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Background. Genetic studies identified a dozen of frequently mutated genes in gastric cancer, such as cadherin 1 (CDH1) and A-
kinase anchoring protein 9 (AKAP9). Of note, genetic alterations including depletion and amplification frameshift mutations of
AKAP9 have been observed in 10–15% of gastric cancer patients. However, it is unknown of the expression and role of AKAP9 in
gastric cancer. ,is study is aimed to characterize the expression and function of AKAP9 in gastric cancer.Methods. Using qRT-
PCR, we analyzed the mRNA levels of AKAP9 in gastric cancer patient samples. We investigated the role of AKAP9 in gastric
cancer by performing cell proliferation assay, transwell assay, and mouse xenograft assay. Results. AKAP9 was upregulated in
gastric cancer patients. Overexpression of AKAP9 promoted cell proliferation, migration, and gastric tumor growth. Loss of
CDH1 elevated AKAP9 mRNA and protein levels. Conclusion. Our study demonstrates that AKAP9 functions as an oncoprotein
to promote gastric cancer cell proliferation, migration, and tumor growth. Moreover, we reveal a possible molecular link showing
that AKAP9 is a critical effector downstream of CDH1 in gastric cancer.

1. Introduction

Gastric cancer, also known as stomach cancer, is still a serious
health problem worldwide and is the fifth common cancer
type with 5.6% incidence of total cancer. High incidence is
particularly observed in East Asia. Although the incidence of
gastric cancer has started to decline, it remains the third
leading cause of cancer-related deaths worldwide, with
1,089,103 new cases and 768,793 death in 2020 [1]. Surgery
with perioperative chemotherapy is the standard treatment
for the primary gastric cancer [2]. However, over 50% of
gastric cancer patients after surgery had relapse or develop
distant metastases, with the overall survival less than 1 year
[3]. Recently, survival benefits were achieved by the combi-
nation of trastuzumab with chemotherapy in HER2 positive
gastric cancer patients, which account for 10%–25% of total
gastric cancer [4]. ,erefore, treatment of gastric cancers
based on molecular genetic status is a promising strategy.

Like many other cancer types, gastric cancer is a het-
erogeneous disease [5]. According to the Lauren criteria, it

can be divided into two main subtypes: diffuse gastric cancer
(DGC) and intestinal gastric cancer (IGC) [6]. IGC is
typically occurred in older people and is associated with
environmental factors, such as H. pylori infection, smoking
and alcohol, while DGC is prone to diagnose in young
people and correlated with genetic alterations [7]. With
extensive efforts in mapping the genetic landscape of gastric
cancer in the past ten years, genetic alterations in a number
of genes, such as cadherin 1 (CDH1), TP53, RHOA,
CTNN1A, and CMTM2, have been highly associated with
the development of DGC [8–10]. According to the TCGA
project, gastric cancers were classified into four molecular
subtypes: Epstein-Barr virus (EBV) positive, chromosomal
instability (CIN), genomically stable (GS), and microsatellite
instability (MSI) [11]. Similar to DGC, the GS is prevalent in
young people.

Although 80–90% of gastric cancers are sporadic, ap-
proximately 1–3% of gastric cancers are inherited, named as
hereditary diffuse gastric cancer (HDGC) with a high
prevalence of DGC and lobular breast cancer [12]. Notably,
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up to 50% of sporadic DGC patients contain CDH1 somatic
mutations [13] and approximately 25% of HDGC patients
harbor CDH1 germline mutations that can be autosomal-
dominantly inherited [14]. Apart from genetic alterations,
loss of CHD1 expression through CDH1 promoter hyper-
methylation was also observed in more than 50% of DGC
[15]. Of note, mutations and promoter hypermethylation
lead to aberrant CDH1 function and are assumed to be
pathogenic, including increased risk of gastric and lobular
breast cancers, poorer prognosis, and survival rate [12, 16].
,erefore, CDH1 mutations/expression may represent
a diagnostic or prognostic marker of gastric cancer.

CDH1 gene encodes E-cadherin protein that belongs to
the cadherin family. As a transmembrane protein, E-
cadherin is required for maintaining cell membrane ion
channel activity and epithelial tissue integrity [17]. Reduced
expression or loss of E-cadherin is frequently observed in
many advanced cancers [18, 19]. Interestingly, in HDGC,
germline mutations trigger CDH1 promoter hyper-
methylation in the wildtype allele, leading to downregulation
of CHD1 [20]. Extensive studies demonstrate that E-
cadherin functions as a tumor suppressor. Inactivation of
CDH1 decreases cell-cell adhesion and activates a couple of
oncogenic signaling pathway such as RhoA signaling, Wnt,
and MAPK pathways, promoting cancer metastasis and
recurrence [18, 21, 22].

Notably, by sequencing genomic DNA from 153 gastric
cancer patients, a recent study identified 29 novel frequently
mutated genes. Among them, A-kinase anchoring protein 9
(AKAP9) is the most mutated one with recurrent mutation
in 14.9% of gastric cancers. Of note, both amplification and
deletion were detected in AKAP9 genes [10]. Consistently,
another study showed that somatic frameshift mutations in
AKAP9 were occurred in 11.7% of gastric cancer and 17.7%
colorectal cancers (CRC) with high microsatellite instability
[23]. Moreover, AKAP9 is overexpressed in CRC patients
and promotes CRC and tumormetastasis [24]. However, it is
unknown what is the function of AKAP9 in gastric cancer.
Here, we will explore the role of AKAP9 and its crosstalk
with E-cadherin in gastric cancer progression.

2. Materials and Methods

2.1. Gastric Cancer Patient Samples. Patient samples were
obtained from 31 gastric cancer patients undergoing surgical
resection in 2019–2020.,ere are 18males and 13 females with
average age of 55.7± 1.02 years. Patients were fully informed
and written consents were obtained before sample collection.
,e study was carried out under the protocol approved by the
Institutional Research Ethics Committee at ,e First Affiliated
Hospital of Anhui Medical University (356c5.d2).

2.2. Cell Culture. ,e gastric cancer cell lines NCI-N87 and
SNU-1 were purchased from American Type Culture Col-
lection (ATCC) and cultured with RPMI-1640 Medium
(#10-040-CV, Corning, Corning, NY) supplemented with
10% fetal bovine serum (FBS, Gibco, Grand Island, NY). All
cells grow in the incubator at 37°C and with 5% CO2.

Lipofectamine 3000 was used to transfect cells following the
manufacturer’s instructions (#L3000008, ,ermo Fisher,
Waltham, MA). Lentivirus packaging was produced as
previously described [25].

2.3. Plasmids and shRNA. Flag-AKAP9 used for ectopic
expression of AKAP9 (OHu26045) and pcDNA3.1+/C-(K)-
DYK used as empty vector (EV) were purchased from
GenScript (Nanjing, China). Lentiviral shAKAP9 vectors
(TRCN0000232465 and TRCN0000232463) were purchased
from Sigma-Aldrich. Lentiviral shGFP vector was obtained
from Addgene (#30323, Watertown, MA).

2.4. Western Blot. Cells were harvested by scraper and lysed
with Triton buffer 150mM NaCl, 1% Triton-X100, 0.1% SDS,
50mM Tris pH8.0, and protease inhibitor cocktail (,ermo
Fisher) at 4°C for 20min. ,e supernatant was collected after
centrifugation for 10min. Supernatant was transferred to a new
tube and the total protein concentration was measured using
NanoDrop One spectrophotometer. Equal volume 2X
Laemmli sample buffer (1610737, Bio-Rad, Hercules, CA) were
added to the supernatant and then heated in 95°C for 10min.
Equal amount proteins were resolved by SDS-PAGE gel for
western blot analysis. Antibodies against AKAP9 (1 :1000),
GAPDH (1 : 3000), E-cadherin (1 : 2000), and Rabbit secondary
antibody (1 : 5000) were purchased from Abcam (Cambridge,
MA). ,e western blot images were developed using chem-
iluminescence detection kit (WBKLS0500, Millipore, Billerica,
MA) and the ChemiDoc Imaging System from Bio-Rad.

2.5. qRT-PCR. Total RNA was extracted using NucleoSpin
RNA Plus XS kit, and 1 μg total RNA was used for cDNA
synthesis by PrimeScript RT-PCR kit (TaKaRa, Dalian,
China). ,e mRNA levels were examined using SYBR Green
Supermix kit (Bio-Rad). All these procedures were per-
formed according to the manufacturer’s instructions. ,e
qPCR was performed using the CFX96 Touch Real-Time
PCR Detection System under conditions: 30 seconds initial
denaturation at 95°C, then 40 cycles of 10 seconds at 95°C,
and 30 seconds at 60°C. AKAP-9 mRNA levels were nor-
malized to GAPDH levels. ,e primers were adopted from
previous study [24] and listed below.

AKAP9-forward: 5′-ACTCAAGGCACAGCATAAACA
C-3′

AKAP9-reverse: 5′-GTTCTTCACTGCGTC CCAA-3′
GAPDH-forward: 5′-ACAGTCAGCCGCATCTTCTT-3′
GAPDH-reverse: 5′-GACAAGCTT CCCGTTCTCAG-3′

2.6. Cell Growth Curve. Cells (1× 104 per well) were seeded
in 6-well plates and counted manually using hemocytometer
under light microscope with 20× magnification every day.
,ree independent experiments were performed.

2.7. Transwell Migration Assay. Transwell assays were per-
formed using inserts with 8.0 µm pore membrane (Corning)
in a 24-well plate.,e cells (1× 104) were suspended in 100 μl
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serum-free RPMI-1640 Medium and added to the upper
chamber. ,e bottom of the well was refilled with 600 μl
RPMI-1640 Medium containing 10% FBS. After 24 h in-
cubation, unmigrated cells on the top of the insert were
scraped with a cotton swab.,emigrated cells on the bottom
of the membrane were fixed with 4% paraformaldehyde for
10min and washed twice with phosphate buffered saline
(PBS, pH 7.4). ,e migrated cells were incubated with 0.5%
crystal violet solution for 15min at room temperature and
then were visual under microscope.

2.8. Mouse Tumor Xenograft Assay. ,e animal protocol
was approved by ,e First Affiliated Hospital of Anhui
Medical University. Five-week-old immunodeficient
male mice were obtained from Vital River Laboratory
Animal Technology (Beijing, China) and kept under
conditions of 22°C and 12-h light/12-h dark cycle. A total
of 2 ×106 cells were injected subcutaneously into one side
of mice. Tumor length (L) and width (W) were measured
every four days. Tumor volumes were calculated by
equation L ×W2 × 0.52. At the day 31 (the endpoint), the
mice were euthanized with CO2. Tumors were dissected
and weighted. Tumors were fixed with 10% formalin for
24 h, then embedded in paraffin, processed, and mounted
on the slides. Ki-67 staining was performed using anti-
Ki-67 Rabbit antibody (Cell Signaling Technology,
Danvers, MA).

2.9. Statistical Analysis. ,e RT-PCR assay, cell growth
curve, and Transwell assay were independently performed
three times. Significance was determined by ANOVA or
Student’s t-test. For xenograft mouse assays, five mice
were used in each group. Data were presented as mean-
± s.e.m. P< 0.05 was considered significant.

3. Results

3.1.�eExpressionofAKAP9 isUpregulated inGastricCancer.
Although AKAP9 is frequently mutated or amplified, its
expression in gastric cancer remains unknown. We col-
lected 31 gastric tumors and the matched adjacent normal
tissues and examined AKAP9 mRNA levels. ,e qRT-PCR
results showed that the mRNA levels of AKAP-9 in gastric
tumors were higher than adjacent normal tissues in 25 of 31
matched tissue samples (Figures 1(a) and 1(b)). Consis-
tently, the transcription of AKAP9 in TCGA samples was
significantly increased in primary gastric tumors compared
to normal tissues (Figure 1(c)), which was analyzed at
http://ualcan.path.uab.edu/analysis.html [26]. To examine
whether AKAP9 expression is associated with patient’s
prognosis, we analyzed the transcriptomic data of gastric
cancers in NCBI GEO Database by Kaplan–Meier Plotter
[27]. Notably, gastric cancer patients with high AKAP9
expression have shorter survival time than patients with
low AKAP9 expression (Figure 1(d)). ,ese results sug-
gested that AKAP9 may play an important role in gastric
cancer progression.

3.2. Knockdown of AKAP9 Inhibits Gastric Cancer Cell Pro-
liferation and Migration. To understand the role of AKAP9
in gastric cancer, we knocked down AKAP9 by infecting
NCI-N87 gastric cancer cells with a mixture of two shRNAs
targeting AKAP9 or shGFP lentivirus (as a negative control).
Western blotting analysis confirmed a marked decrease of
AKAP9 protein in shAKAP9 cells (Figure 2(a)). Importantly,
cells depleted of AKAP9 displayed much slower pro-
liferation than the control cells (Figure 2(b)). To test whether
AKAP9 regulates cell migration, we performed Transwell
assay and found that knockdown of AKAP9 significantly
reduced cell migration capacity (Figure 2(c)). ,ese results
suggested AKAP9 is a positive regulator of gastric cancer cell
proliferation and migration.

3.3. AKAP9 Overexpression Promotes Cell Proliferation and
Migration. Having demonstrated that AKAP9 is upregu-
lated in gastric cancer patients, we next examine if over-
expression of AKAP9 has effects on gastric cancer cell
proliferation and migration. We transfected SNU-1 cell with
vector expressing AKAP9 or empty vector (EV) and vali-
dated upregulation of AKAP9 by western blotting
(Figure 3(a)). In contrast to the results of AKAP9 knock-
down, AKAP9 overexpression significantly enhanced cell
proliferation and cell migration (Figures 3(b) and 3(c)),
indicating that upregulation of AKAP9 may play a critical
role in gastric cancer growth and metastasis.

3.4. AKAP9 Overexpression Promotes Tumor Growth inMice.
To investigate the effects of AKAP9 on tumor growth in vivo,
we performed xenograft mouse assay by subcutaneously
injecting the SNU-1 cells that express EV or AKAP9 into
nude mice. We started to monitor tumor growth at 7-day
post injection. During the tumor formation period, we
found that tumor derived fromAKAP9 expressing cells grew
significantly faster than tumors derived from EV expressing
cells (Figure 4(a)). At the end of this assay (31 days), the
tumor size and weight were much higher in AKAP9
expressing group than EV expressing group (Figure 4(b)).
Moreover, we examined cell proliferation by immunohis-
tochemistry (IHC) staining of the Ki-67 in these tumors and
found that tumors expressing AKAP9 displayed a significant
higher Ki-67 signal than the tumors expressing EV
(Figure 4(c)). ,ese data demonstrated a critical role of
AKAP9 in gastric tumorigenesis.

3.5. AKAP9 Is Required for CDH1 Loss-Mediated Gastric
Cancer Cell Migration. Given that both AKAP9 and CDH1
are frequently altered in gastric cancer and play a vital role in
controlling gastric cancer cell migration, we next examine
the correlation between these two functional-relevant
events. Very interestingly, we found that knockdown of
CDH1 by shRNA significantly increased both the mRNA
and protein levels of AKAP9 in NCI-N87 cells, which could
be suppressed by shAKAP9 (Figures 5(a) and 5(b)). Con-
sistent withmany previous studies summarized in the review
[28], depletion of CDH1 significantly promoted cell
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Figure 1: AKAP9 expression is elevated in gastric cancer samples. Analysis of AKAP9 mRNA levels by qRT-PCR in 31 gastric tumors. ,e
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Figure 2: Downregulation of AKAP9 suppresses cell proliferation and migration. (a) Immunoblot examination of AKAP9 expression in
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migration in a Transwell assay, which could be reversed by
AKAP9 silencing (Figure 5(c)). ,ese data suggested that
AKAP9 is a critical effector regulating CDH1-mediated
gastric cancer migration or invasion.

4. Discussion

A-kinase anchoring protein (AKAP) family contains around
50 members in mammals, which function as scaffolding
proteins [29]. ,ey can assemble kinases and phosphatases
into a single complex to modulate their substrate phos-
phorylation and physiological function. For example,
AKAP79 interacted with both PKA and the calcium-
dependent protein phosphatase PP2B to balance Ser845
phosphorylation of GluR1 [30]. Moreover, AKAPs play
a role in several signaling pathways integration. A notable
example is that AKAP-Lbc connects cAMP signaling with
Rho, PKD, and MAPK pathways [31–33]. As a member of
this family, AKAP9 also played a role in cAMP signaling. It
anchors PKA and PDE4D3 to the centrosome, providing

a unique platform for selective regulation of centrosomal
cAMP/PKA signals [34]. AKAP9 also has been reported to
mediate the crosstalk between cAMP and InsP3/Ca2+ sig-
naling pathways in the brain. To better understand the
physiological function of AKAP9, it will be important to
further map the AKAP9 interacting proteins and signaling
pathways.

Accumulating evidence indicates that AKAPs have
many physiological roles and associate with various hu-
man diseases. A well-known physiological role of AKAPs
is the regulation of cardiac functions including vascular
integrity, peripheral arteries vasoconstriction, and hy-
pertension. Dysregulation of AKAPs may lead to multiple
cardiovascular diseases such as myocardial infarction,
heart failure, and stroke [35]. Emerging studies have also
demonstrated that AKAPs can function as oncogenic
proteins or tumor suppressors to regulate cancer pro-
gression. Downregulation of gravin (AKAP12) was fre-
quently observed in various cancers including prostate,
ovarian, and breast cancers, and depletion of gravin
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promotes progression of these cancers [36]. ,erefore,
gravin is considered as a tumor suppressor. On the other
hand, AKAP9 was reported to be upregulated in CRC and
facilitate CRC progression by regulating Cdc42 inter-
acting protein 4 expression [24]. In the current study, we
found that AKAP9 is overexpressed in gastric cancer and
enhances gastric tumorigenesis and metastasis. However,
its downstream effectors have not been identified, which
warranties a follow up study in the future.

Genomic studies demonstrated that genetic alteration
in AKAPs is an important mechanism contributing to their
aberrant functions and human diseases. ,e S1570L mu-
tation in Yotiao (a splice variant of the AKAP9) disrupts its
interaction with the cardiac potassium channel IKs and is
associated with familial long-QT syndrome (LQTS) [37].
Moreover, two AKAP9 mutations (rs144662445 and
rs149979685) were associated with Alzheimer disease by
increasing Tau phosphorylation [38]. Notably, genetic al-
terations of AKAP9 are more complicated in gastric cancer,
including depletion, amplification, and frameshift muta-
tions [10, 23]. However, it is unknown whether these ge-
netic alterations are associated with specific subtypes of
gastric cancer. Moreover, the roles of these genetic alter-
ations in gastric cancer have not been investigated. Answers
to these questions represent important directions in future
studies. Our study also provides an interesting finding that
loss of CDH1 leads to elevation of AKAP9 expression.
Given depletion of CDH1 enhances transcription factor
β-catenin activity, it will be interesting to investigate that
whether β-catenin or other transcription factors are in-
volved in CDH1-mediated transcriptional regulation of
AKAP9.

5. Conclusion

In conclusion, our study demonstrates that AKAP9 is
overexpressed in gastric cancer and functions as an onco-
protein to promote gastric cancer cell proliferation, mi-
gration, and tumor growth. We also identify CDH1 as
a potential negative regulator of AKAP9 expression, through
which CDH1 regulates gastric cancer migration and
invasion.

Data Availability

Data could be obtained upon reasonable request to the
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