cell cycle arrest. (A and B) Histogram shows s-phase growth arrest after PI staining at

48 h in A10 cells and Caov-3 cells respectively. (C and D) Western blot shows various cell cycle related proteins. (E and F) Western blot
shows s-phase specific proteins after 4 mm NAC pre-treatment in A10 and Caov-3 cells and PKA, p-CREB and cleaved caspage7 in Caov3. PKA rescue in Caov-3 is shown after MG-132 (500 nm for 1 h) pre- treatment, β- actin serves as loading control. The data shown as
mean ± standard error of the mean (SEM) of three independent experiments. *P < 0.05; **P < 0.01.
www.impactjournals.com/oncotarget
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DISCUSSION

s-phase, compared to 8% cells after NC shRNA treatment
(Figure 7A). Similarly, CREB ablation in Caov-3 cells
showed (13%) and (12%) accumulation in s-phase
after shRNA1 and shRNA2 treatment, compared to
(6%) NC shRNA treated cells (Figure 7B). An increase
in sub G0/G1 population was also observed in both
the cell lines after CREB ablation. S-phase specific
molecules (cyclinA2, CDK2 and PCNA) were found
downregulated as shown by western blotting in shRNA1
and shRNA2 treated cells (Figure 7C and 7D). After
CREB knockdown, expression of apoptosis associated
molecules (Apaf-1, BAD and cleaved caspase 7) were
found upregulated in ovarian cancer cells as compared
to NC shRNA treated cells (Figure 8A and 8B). In
addition, γH2AX, a known marker of DNA damage was
found upregulated in A10 and Caov-3 cells after CREB
ablation. TUNEL assay was performed in A10 and Caov3 cells 48hr post transfection to examine DNA damage
which revealed increase in BrdU positive cells (43% and
55%) after shRNA2 and shRNA3 treatment in A10 and
(16% and 17%) in Caov-3 cells respectively, as compared
to (7%) and 8%) in A10 and Caov-3 cells treated with NC
shRNA (Figure 8C and 8D).

Epithelial ovarian cancer (EOC) is one of the
major gynecological cancers leading to cancer related
death worldwide [1, 19]. Majority of EOC are diagnosed
at advanced stage with poor prognosis and high
morbidity [1]. Earlier we reported a novel molecule A
kinase anchor protein 4 (AKAP4) [20] and showed its
association with variety of malignancies [6–9]. In present
study we investigated the role of AKAP4 in various
malignant properties in ovarian cancer cells in vitro and
in in vivo ovarian cancer xenograft mouse model. By gene
silencing approach, ablation of AKAP4 in ovarian cancer
cells provoked cell cycle arrest with decreased expression
of key molecules involved in the various events of cell
cycle and reduced tumor growth. In addition, onset of
apoptosis was also observed in AKAP4 ablated cells due
to increased expression of various pro-apoptotic molecules
and decreased expression of anti-apoptotic proteins
indicating that AKAP4 may be a new therapeutic target
for cancer treatment.
In recent studies, putative function of AKAP4
in anchoring Protein kinase A (PKA) in facilitating

Figure 4: AKAP4 ablation leads to increased ROS generation DNA damage and cell death. (A) Bar diagram represents

shows significant increase in ROS generation in MFI (mean fluorescence intensity) after NC shRNA, shRNA2 and shRNA3 treatment in
A10 and Caov-3. (B) Histogram shows increased DNA damage through TUNEL assay after NC shRNA, shRNA2 and shRNA3 treatment
in A10 and Caov-3 cells. (C) Western blot in A10 and Caov-3 cells show upregulation of pro-apoptotic proteins and downregulation of prosurvival and anti-apoptotic proteins after NC shRNA, shRNA2 and shRNA3 treatment, β- actin serves as loading control. The data shown
as mean ± standard error of the mean (SEM) of three independent experiments. *P < 0.05; **P < 0.01.
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downstream signaling involving various cellular
compartments has been documented [10]. In addition,
dysregulation of PKA signaling has been found in various
types of cancers [11]. Also, PKA has been shown to
regulate various physiological processes including cell
growth, metabolism and cell differentiation [10]. It has
been well documented that PKA mediates its downstream
effect through various substrates including cyclic AMP
response element binding protein (CREB), which is
a known regulator of multiple proto-oncogenes [12].
Interestingly, our study in AKAP4 ablated ovarian cancer
cells showed decreased expression of p-CREB, β-catenin,
PCNA, cyclinA2, cyclinB1, cyclinD1, cyclinE along with
their CDK partners which has important role in cellular
proliferation. This phenotype may be attributed due to
decreased expression of p-CREB which has been shown

to be involved in transcribing various cell cycle related
proteins such as cyclinA2, cyclinD1 and PCNA [21–23].
Further, shRNA mediated knockdown of CREB
resulted in similar phenotype. Interestingly, our data
suggests that may be in EOC cells, AKAP4 mediated
anchoring of PKA is important for cell cycle regulation
and its progression which warrants further studies.
Intrigued by decreased expression of PKA due
to AKAP4 knockdown, we further examined whether
pharmacological inhibition of PKA could mimic AKAP4
ablated phenotype in ovarian cancer cells. Interestingly,
pharmacological inhibition of PKA mimicked AKAP4
ablated phenotype in Caov-3 cells. Earlier studies have
shown that pharmacological inhibition of PKA lead to
increased reactive oxygen species (ROS) production
[14], and its quenching by N-acetyl cysteine (NAC)

Figure 5: AKAP4 knockdown inhibits wound healing ability and cellular motility marker in A10 and Caov-3 cells and
reduces tumor growth in SCID mice model. (A) Phase contrast microscopy shows decreased wound healing ability in A10 and
Caov-3 cells after NC shRNA, shRNA2 and shRNA3 treatment. (B) Western blot shows decreased expression of mesenchymal marker and
increased expression of epithelial marker in A10 and Caov-3, β- actin serves as loading control. (C and D) Bar diagram shows significant
reduction in migrated and invaded cells after AKAP4 ablation in A10 and Caov-3 cells compared to NC shRNA treated cells. (E) Tumor
volume was reduced after shRNA3 treatment significantly (P = 0.001) in SCID mice model compared to NC shRNA treated mice. (F)
Western blot shows decreased expression of AKAP4, PKA and p-CREB in shRNA3 treated tumor lyaste. β- actin serves as loading control.
The data shown as mean ± standard error of the mean (SEM) of two independent experiments. *P < 0.05; * * P < 0.01, * * * P < 0.001.
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Figure 6: H89 and ROS treatment show similar phenotype in Caov-3 cells. (A) Histogram shows s-phase cell cycle arrest

after PI staining treated with H89 (30 μm) in Caov-3 cells. (B) Western blot shows downregulated p-CREB, cyclinA2, cyclinE, and CDK2
after 30 μm H89 treatment in Caov-3 cells. (C) Representative histogram analysis shows S/G2M cell cycle arrest after H2O2 treatment
(untreated, 40 μm and 80 μm) for 24 h in Caov-3 cells. (D) Western blot analysis shows downregulated PKA, p-CREB, cyclinA2, CDK1
and CDK2 after 40 μm and 80 μm H2O2 treatment in Caov-3 cells, β- actin serves as loading control. The data shown as mean ± standard
error of the mean (SEM) of three independent experiments. *P < 0.05; **P < 0.01.

Figure 7: CREB knockdown mimics AKAP4 ablated phenotype in A10 and Caov-3 cells. (A and B) Histogram shows

s-phase cell cycle arrest after CREB ablation in A10 and Caov-3 cell after PI staining at 48 hr. (C and D) Western blot analysis shows
s-phase specific molecules along with PCNA. β- actin serves as loading control. The data shown as mean ± standard error of the mean
(SEM) of three independent experiments. *P < 0.05; **P < 0.01.
www.impactjournals.com/oncotarget
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reduced tumor progression through reduced genomic
instability [24]. In this context, we examined whether
NAC treatment could reverse the phenotype of ovarian
cancer cells. As expected, cell cycle arrest was rescued
after NAC treatment as suggested by our PI staining
profile of NAC treated A10 and Caov-3 cells and Western
blot analysis of s-phase specific proteins cyclin A2, cyclin
E and CDK2. Further involvement of PKA degradation
in AKAP4 depleted cells was examined using MG-132
proteosomal inhibitor which lead to complete blockade
of PKA degradation, indicating proteosome mediated
degradation of PKA in AKAP4 ablated cells. Our study,
for the first time highlights a potential role of AKAP4
in proteosome mediated degradation of PKA and its
consequences.
Diminished and inhibited apoptosis is an
essential requirement for tumor formation and cancer
progression [25]. The desired goal of most of the anticancer drugs is to trigger and accelerate the rate of
apoptosis [26]. Earlier studies from our group and others
laboratories have shown that knockdown of cancer testis
(CT) antigens facilitated the process of apoptosis [16, 27].
However, associated mechanistic details and trigger of
death pathways have not been studied so far. In present
investigation, our data revealed that ROS may be a trigger
and initiator, leading to caspase activation and cell death
in AKAP4 ablated cancer cells. This is in line with an
earlier study wherein it has been shown that cancer cells
can be selectively targeted and may initiate cell death
through increased ROS generation [28]. Further, in support
of our finding it has been proposed that increased ROS
generation may be responsible for DNA damage, cell cycle
arrest and caspase activation in SKOV-3 cancer cells [29].
Earlier study has also shown the sensitivity of ovarian
cancer cells towards high ROS leading to DNA damage
as marked by increased phosphorylation of γH2AX (H2A

histone family, member X) [30]. However, we found
decreased phosphorylation of γH2AX in AKAP4 ablated
cells at 48hr but increased at 24hr time point that suggests
functions other than DNA repair and warrants further
investigation. Moreover, increased DNA nicking as shown
by TUNEL assay and increased expression of p-ATM is
suggestive of DNA damage response and its associated
consequences after AKAP4 ablation. Interestingly, caspase
inhibition rescued the apoptosis, and resumed cell division.
ROS is two-edged sword which cancer cells exploit
very efficiently for growth and proliferation. Moderate
level of ROS is required by cancer cells to divide and
proliferate but excess of it can activate several death
pathways [31]. Many known anticancer drugs like taxol,
cisplatin, doxorubicin, curcumin are known to cause cell
death through ROS generation [32, 33]. Here, we show
increased ROS generation, DNA damage and subsequent
caspase activation which lead to cell death after AKAP4
ablation and further studies are warranted to further
explore the mechanistic detail of ROS and oxidative stress
maintenance through PKA-CREB axis.
Yet, another aspect of ovarian cancer cell survival
through increased phosphorylation of AKT has been
well documented [18]. Similarly, we also found that
AKAP4 ablation lead to the inhibition of pro-survival
signal through decreased phosphorylation of AKT. Our
study supported an earlier finding wherein it has been
shown that PKA mediated AKT phosphorylation through
follicular stimulating hormone (FSH) signaling is required
for proliferation and survival of ovarian granulosa
cells [34]. Clearly, our study shows that AKAP4 ablation
lead to compromised survival of ovarian cancer cells
through inhibition of various pro- survival signals. Thus,
it is reasonable to state that ablation of AKAP4 lead to
proteosome mediated degradation of PKA resulting in
perturbed signaling through p-CREB (Figure 9).

Figure 8: CREB knockdown induces DNA damage and cell death in A10 and Caov-3 cells. (A and B) Western blot shows
upregulation of pro-apoptotic proteins and downregulation of anti-apoptotic protein after CREB ablation in A10 and Caov-3 cells. β- actin
serves as loading control. (C and D) TUNEL assay shows increased DNA damage after CREB ablation. The data shown as mean ± standard
error of the mean (SEM) of three independent experiments. *P < 0.05; * * P < 0.01.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

Metastasis and drug resistance remains the
major problem in cancer related deaths among cancer
patients [35]. We investigated whether AKAP4 ablated
cells have any impact on cell migration and invasion.
We found reduced migration and invasion potential of
AKAP4 depleted cells with inhibited expression of putative
mesenchymal markers N-cadherin and SLUG and increased
expression of E-cadherin. Interestingly, a recent study by Li
et al has shown that AKAP4 overexpression can increase
EMT in in vitro model [17]. PKA anchoring has shown to
be involved in ovarian cancer cell migration and invasion
leading to increased metastasis [15]. This is line with our
data wherein, phenotypically AKAP4 depleted ovarian
cancer cells had reduced invasive properties. However,
mechanism of AKAP4 anchored PKA signaling favoring
acquisition of metastatic behavior of cancer cells still
requires further studies to provide better insight.
In conclusion our study suggested that AKAP4
might be playing role in ovarian cancer growth. Gene
silencing approach revealed that various oncogenic
properties of ovarian cancer cells including cell cycle
regulation, apoptosis and EMT were downregulated in
AKAP4 depleted cells. Also, AKAP4 depletion in ovarian
cancer cells revealed reduced tumor growth in vivo. Thus,
AKAP4 may be a potential novel therapeutic target in
ovarian cancer and warrants further studies.

Cell lines
Patients derived cell line A10 (established from
papillary cystadenicarcinoma of a 44 year-old female
patient) was a kind gift by Dr. Kunle Odunsi, Roswell
Park Cancer Institute, Buffalo, NY. Caov-3 (origin:
ovary, adenocarcinoma) and SKOV3 (origin: ovary;
adenocarcinoma; derived from metastatic site: ascites)
were procured from ATCC (American type cell culture
collection, Manassas, USA). A10, Caov-3 and SKOV3
were grown in Dulbecco’s Modified Eagle Media
(DMEM) with 10% Fetal bovine sera (FBS). Cells lines
were cultured at 37°C in 5% CO2 incubator. All cell lines
were regularly checked for mycoplasma contamination
through mycoplasma PCR detection kit (Applied
Biological Materials Inc., Richmond, Canada).

AKAP4 gene, protein expression and flow
cytometric analysis
AKAP4 gene expression was validated by
reverse transcription polymerase chain reaction
(RT- PCR) using AKAP4 forward primer: 5′CAGGATCAGAGGGAGCTTGT -3′ and AKAP4

Figure 9: Cartoon representing anti- cancer effect of AKAP4 knockdown in ovarian cancer cells. Ablation of AKAP4 lead
to proteosome mediated degradation of PKA and consequently perturbed signaling through p-CREB. Various molecules involved in cell
cycle regulation, apoptosis and metastasis were found deregulated after AKAP4 knockdown.
www.impactjournals.com/oncotarget
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reverse primer: 5′- TCCAGCTCAGAAGGCAACTT
-3′. For internal loading control β-actin was amplified
using primer forward : 5′-ATCTGGCACCACACCT
TCTACAATGAGCTGCG-3′ and β-actin reverse:
5′-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3′.
The PCR product was visualised on 1.5% agarose gel
electrophoresis. Flow cytometer analysis was carried out
to examine the surface expression of AKAP4 in ovarian
cancer cells. Briefly, one million cells were harvested
and incubated with primary antibody overnight against
AKAP4 followed by fixation in 0.4% para-formaldehyde
(PFA). Cells were washed and incubated with anti-rat
FITC conjugated (Jackson Immuno Research Laboratories,
Inc., Baltimore, USA) secondary antibody for 2h at room
temperature. The acquisition and analysis was done
using BD FACS Verse and analysis was done using BD
FACSuite software (BD Biosciences San Jose USA).

(ab51772). Western blot was carried out as described
earlier [16]. Briefly, protein lysate (10–60 μg/lane)
was resolved on 8%–12% sodium dodecylsulphatepoly acrylamide gel electrophoresis (SDS-PAGE),
and immunoblots were developed Immobilon western
Chemiluminescent HRP substrate (Millipore Corporation,
Billerica, MA) as described earlier [16].

Cellular proliferation and cell viability assay
Cellular proliferation, cell viability, colony forming
ability and wound healing assay was carried out in A10
and Caov-3 cells after AKAP4 shRNA treatment as
described earlier [16]. Trypan blue cell exclusion assay
was performed as follows, cell suspension of shRNA
treated ovarian cancer cells and trypan blue (0.4% ) dye
was made in 1:1 ratio. Cells were counted under light
microscope using hemocytometer chamber.

Gene silencing study, reagents, antibodies and
Western blot

Cell cycle arrest and TUNEL assay
Cell cycle arrest after shRNA treatment was
evaluated by PI staining as described earlier [16]. Briefly,
after 48 hr of shRNA treatment cells were washed and
fixed in 70% ethanol overnight. Next day cells were
treated with PI stain (1 mg/ml) and RNAse solution
and kept in dark at 37°C for 30 min before acquisition.
Acquisition and analysis was done using BD-FACS
CALIBUR (BD Biosciences, California, USA) and BD
FACS Verse BD FACSuite software (BD Biosciences San
Jose USA). Caspase mediated DNA nicking was analyzed
using Apo-BrdU- Red in-situ DNA fragmentation assay kit
(Biovision, Milpitas, CA, USA) as described earlier [16].
Acquisition and analysis was done using BD FACS Verse
BD FACSuite software (BD Biosciences San Jose USA).

To study gene silencing, plasmid based shRNA with
following sequence (AKAP4: 5′- TCTATGTTCACTT
GATCGG-3′ (AKAP4 shRNA1, Clone ID V2LHS-53112);
5′- CAAGCGAACGGGCAATTTA-3′ (AKAP4 shRNA2
Clone ID V2LHS-53113); 5′- TTACCAGAGAAGATA
GTCG-3′ (AKAP4 shRNA3 Clone ID V2LHS-53116) and
5′- ATCTCGCTTGGGCGAGAGTAAG-3′ (NC shRNA,
RHS4430-99147765) was procured from (Frederick, MD,
USA) and used as described earlier [16]. CREB shRNA
target1 CREB: 5′- CCGGACCAATCCCTTGAGTTATATA
CTCGAGTATATAACTCAAGGGATTGGTTTTTTG3′
(CREB1 shRNA1 NM_004379.2-2002s21c1) and CREB
shRNA target2 CREB: 5′- CCGGACATTAGCCC
AGGTATCTATGCTCGAGCATAGATACCTGGGCTAAT
GTTTTTTG3′ (CREB1 shRNA2 NM_004379.2-284s21c1)
was a kind gift from Dr. Subba Rao Gangi Setty,
Department of Microbiology & Cell Biology, Indian
Institute of Science, CV Raman Ave., Bangalore.
Caspase inhibitor (Z-VAD-FMK) was procured from BD
Bisciences. Free radical scavenger N-Acetyl-L- cysteine
(NAC), Proteosome inhibitor (MG-132) and PKA inhibitor
H89 dihydrochloride was purchased from (Sigma-Aldrich
Inc), Hydrogen peroxide (H2O2) was purchased from
(Merck, USA). Western blot was carried out as described
earlier [16] with following antibodies: AKAP4 (ab56551),
Apaf1 (ab2000), Akt (9272S), p-Akt (S473), ATM (2873S),
p-ATM (ab81292), Bad (sc-8044), Bid (sc-11423), Bcl-2
(B3170), Bcl-xL (B9429), Bak (sc-7873), Bax (B8554),
Caspase 7 (sc-81654), Cdk1 (ab18), Cdk2 (ab7954), Cdk4
(sc-23896), Cdk6 (sc-7961), Cycin A2 (ab137769), Cyclin
B1 (sc-7393), Cyclin D1(sc-8396), Cyclin E (sc-56310),
Cyto-c (sc-56052), CREB (#9197), E-cadherin (ab1416),
N-cadherin (ab 76011), NOXA (sc-56169), p- CREB
(9191S), PCNA (sc-25280), P-β-Catenin (sc-57535),
pH2AX (05-636), PKAc (610981) p21(sc-817), SLUG
www.impactjournals.com/oncotarget

ROS, NAC, H89, Z-VAD-FMK and MG-132
treatment
CellRox Deep Red was used to measure
endogenous reactive oxygen species production in A10
and Caov-3 cells after AKAP4 shRNA treatment. Briefly
cells were seeded in six well plate and transfection was
carried out next day. After 48 h, cells were treated with
100 μL CellRox Deep Red solution and incubated at 37°C
for 30 min and acquired at APC-A channel. The results
were analyzed using BD FACS Verse and analysis was
done using BD FACSuite software (BD Biosciences
San Jose USA). PI staining and western blot was carried
out in Caov-3 cells at 24 h after H2O2 (40 μm and 80
μm) and H89 (30 μm) treatment. N-acetyl cysteine
(NAC) pre-treatment (4 mm for 4 h) was given to cells
before transfection to quench ROS generation. Caspase
inhibitor (Z-VAD-FMK) was pre-treated (20 μm and 40
μm) to cells for 30 mn before transfection. tMG-132 pretreatment (500 nm for 1 h) was given before transfection
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and cell lysate was prepared at 48h to carry out western
blotting.

no role in study design, data collection, analysis, decision
to publish, or preparation of the manuscript.

Xenograft study

REFERENCES

Animal studies were carried out after obtaining
ethical clearance from Institute animal ethical committee
(IEAC). Four week old (n = 18) severe combined
immuno deficiency (SCID) mice were obtained from
institute. Xenograft was established by injecting 2–3
million A10 cells in the intra-peritoneum. Once tumor
volume reached 50–100 mm3, two groups were made
Group 1: control mice (n = 9) were injected NC shRNA
intra-tumor, Group 2: experimental mice (n = 9) were
injected (50 μg) shRNA3 on alternate days . Tumor
volume was measured using caliper by the formula V
= (W(2) × L)/2. The injection scheduled was attended
till 47 days and subsequently animals were sacrificed for
further studies.

1. L Bowtell DD. The genesis and evolution of high-grade
serous ovarian cancer. Nat Rev Cancer. 2010; 10:803–8.
2. Ledermann JA, Embleton AC, Raja F, Perren TJ, Jayson GC,
Rustin GJ, Kaye SB, Hirte H, Eisenhauer E, Vaughan M,
Friedlander M, González-Martín A, Stark D, et al. Cediranib
in patients with relapsed platinum-sensitive ovarian cancer
(ICON6): a randomised, double-blind, placebo-controlled
phase 3 trial. Lancet. 2016; 387:1066–74.
3. Suri A, Saini S, Sinha A, Agarwal S, Verma A, Parashar D,
Singh S, Gupta N, Jagadish N. Cancer testis antigens: A
new paradigm for cancer therapy. Oncoimmunology. 2012;
1:1194–1196.
4. Maxfield KE, Taus PJ, Corcoran K, Wooten J, Macion J,
Zhou Y, Borromeo M, Kollipara RK, Yan J, Xie Y, Xie XJ,
Whitehurst AW. Comprehensive functional characterization
of cancer-testis antigens defines obligate participation
in multiple hallmarks of cancer. Nat Commun. 2015; 16;
6:8840.

Statistical analysis
The statistical analysis was done using SPSS 20.0
statistical software package (SPSS Inc., Chicago, USA)
for all in-vitro and in vivo studies to check the significance
of P value using student’s t-test (two tailed).

5. Hofmann O, Caballero OL, Stevenson BJ, Chen YT,
Cohen T, Chua R, Maher CA, Panji S, Schaefer U,
Kruger A, Lehvaslaiho M, Carninci P, Hayashizaki Y, et al.
Genome-wide analysis of cancer/testis gene expression.
Proc Natl Acad Sci USA. 2008; 105:20422–7.

Authorsʼ contributions
VK carried out all the experiments, prepared figures
and drafted the manuscript. NJ and AS designed the study,
participated in data analysis and interpretation of results.
All authors read and approved the manuscript.

6. Saini S, Jagadish N, Gupta A, Bhatnagar A, Suri A. A
Novel Cancer Testis Antigen, A- Kinase Anchor Protein 4
(AKAP4) Is a Potential Biomarker for Breast Cancer. PLoS
ONE. 2013; 8:e57095.
7. Saini S, Agarwal S, Sinha A, Verma A, Parashar D, Gupta N,
Ansari AS, Lohiya NK, Jagadish N, Suri A. Gene silencing
of A-kinase anchor protein 4 inhibits cervical cancer growth
in vitro and in vivo. Cancer Gene Ther. 2013; 20:413–20.

ACKNOWLEDGMENTS
We acknowledge Dr. Subba Rao Gangi Setty,
Department of Microbiology & Cell Biology, Indian
Institute of Science, CV Raman Ave., Bangalore 560012,
for the kind gift of CREB shRNA. We also acknowledge
Prof. Avadhesha Surolia, Molecular Biophysics Unit for
critical reviewing of this manuscript.

8. Agarwal S, Saini S, Parashar D, Verma A, Sinha A,
Jagadish N, Batra A, Suri S, Gupta A, Ansari AS, Lohiya NK,
Suri A. The novel cancer-testis antigen A-kinase anchor
protein 4 (AKAP4) is a potential target for immunotherapy
of ovarian serous carcinoma. Oncoimmunology. 2013;
2:e24270.

CONFLICTS OF INTEREST

9. Jagadish N, Parashar D, Gupta N, Agarwal S, Sharma A,
Fatima R, Suri V, Kumar R, Gupta A, Lohiya NK, Suri A.
A novel cancer testis antigen target A-kinase anchor protein
(AKAP4) for the early diagnosis and immunotherapy of
colon cancer. Oncoimmunology. 2016; 9:e1078965.

The Authors declare that there is no conflicts of
interest.

FUNDING

10. Skålhegg BS, Tasken K. Specificity in the camp/pka
signaling pathway. differential expression, regulation, and
subcellular localization of subunits of pka. Front Biosci.
2000; 5:D678–93.

This work is supported by grants from IndoUK Cancer Research Program (Grant No. BT/IN/UK/
NII/2006), Centre for Molecular Medicine (Grant No.BT/
PR/14549/MED/14/1291), NII-core funding, Department
of Biotechnology, Government of India. The funders had
www.impactjournals.com/oncotarget

11. Caretta A, Mucignat-Caretta C. Protein kinase a in cancer.
Cancers. 2011; 3:913–926.
53135

Oncotarget

12. Xiao X, Li BX, Mitton B, Ikeda A, Sakamoto KM.
Targeting CREB for cancer therapy: friend or foe. Curr
Cancer Drug Targets. 2010; 10:384–91.

antigen and DNA repair, leading to increased cellular
radiosensitivity. J Biol Chem. 2003; 278:29394–9.
24. Gao P, Zhang H, Dinavahi R, Li F, Xiang Y, Raman V,
Bhujwalla ZM, Felsher DW, Cheng L, Pevsner J, Lee LA,
Semenza GL, Dang CV. HIF-Dependent Antitumorigenic
Effect of Antioxidants In Vivo. Cancer Cell. 2007; 12:230–8.

13. Palorini R, Votta G, Pirola Y, De Vitto H, De Palma S,
Airoldi C, Vasso M, Ricciardiello F, Lombardi PP,
Cirulli C, Rizzi R, Nicotra F, Hiller K, et al. Protein Kinase
A Activation Promotes Cancer Cell Resistance to Glucose
Starvation and Anoikis. PLoS Genet. 2016; 15:e1005931.

25. Hanahan D, Weinberg RA. Hallmarks of cancer: The next
generation. Cell. 2011; 144:646–74.

14. Amaro-Ortiz A, Yan B, D’Orazio JA. Ultraviolet radiation,
aging and the skin: Prevention of damage by topical cAMP
manipulation. Molecules. 2014; 15:6202–19.

26. Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis
pathways in anticancer chemotherapy. Oncogene. 2006;
25:4798–811.

15. McKenzie AJ, Campbell SL, Howe AK. Protein kinase A
activity and anchoring are required for ovarian cancer cell
migration and invasion. PLoS One. 2011; 6:e26552.

27. MoBentin Toaldo C, Alexi X, Beelen K, Kok M,
Hauptmann M, Jansen M, Berns E, Neefjes J, Linn S,
Michalides R, Zwart W. Protein Kinase A-induced
tamoxifen resistance is mediated by anchoring protein
AKAP13. BMC Cancer. 2015; 15:588.

16. Jagadish N, Parashar D, Gupta N, Agarwal S, Purohit S,
Kumar V, Sharma A, Fatima R, Topno AP, Shaha C,
Suri A. A-kinase anchor protein 4 (AKAP4) a promising
therapeutic target of colorectal cancer. J Exp Clin Cancer
Res. 2015; 21:34:142.

28. Trachootham D, Zhou Y, Zhang H, Demizu Y, Chen Z,
Pelicano H, Chiao PJ, Achanta G, Arlinghaus RB, Liu J,
Huang P. Selective killing of oncogenically transformed
cells through a ROS-mediated mechanism by betaphenylethyl isothiocyanate. Cancer Cell. 2006; 10:241–52.

17. Li S, Qin X, Li Y, Guo A, Ma L, Jiao F, Chai S. AKAP4
mediated tumor malignancy in esophageal cancer. Am J
Transl Res. 2016; 15:597–605.

29. Rahman MA, Ramli F, Karimian H, Dehghan F, Nordin N,
Ali HM, Mohan S, Hashim NM. Artonin E Induces
Apoptosis via Mitochondrial Dysregulation in SKOV-3
Ovarian Cancer Cells. PLoS One. 2016; 11:e0151466.

18. Cheaib B, Auguste A, Leary A. The PI3K/Akt/mTOR
pathway in ovarian cancer: Therapeutic opportunities and
challenges. Chin J Cancer. 2015; 34:4–16.
19. Mackenzie R, Talhouk A, Eshragh S, Lau S, Cheung D,
Chow C, Le N, Cook LS, Wilkinson N, McDermott J,
Singh N, Kommoss F, Pfisterer J, et al. Morphological and
Molecular Characteristics of Mixed Epithelial Ovarian
Cancers. Am J Surg Pathol. 2015;39:1548–57.

30. Greenshields AL, Shepherd TG, Hoskin DW. Contribution
of reactive oxygen species to ovarian cancer cell growth
arrest and killing by the anti-malarial drug artesunate. Mol
Carcinog. 2017; 56:75–93.
31. Kwan SY, Cheng X, Tsang YT, Choi JS, Kwan SY,
Izaguirre DI, Kwan HS, Gershenson DM, Wong KK. Loss
of ARID1A expression leads to sensitivity to ROS-inducing
agent elesclomol in gynecologic cancer cells. Oncotarget.
2016; 7:56933–56943. doi:10.18632/oncotarget.10921.

20. Mohapatra B, Verma S, Shankar S, Suri A. Molecular
cloning of human testis mRNA specifically expressed in
haploid germ cells, having structural homology with the Akinase anchoring proteins. Biochem Biophys Res Commun.
1998; 244:540–5.

32. Wang J, Yi J. Cancer cell killing via ROS: to increase or
decrease, that is the question. Cancer Biol Ther. 2008;
7:1875–84.

21. Desdouets C, Matesic G, Molina CA, Foulkes NS, SassoneCorsi P, Brechot C, Sobczak-Thepot J. Cell cycle regulation
of cyclin A gene expression by the cyclic AMP-responsive
transcription factors CREB and CREM. Mol Cell Biol.
1995; 15:3301–9.

33. Park W, Amin AR, Chen ZG, Shin DM. New perspectives
of curcumin in cancer prevention. Cancer Prev Res (Phila).
2013; 6:387–400.

22. Boulon S, Dantonel JC, Binet V, Vié A, Blanchard JM,
Hipskind RA, Philips A. Oct-1 potentiates CREB-driven
cyclin D1 promoter activation via a phospho-CREB- and
CREB binding protein-independent mechanism. Mol Cell
Biol. 2002; 22:7769–79.

34. Hunzicker-Dunn ME, Lopez-Biladeau B, Law NC,
Fiedler SE, Carr DW, Maizels ET. PKA and GAB2 play
central roles in the FSH signaling pathway to PI3K and
AKT in ovarian granulosa cells. Proc Natl Acad Sci USA.
2012; 109:E2979–88.

23. Amorino GP, Mikkelsen RB, Valerie K, SchmidtUllrich RK. Dominant-negative cAMP- responsive
element-binding protein inhibits proliferating cell nuclear

35. Mehlen P, Puisieux A. Metastasis: a question of life or
death. Nat Rev Cancer. 2006; 6:449–58.

www.impactjournals.com/oncotarget

53136

Oncotarget

