:\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 09 March 2022
doi: 10.3389/fonc.2021.798557

OPEN ACCESS

Edited by:
Kanjoormana Aryan Manu,
Amala Cancer Research Centre, India

Reviewed by:

Luis E. Arias-Romero,

National Autonomous University of
Mexico, Mexico

Silvia Peppicelli,

University of Florence, Italy

*Correspondence:
Ke Xiao
kejiaotong3946084@163.com

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastrointestinal Cancers: Gastric &
Esophageal Cancers,

a section of the journal

Frontiers in Oncology

Received: 20 October 2021
Accepted: 23 December 2021
Published: 09 March 2022

Citation:

Luo Z, Luo Y and Xiao K (2022) A-
Kinase Interacting Protein 1 Promotes
Cell Invasion and Stemness via
Activating HIF-1a and -Catenin
Signaling Pathways in Gastric Cancer
Under Hypoxia Condition.

Front. Oncol. 11:798557.

doi: 10.3389/fonc.2021.798557

Check for
updates

A-Kinase Interacting Protein 1
Promotes Cell Invasion and
Stemness via Activating HIF-1a
and p-Catenin Signaling
Pathways in Gastric Cancer
Under Hypoxia Condition

Zhengin Luo ", Yuhang Luo?" and Ke Xiao®*

7 Department of Comprehensive Chemotherapy, Hunan Cancer Hospital and The Affiliated Cancer Hospital of Xiangya
School of Medicine, Central South University, Changsha, China, 2 Department of Hepatobiliary Surgery, The Second
Affiliated Hospital, The University of South China, Hengyang, China, 3 Department of Gastroduodenal and Pancreatic
Surgery, Hunan Cancer Hospital and The Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University,
Changsha, China

Background: A-Kinase interacting protein 1 (AKIP1) relates to gastric cancer growth,
metastasis, and prognosis, while its regulation on gastric cancer invasion and stemness
under hypoxia microenvironment is not reported. Therefore, this study aimed to explore
this topic to uncover AKIP1’s role in gastric cancer under hypoxia.

Methods: Gastric cancer cell lines AGS and MKN45 were cultured under hypoxia
condition, then transfected with AKIP1 or negative control (NC) overexpression plasmid
or AKIP1 or NC knockdown plasmid. Furthermore, rescue experiments were conducted
by transfecting HIF-1o or B-catenin overexpression plasmid, combined with AKIP1 or NC
knockdown plasmid. Afterward, cell invasion, CD133" cell proportion, sphere number/
1,000 cells, and HIF-1a and B-catenin pathways were measured.

Results: The invasive cell count, CD133* cell proportion, and sphere number/1,000 cells
were enhanced in both AGS cells and MKN45 cells under hypoxia, and AKIP1 expression
was also elevated. AKIP1 knockdown inhibited cell invasion, CD133" cell proportion,
sphere number/1,000 cells, HIF-1a, vascular endothelial growth factor (VEGF), B-catenin,
and calcium-binding protein (CBP) expressions in AGS cells and MKN45 cells under
hypoxia, while AKIP1 overexpression presented with the opposite effect. Then, in rescue
experiments, HIF-1o. overexpression and B-catenin overexpression both promoted cell
invasion, CD133* cell proportion, and sphere number/1,000 cells, which also attenuated
the effect of AKIP1 knockdown on these functions in AGS cells and MKN45 cells.

Conclusion: AKIP1 promotes cell invasion and stemness via activating HIF-1o, and
B-catenin signaling pathways in gastric cancer under hypoxia condition.
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INTRODUCTION

Gastric cancer remains to be one of the most frequent and fatal
cancers in the world, despite the reduction in risk factors such as
Helicobacter pylori (1-4). With the aging of the population, the
incidence of gastric cancer will be increasing, and what is worse is
that the early disease is hard to be discovered under usual
examination; most patients are diagnosed with advanced
disease (5, 6). Gastric cancer treatment demands a
multidisciplinary work; luckily, insights of the pathology of
gastric cancer keeps growing, which has largely contributed to
the exploration of targeted therapy, immune therapy, or updated
chemotherapy regimen (7-9). Hypoxia, an imperative feature in
cancer development, is both a cause and a consequence in tumor
progression, and in recent decades, hypoxia as a treatment target
is increasingly indicated in cancer treatment (10-12).

A-Kinase interacting protein 1 (AKIP1), a small protein of 23
kDa, regulates the signaling of cAMP-dependent protein kinase,
which belongs to the cascade of NF-kappa-B activation (13, 14).
Most importantly, AKIP1 is also a promising oncology-related
factor in recent studies. For instance, AKIP1 is upregulated in
several cancers, and it also correlates with more deteriorative
tumor features and survival profiles in these cancer patients,
which suggests that it participates in the progression of many
cancers (15-19). Above all, there is also correlation between
AKIP1 and gastric cancer, which elucidates that it is involved in
tumor progression through the modulation of Slug-induced
epithelial-mesenchymal transition, which then enhances
growth and metastasis of the tumor (20). Therefore, AKIP1
may also be involved in the regulation of gastric cancer
pathogenesis under hypoxia, while there is no evidence
supporting this presumption.

Hence, the present study aimed to investigate the effect of
AKIP1 on cell invasion and stemness in gastric cancer under
hypoxia, and its interaction with hypoxia-inducible factor 1
subunit alpha (HIF-1a) and -catenin pathways.

METHODS

Cell Culture and Hypoxia Treatment

GC cell lines AGS and MKN45 were purchased from China
Center for Type Culture Collection (CCTCC, China) and
Japanese Collection of Research Bioresources (JCRB) Cell Bank
(JCRB, Japan), separately. The 90% Ham’s F-12K medium
(GIBCO, USA) with 10% fetal bovine serum (GIBCO, USA)
was used for the culture of AGS cells. The 90% Roswell Park
Memorial Institute (RPMI) 1640 medium (GIBCO, USA) with
10% fetal bovine serum (GIBCO, USA) was used for the culture
of MKN4S5 cells. The cell culture condition in normal oxygen was
at 37°C in a humidified atmosphere of 5% CO, and 21% O,,
while for hypoxia treatment, the cell culture was performed in a
hypoxia cell incubator of 5% CO, and 0.5% O, at 37°C. To assess
the influence of hypoxia on the GC cells, we first divided AGS
and MKN45 cells into two groups: (a) control group, which was
cultured in the normal oxygen condition, and (b) hypoxia group,
which was cultured in the hypoxia condition. After 48-h culture,

the Transwell assay, flowcytometry, sphere formation assay,
reverse transcription quantitative polymerase chain reaction
(RT-qPCR), and Western blot were performed.

Plasmid Construction and Transfection

The pEX-2 vector (Genepharma, China) was applied as a carrier
for construction of AKIP1 overexpression [AKIP1(+)] plasmid
and negative control (NC) overexpression [NC(+)] plasmid; the
pGPHI1 vector (Genepharma, China) was used as a carrier for
construction of AKIP1 knockdown [AKIP1 (-)] plasmid and NC
knockdown [NC(-) plasmid. The constructed plasmids were
respectively transfected into AGS cells and MKN45 cells using
Lipofectamine' ™ 3000 Transfection Reagent (Invitrogen, USA)
following the instructions of the manufacturer, and the resulting
cells were respectively named as AKIP1(+), NC(+), AKIP1(-),
and NC(-) in each cell line. The cells without transfection were
used as normal control. After transfection, all cells were
incubated for 48 h under the hypoxia condition as described in
the “Cell Culture and Hypoxia Treatment”. The Transwell assay,
flow cytometry, sphere formation assay, RT-qPCR, and Western
blot were performed.

HIF-1a and B-Catenin Inhibition

YC-1 and LF3, the inhibitors of HIF-1o. and -catenin pathways,
were purchased from MedChemExpress (MCE, China). The
concentration of YC-1 or LF3 incubating with cells in was 10
or 30 M. After incubated under hypoxia condition for 48 h, the
Transwell assay, flow cytometry, and sphere formation assay
were performed.

Rescue Experiment

The pEX-2 vector (Genepharma, China) was also used for
construction of overexpression plasmid of HIF-lot and B-
catenin. The co-transfection of constructed plasmid was
performed in each cell line using LipofectamineTM 3000
Transfection Reagent (Invitrogen, USA). Concretely, the co-
transfection was classified as the following groups: (a) B-catenin
(+)&AKIP1(-), the cells were transfected with B-catenin
overexpression plasmid and AKIP1(-) plasmid; (b) B-catenin(+),
the cells were transfected with -catenin overexpression plasmid
and NC(-) plasmid; (¢) HIF-1o(+)&AKIP1(-), the cells were
transfected with HIF-1o. overexpression plasmid and AKIP1(-)
plasmid; (d) HIF-1ou(+), the cells were transfected with HIF-1o
overexpression plasmid and NC(-) plasmid; (e) AKIP1(-), the
cells were transfected with AKIP1(-) plasmid; (f) NC, the cells
were transfected with NC(+) and NC(-) plasmid; and (g) normal,
the cells were not transfected with any plasmid. After transfection,
all cells were incubated for 48 h under the hypoxia condition as
described in the “Cell Culture and Hypoxia Treatment”. The
Transwell assay, flowcytometry, sphere formation assay,
RT-qPCR, and Western blot were performed.

Transwell Assay

The cells (1 x 10 cells) in 100 pl medium without fetal bovine
serum (FBS) were seeded into Matrigel matrix (1.5 mg/ml)-
coated insert (Invitrogen, USA). The lower chamber was filled
with 10% FBS-containing medium. After incubation for another
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24 h, the non-invading cells were removed from the upper
surface of the insert. The cells attached to the bottom surface
of insert were fixed with methanol (Sangon, China) and stained
with 0.5% crystal violet (Sangon, China). The numbers of
invaded cells were counted under an inverted light microscope
(Nikon, Japan).

Flow Cytometry

The CD133-positive (CD133") cells proportion was assessed by
flow cytometry. The cells were stained with Alexa Fluor® 488-
conjugated CD133 mouse monoclonal antibody (1:50,
Invitrogen, USA); following that, the cells were sorted by a
flow cytometer (BD, USA) and quantified with FlowJo 7.0
software (BD, USA).

Sphere Formation Assay

In brief, the single cells (300 cells per well) were seeded in ultra-
low attach plate (Corning, China) and cultured with sphere
formation medium for 7 days under hypoxia condition. The
sphere formation medium was Dulbecco’s modified Eagle’s
medium/F12 (GIBCO, USA) containing 2% B-27 supplement
(Gibco, USA), 20 ng/ml epidermal growth factor (Sangon,
China), 10 ng/ml basic fibroblast growth factor (Sangon,
China), and 5 pg/ml insulin (Sangon, China). The number of
spheres, with diameter >50 pum, was counted with an
inverted microscope.

RT-qPCR

Briefly, total RNA was extracted from cells using TRIzol'"" Reagent
(Thermo, USA), and the reverse transcription was completed using
ReverTra Ace® qPCR RT Kit (Toyobo, Japan); then, gPCR was
conducted using SYBR® Green Real-Time PCR Master Mix
(Toyobo, Japan). B-Actin was used as reference gene. The primers
were as follows: AKIP1 forward primer (5-3"), AGAACATCT
CTAAGGACCTCTACAT; reverse primer (5'-3"), TCCAGAATC
AACTGCTACCACAT; HIF-1a forward primer (5'-3'),
AACTAGCCGAGGAAG AACTATGAAG; reverse primer (5'-
3'), CACTGAGGTTGGT TACTGTTGGT; B-catenin forward
primer (5'-3"), GCCATTACAACTCTCCACAACCT; reverse
primer (5'-3"), GACAGATAGCACCTTCAGCACTGC; B-actin,
forward primer (5'-3"), TCGTGCGTGACATTAAGGAGAA;
reverse primer (5'-3"), AGGAAGGAAGGCTGGAAGAGT. The
expression was finally calculated using 2-**“* method with B-actin
as internal reference.

Western Blot

Protein extraction and quantification were completed using
radioimmunoprecipitation assay (RIPA) lysis and extraction
buffer (Thermo, USA) and Pierce' BCA Protein Assay Kit
(Thermo, USA), respectively. Protein was separated by gel
electrophoresis with NuPAGE Bis-Tris gels 4%-20% (Thermo,
USA), then was transferred onto polyvinylidene difluoride
membranes. Subsequently, the membrane was blocked and
incubated with antibodies targeting AKIP1 (1:1,000, Invitrogen,
USA), HIF-10, (1:1,000, Abcam, UK), vascular endothelial
growth factor (VEGF) (1:10,000, Abcam, UK), B-catenin
(1:2,000, Invitrogen, USA), calcium-binding protein (CBP)

(1:2,000, Invitrogen, USA), IxBa. (1:3,000, Invitrogen, USA), p-
IxkBo (1:1,000, Invitrogen, USA), and B-actin (1:2,000,
Invitrogen, USA) (as reference), followed by incubation with
goat antirabbit IgG H&L (HRP) secondary antibody (1: 10,000,
Abcam, UK). The protein band visualization was performed
using Novex' "ECL Chemiluminescent Substrate Reagent Kit
(Invitrogen, USA). Quantitative analysis was completed using
Image] software 7.6 (National Institutes of Health, USA).

Statistical Analysis

Figures were constructed by GraphPad Prism 7.01 (GraphPad,
USA) and were displayed by a bar plot using mean and standard
deviation. Independent-samples t-test was applied for the
analysis of the data between two groups, and one-way
ANOVA followed by Tukey’s multiple comparison was applied
to compare the difference among groups. A p-value <0.05 was
used as threshold to identify the statistical significance. In the
figures, “*,” “*,” “**” and “NS” represented the p-values <0.05,
<0.01, <0.001, and >0.05, respectively.

RESULTS

AKIP1, Cell Invasion, and Stemness in
Gastric Cancer Under Hypoxia

In the AGS cells, the invasive cell count (p < 0.01, Figures 1A, B),
CD133" cell proportion (p < 0.05, Figures 1C, D), and sphere
number/1,000 cells (p < 0.01, Figures 1E, F) were all elevated in
the hypoxia group compared with that in the normal group. The
AKIP1 mRNA relative expression (p < 0.01, Figure 1G) and
protein expression (p < 0.05, Figures 1H, I) were also increased
in the hypoxia group compared with that in the normal group.
Similar trends were also observed in MKN45 cells (all p < 0.05,
Figures 1J-R). These suggested that AKIP1 might be engaged in
the hypoxia-induced cell invasion and stemness in gastric cancer.

Effect of AKIP1 on Gastric Cancer Cell
Invasion and Stemness Under Hypoxia

After the transfection of AKIP1(+) and AKIP1(-) plasmids in
AGS cells, AKIP1 mRNA (p < 0.001), and protein expressions
(p < 0.01) were downregulated in the AKIP1(—) group compared
with that in the NC(-) group, while they were upregulated in
AKIP1(+) compared with that in NC(+) group (both p < 0.01,
Figures 2A-C). Besides, similar trends were also observed in
MKN45 cells (all p < 0.01, Figures 2F-H). These findings
suggested the successful transfection of AKIP1(+) and AKIP1
(=) plasmids.

More importantly, the invasive cell count was reduced in the
AKIP1(-) group compared with that in the NC(-) group (p <
0.01) but was enhanced in the AKIP1(+) group compared with
that in the NC(+) group (p < 0.01, Figures 2D, E) after
transfections in AGS cells, and similar results were seen in
MKN45 cells as well (both p < 0.05, Figures 2I, J).

In addition, the CD133" cell proportion (p < 0.01,
Figures 3A, B) and sphere number/1,000 cells (p < 0.01,
Figures 3C, D) were downregulated in the AKIP1(-) group
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FIGURE 1 | Effect of hypoxia condition on gastric cancer cells. The effect of hypoxia condition on invasive cell number (A, B), CD133* cell proportion (C, D), sphere
number/1,000 cells (E, F), and AKIP1 expression (G-l) in AGS cells; effect of hypoxia condition on invasive cell number (J, K), CD133* cell proportion (L, M), sphere
number/1,000 cells (N, O), and AKIP1 expression (P, Q, R) in MKN45 cells. AKIP1, A-kinase interacting protein 1. “*” and “**” represented the p-values <0.05 and
<0.01, respectively.

compared with that in the NC(-) group but were upregulated in
the AKIP1(+) group compared with that in the NC(+) group in
AGS cells (both p < 0.01). Besides, similar trends were also
observed in MKN45 cells (all p < 0.05, Figures 3E-H). These
data revealed that AKIP1 could promote cell invasion and
stemness of gastric cancer cells under hypoxia.

Effects of AKIP1 on HIF-1a and

B-Catenin Pathways

In AGS cells, HIF-1a. (p < 0.05), VEGF (p < 0.05), B-catenin (p <
0.05), and CBP (p < 0.05) protein expressions were inhibited in

the AKIP1(-) group compared with that in the NC(-) group,
while most of them were promoted in the AKIP1(+) group
compared with that in the NC(+) group (p < 0.05) except that the
CBP expression was of no difference between the AKIP1(+)
group compared with that in the NC(+) group (p > 0.05)
(Figures 4A, C).

In the MKN45 cells, the HIF-1cat, VEGF, B-catenin, and CBP
protein expressions were also decreased in the AKIP1(-) group
compared with that in the NC(-) group (all p < 0.05) but were
increased in the AKIP1(+) group compared ith the NC(+) group
(all p < 0.05, Figures 4B, D). To sum up, these indicated that

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 11 | Article 798557


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Luo et al.

AKIP1 and Hypoxia in Gastric Cancer

AGS Cells

o [
° °

N
o

i
il
!

i,

AKIP1 mRNA relative expression

O Gontrol NC() AKIP1() NC(+) AKIP1(+)

°

o
@

e
@

o
Y

e
n

I_T_l

Control NC() AKIP1() NC(+) AKIP1(+)

14

AKIP1 protein relative expression

»
o

»
°

»n
°

GAPDH

AKIP1 mRNA relative expression
5

101 _ [

Control NC(-) AKIP1(-) NC(+) AKIP1(+)

e
>

Invasive cell count
3

il

Control NC(-) AKIP1() NC(+) AKIP1(+)

D E
Control NC(-) AKIP1(-)
120
& 100 —d
3
8 a0
= *x
© 60
H NC(+) AKIP1(+)
2 4
2>
£
; []
O Control NC() AKIP1(-) NC(+) AKIP1(+) - .
MKN45 Cells
F G H
6.0 1.0
5o ik

FIGURE 2 | AKIP1 expression and cell invasion in gastric cancer cells post transfections. The AKIP1 mRNA expression (A), protein expression (B, C), and invasive
cell count (D, E) among control, NC(-), AKIP1(-), NC(+), and AKIP1(+) groups in AGS cells; AKIP1T mRNA expression (F), protein expression (G, H), and invasive cell
count (I, J) among control, NC(-), AKIP1(-), NC(+), and AKIP1(+) groups in MKN45 cells. AKIP1, A-kinase interacting protein 1; NC, negative control; GAPDH,
glyceraldehyde-phosphate dehydrogenase. “*”, “**”, and “***” represented the p-values <0.05, <0.01, and <0.001 respectively.

o
@

[4
>

o
>

°
i

il

Control  NC(-) AKIP1(-) NC(+) AKIP1(+)

AKIP1 protein relative expression

AKIPA(-)

AKIPI could positively regulate HIF-10 and B-catenin pathways
in gastric cancer cells under hypoxia.

To further evaluate the pharmacological inhibition of HIF1
and beta-catenin in both AGS and MKN45 cell lines, we
purchased YC-1 and LF3, the inhibitors of HIF-1o. and (-
catenin pathways, and treated AGS and MKN45 cell lines with
these agents. It showed that the pharmacological inhibition of
HIF1 and beta-catenin had the similar effect as AKIP1 depletion

on invasive cell count, sphere number/1,000 cells, and CD133+
cell proportion (all p < 0.05, Supplementary Figures 1A-L).

Effects of AKIP1 on IkBa and p-IxBa

In AGS cells, p-IkBa. protein expression was inhibited in the
AKIP1(-) group compared with that in the NC (-) group (p <
0.01), while it was promoted in the AKIP1(+) group compared
with that in the NC(+) group (p < 0.001) (Supplementary
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Figures 2A, C). In the MKN45 cells, p-IkBa. protein expression
was also inhibited in the AKIP1(-) group compared with that in
the NC(-) group (p < 0.001), while it was promoted in the AKIP1
(+) group compared with that in the NC(+) group (p < 0.001)
(Supplementary Figures 2B, D). To sum up, these indicated that
AKIP1 could positively regulate p-IkBo. expression in gastric
cancer cells under hypoxia.

Rescue Experiments for Interaction of
AKIP1 With HIF-1a and B-Catenin
Pathways

In AGS cells, the AKIP1 mRNA (p < 0.001) and protein
expressions (p < 0.01) were downregulated in the AKIP1(-)
group compared with that in the NC group, which indicated that
the transfection of AKIP1 knockdown plasmid was successful;
the HIF-1o. mRNA (p < 0.001) and protein expressions (p < 0.01)
were overexpressed in the HIF-10u(+) group compared with that
in the NC group, which indicated that the successful transfection
of HIF-1a. overexpression plasmid; the AKIPI mRNA (p <
0.001) and protein expressions (p < 0.01) were downregulated
in the HIF-10:&(+)&AKIP1(-) group compared with that in the
HIF-10u(+) group, which indicated that the transfection of HIF-
lo. overexpression and AKIP1 knockdown plasmid was
successful; the P-catenin mRNA (p < 0.001) and protein
expressions (p < 0.05) were overexpressed in the B-catenin(+)
group compared with that in the NC group, which indicated that
the successful transfection of B-catenin overexpression plasmid;
the AKIP1 mRNA (p < 0.001) and protein expressions (p < 0.01)
were downregulated in the B-catenin(+)&AKIP1(-) group
compared with that in the -catenin(+) group, which indicated
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E
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FIGURE 3 | Stemness in gastric cancer cells post transfections. The CD133" cell proportion (A, B) and sphere number/1,000 cells (C, D) among control, NC(-),
AKIP1(-), NC(+), and AKIP1(+) groups in AGS cells; CD133" cell proportion (E, F) and sphere number/1,000 cells (G, H) among control, NC(-), AKIP1(-), NC(+), and
AKIP1(+) groups in MKN45 cells. NC, negative control; AKIP1, A-kinase interacting protein 1. “*” and “**” represented the p-values <0.05 and <0.01, respectively.

that the transfection of B-catenin overexpression and AKIP1
knockdown plasmid was successful (Figures 5A-E). In MKN45
cells, similar results were also observed, which indicated that the
transfections were also successful (Figures 5F-]).

Furthermore, in AGS cells, the invasive cell count was
elevated in the HIF-lo(+) group compared with thar in the
NC group (p < 0.01); besides, the invasive cell count was also
elevated in the HIF-10u(+)&AKIP1(-) group compared with that
in the AKIP1(-) group (p < 0.01), but it was still declined in the
HIF-10/(+)&AKIP1(-) group compared with that in the HIF-
lo(+) group (p < 0.01). These findings indicated that HIF-1o
overexpression elevated invasive cell count, and HIF-lo
overexpression might diminish the effect of AKIP1 knockdown
on invasive cell count to some extent; in addition, the invasive
cell count was elevated in the B-catenin(+) group compared with
that in the NC group (p < 0.01), besides the invasive cell count
was also elevated in the PB-catenin(+)&AKIP1(-) group
compared with that in the AKIP1(-) group (p < 0.01), but it
was still declined in the B-catenin(+)&AKIP1(-) group
compared with that in the B-catenin(+) group (p < 0.01).
These finding indicated that B-catenin overexpression elevated
invasive cell count, and B-catenin overexpression might decrease
the effect of AKIP1 knockdown on invasive cell count to some
extent (Figures 6A, B). In MKN45 cells, HIF-10t and B-catenin
overexpressions exhibited a similar impact on invasive cell count,
and they both weaken the effect of AKIP1 knockdown on
invasive cell count to some extent (Figures 6C, D).

In addition, in AGS cells, the CD133" cell proportion (p <
0.01) and sphere number/1,000 cells (p < 0.01) were elevated in
the HIF-1ou(+) group compared with that in the NC group (p <
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0.01); besides, the CD133" cell proportion (p < 0.01) and sphere
number/1,000 cells (p < 0.01) were also elevated in the HIF-
lou(+)&AKIP1(-) group compared with that in the AKIP1(-)
group (p < 0.01), but they were still declined in the HIF-1o(+)
&AKIP1(-) group compared with that in the HIF-1ou(+) group
(both p < 0.05). These findings indicated that HIF-lo
overexpression elevated the CD133" cell proportion and sphere
number/1,000 cells, and HIF-10. overexpression might reduce
the effect of AKIP1 knockdown on these measurements to some
extent. In addition, the CD133" cell proportion (p < 0.01) and
sphere number/1,000 cells (p < 0.01) were elevated in the B-
catenin(+) group compared with that in the NC group (p < 0.01);
besides, the CD133" cell proportion (p < 0.01) and sphere
number/1,000 cells (p < 0.01) were also elevated in the [-
catenin(+)&AKIP1(-) group compared with that in the AKIP1
(-) group (p < 0.01), but they were still declined in the B-catenin
(+)&AKIP1(-) group compared with that in the f-catenin(+)
group (both p < 0.05). These findings indicated that (3-catenin
overexpression elevated the CD133" cell proportion and sphere
number/1,000 cells, and B-catenin overexpression might curtail
the effect of AKIP1 knockdown on these measurements to some

extent (Figures 7A-D). In MKN45 cells, HIF-1a and B-catenin
overexpressions exhibited a similar impact on CD133" cell
proportion and sphere number/1,000 cells, and they both
attenuated the effect of AKIP1 knockdown on these
measurements to some extent (Figures 7E-H).

DISCUSSION

Caused by cancer cell overproliferation, oxygen deficiency is a
common phenomenon inside the tumor; most importantly, this
phenomenon is increasingly reported as a potential treatment
target in cancers (21, 22). The hypoxia condition is reported to
promote tumor progression in multiple ways, such as the
enhancement of chemoresistance by activating GLI family zinc
finger 2 (GLI2) and promotion of tumor metastasis through
modulating the macrophage functions (23, 24). As for gastric
cancer, there are also studies reporting the role of hypoxia
condition. For instance, a study elucidated that hypoxia
promotes gastric cancer cell migration, invasion, and
epithelial-mesenchymal transition (EMT); then, circular RNA

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 11 | Article 798557


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Luo et al.

AKIP1 and Hypoxia in Gastric Cancer

A B (¢

c

c ] <}
Q25 250 B g0
@ — N8 @ [

e NS 2 —_— 5

820 —_— o o X

—

X NS %60 NS S 60

e, NS Q 2

g . oy e £ ey 3
® g 40 ® 40

1.0 <

s 3 z

4 x -

Eos £ 20 = = E 20

-y L ’—T—‘ £

< |"':'|

a [l = ] 1 S
<o - Zo T oo

& NS &S R NGNS Qg &

& £ S S s £ & P S
S ¥ S
M FE
D E

-
d

O Control
O NC

O AKIP1(-)
I HIF-1a(+)

c
K]
7]
n
]
S
HIF-1a X 1.0 —— O HIF-1a(+)&AKIP1(-)
4 . O p-catenin(+)
£ [ O B-catenin(+)&AKIP1(-)
VEGF ]
2
o
S
B-catenin o 0.5
2
&
cBpP <
o
0.0-
B-actin AKIP1 HIF-la  VEGF B-catenin CBP
MKN45 cells
F G H
c c c
Q25 230 o
@ T —— @ @ 8.0
o NS ] —_N 4
820 NS S R — S
3 _ 360 % *hx
° NS o —Ns %60 _
245 e wax 2 ey 2 _ ke
5 [ I o B g . e
<1 < < o —Ns
Z Z z —Ns
20 . —
E 0.5 E — |_-r_| I_—;‘ E 2.0 . *
o - =
£, =l el lm L~ L AN~
d & O O F D ¥ T & & O &% &% goo
oo‘é N & «"‘o\ ~°\1\“ e‘s\\\ &°\\x & T @q\\ «"°\ \&\\“ & \“\x\\ & S P
AR Y @QQ \g“& pqx\ © v §§p$ ‘?\vi«« & é§ ,»“'\ S & S
S K b N {
v S
| D d
c 1.5
o [ Control
AKIP1 D NG
3 O AKIP1(-)
5 O HIF-1a(+)
HIF-1a S0 O HIF-1a(+)8AKIP1(-)
L4 [ B-catenin(+)
£ [ B-catenin(+)&AKIP1(-)
VEGF ]
2
B-catenin o 0.5
2
®
cBpP <
12
0.0-
B-actin AKIP1 HIF-1a VEGF B-catenin CBP

FIGURE 5 | AKIP1, HIF-1c, and B-catenin expressions in rescue experiments. The AKIPT mRNA (A), HIF-1o mRNA (B), B-catenin mRNA (C), and their protein
(D, E) expressions among control, NC, AKIP1(-), HIF-1a(+), HIF-1a(+)&AKIP1(-), B-catenin(+), and B-catenin(+)&AKIP1(-) groups in AGS cells; AKIP1 mRNA (F),
HIF-1o0 mRNA (G), B-catenin mRNA (H), their protein (I, J) expressions among control, NC, AKIP1(-), HIF-1a(+), HIF-10y(+)8AKIP1(-), B-catenin(+), and B-catenin(+)
&AKIP1(-) groups in MKN45 cells. AKIP1, A-kinase interacting protein 1; HIF-1a., hypoxia-inducible factor 1 subunit alpha; NC, negative control; VEGF, vascular
endothelial growth factor; CBP, calcium-binding protein; NS, not significant. “*”, “**”, and “**” represented the p-values <0.05, <0.01, and <0.001 respectively.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 11 | Article 798557


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Luo et al.

AKIP1 and Hypoxia in Gastric Cancer

AGS Cells
A B Control NC AKIP1(-) HIF-1a(+)
120 _
e

E 100 * *k -
5 s L | —_
o
o 80
3
8 60 ——
> .
B 49 HIF-1a(+) ~ ) B-catenin(+)
g SAKIP1(.) B-catenin(+) SAKIP1()

o o > D@ D
& S «\\ & 0@\ & Q\,\
[9d & NS &
v Q§< pq & «"\

Ll AR

S N B ¥ A
& N & & Ko &
v ~z~<"~&§\;?@ & @
T
MKN45 Cells
C D
Control NC AKIP1(-) HIF-1a(+)
120 —_ .
e
« 100 —_—
5 =L —] NS
2
S 80
% ek
g 60 -
2 HIF-1a(+) B-catenin(+)
9 40 =-1al ~ . -catenin
S SAKIP1(.) B-catenin(+) BAKIP1(-)
20 o .

FIGURE 6 | Cell invasion in rescue experiments. The invasive cell number among control, NG, AKIP1(-), HIF-1a(+), HIF-10(+)&AKIP1(-), B-catenin(+), and B-catenin
(+)&AKIP1(-) groups in AGS cells (A, B) and in MKN45 cells (C, D). AKIP1, A-kinase interacting protein 1; NC, negative control; HIF-1a, hypoxia-inducible factor 1
subunit alpha; NS, not significant. “*” and “**” represented the p-values <0.05 and <0.01, respectively.

0081143 knockdown reduces these effects (25). Another study
revealed that the axis of hypoxia-autophagy enhances the
secretion of vascular endothelial growth factor A (VEGFA)
from peritoneal mesothelial cells through mediating integrin
o5-fibronectin signaling, which subsequently promotes the
peritoneal metastasis in gastric cancer mouse model (26). In
addition, a study illuminated that microRNA 124 expression is
activated by hypoxia, which then increases cancer cell
proliferation and migration by upregulating the Warburg
effect (27). In the present study, we tried to explore the role of
AKIP1 in gastric cancer cells under hypoxia and its probable
downstream pathways and found that, first of all, the cell
invasion, CD133" cell percentage, and sphere number/1,000
cells were promoted in gastric cancer cells under hypoxia.
AKIP1 was upregulated in gastric cancer cells under hypoxia,
and AKIP1 enhanced cell invasion, CD133" cell proportion, and
sphere number/1,000 cells in gastric cancer cells under hypoxia.
Furthermore, the rescue experiments disclosed that HIF-1o. and
[3-catenin pathways overexpression reduced the effects of AKIP1

knockdown on invasion, CD133" cell proportion, and sphere
number/1,000 cells in gastric cancer cells under hypoxia.
AKIPI, also known as breast-cancer-associated protein 3
(BCA3), was earlier found as a regulator of cAMP-dependent
protein kinase (PKA) that modulates the cardiac function, and
now it is also known as a factor related to oncology (14). A
previous study illustrates that AKIP1 promotes the malignant
behaviors of hepatocellular carcinoma (HCC) cells via activating
protein kinase B (AKT) and nuclear factor-kappa B (NF-kB)
translocation (28). Moreover, a study revealed that in esophageal
squamous cell carcinoma, in vivo and in vitro, AKIP1
overexpression enhances angiogenesis and lymphangiogenesis,
and AKIP1 downregulation exerts the opposite effects. The study
also reported that AKIP1 enhances VEGF-C through regulating
its promotor by interacting with the transcription factors
consisting of SP1, AP2, and NF-kB (29). Besides, AKIP1
inhibition results in reduction in tumor growth and
angiogenesis in cervical cancer mouse models and decrease in
proliferation in cervical cancer cells (30). These all indicate that
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AKIP1 acts as a promotor in the development of cancers, which
is in consistence to our results. Our results elucidated that AKIP1
promoted migration and stemness of gastric cancer cells,
suggesting that it also acted as a promoter of tumor
progression in gastric cancer. In regard to the possible
regulatory mechanism of AKIP1 in gastric, it possibly
promoted gastric cancer cell invasion and stemness through
interacting with other oncology-related factors (such as AKT
and NF-kB), or as elucidated in our further experiments, AKIP1
could also regulate the gastric cancer cell functions via
upregulating HIF-1ot and B-catenin pathways (14, 28-30).

As for the roles of HIF-1o and B-catenin pathways, they are
both involved in tumorigenesis, which includes the pathology of
gastric cancer. For example, the gastric cancer cell proliferation
and invasion could be inhibited by 3-deazaneplanocin A through
repressing of the HIF-1ot and Wnt signaling pathways (31). In
addition, a study elucidates that the molecule collagen triple helix
repeat containing 1 (CTHRC1) enhances the tumor metastasis in
animal model of gastric cancer via positively mediating HIF-1a
expression (32). In addition, a study illuminates that the Wnt/f-
catenin signaling pathway promotes the metastasis and EMT-
related markers expressions via interacting with transcription
factor EB (TFEB) in gastric cancer cells (33). Besides, a study
revealed that the Wnt/f-catenin signaling pathway is essential in
the immunosuppression regulation in gastric cancer
microenvironment, and inhibiting the B-catenin-induced C-C
motif chemokine ligand 28 (CCL28) decreases the tumor
progression through downregulating Treg cell infiltration in
animal models (34). These findings indicate that these two
pathways might be critical in gastric cancer progression. In the
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interacting protein 1; HIF-1a, hypoxia-inducible factor 1 subunit alpha; NS, not significant. “*” and “**” represented the p-values <0.05 and <0.01, respectively.

present study, we discovered that AKIP1 positively regulated the
HIF-1o and B-catenin pathways in gastric cancer cells under
hypoxia, and both HIF-1a. and 3-catenin overexpressions could
diminish the effects of AKIP1 on gastric cancer cell invasion and
stemness under hypoxia, which has provided some more possible
explanations to the function of AKIP1 in gastric cancer.

To sum up, AKIP1 promotes cell invasion and stemness via
activating HIF-1o. and PB-catenin pathways in gastric cancer
under hypoxia, which indicates that AKIP1 may have the
potential to serve as a therapeutic target in gastric cancer.
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