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1. Abstract

Background: Evidences has showed that
procollagen-lysine 2-oxoglutarate 5-dioxygenase 1
(PLOD1) participated in the many cancers’ progression,

such as bladder cancer and osteosarcoma. However, its
role in gastric cancer (GC) remains elusive. The study,
was aimed to investigate the role and of PLOD1 in GC
progression and the underlying mechanism. Methods:
MTT, Edu and colony formation assays were applied to
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detect cell viability and clonal expansion ability. TUNEL
was used for cell apoptosis detection. Glucose uptake,
lactate production, ATP contents, oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) levels
were used to reflect aerobic glycolysis level in GC cells.
Results: The expression of PLOD1 in GC tissues and cells
was higher than that in GES-1 cells. Overexpression of
PLOD1 induced a significant enhancement in cell viability
and increased glucose uptake, lactate production, ATP
contents and ECAR, but decreased cell apoptosis and OCR
level in AGS and HGC-27 cells. Knockdown of PLOD1
caused opposite results. In mechanism, the expression of
PLOD1 in GC tissues was positively associated with SOX9,
HK2 and LDHA levels, and overexpression of PLOD1
increased SOX9, p-Akt/Akt and p-mTOR/mTOR levels.
Additionally, overexpression of SOX9 abolished PLOD1
downregulation-mediated inhibition on cell viability and
aerobic glycolysis, promotion on cell apoptosis. Moreover,
PLOD1 downregulation inhibited tumor formation in vivo.
Conclusion: This study showed that PLOD1can promote
cell growth and aerobic glycolysis through activating the
SOX9/PI3K/Akt/mTOR signaling.

2. Introduction

Gastric cancer (GC) has been the fourth most com-
monly diagnosed malignance and also the second leading
cause of death in cancer patients over the world [1, 2]. Due
to the hidden signs, many patients with GC are diagnosed
with a metastatic stage [3]. With the great progress made
in treating methods, the 5-year survival rate of GC patients
diagnosed at early stage can reach 90% [4]. However, most
GC cases (>70%) still have a poor prognosis [4]. Thus, it
is urgent to elucidate the underlying mechanisms of GC to
develop new effective therapeutic targets.

Aerobic glycolysis (also known as “Warburg ef-
fect”) is one hallmark of cancer cells, and generally reg-
ulated by hexokinase II (HK II), phosphofructokinase-1
(PFK-1), pyruvate dehydrogenase (PDH), pyruvate kinase
(PKM) and lactate dehydrogenase (LDHA) [5]. Cancer
cells gain energy to meet the metabolic requirements of
rapid proliferation of cells through aerobic glycolysis [6].
Furthermore, enhanced glycolysis leads to an acidic mi-
croenvironment to make cancer cell easier metastasizing
through generating lactic acid [7, 8]. More and more ev-
idence has demonstrated that aerobic glycolysis plays vital
roles in GC progression [9, 10]. Targeting cell aerobic gly-
colysis is a potential method against cancer [11, 12].

It has been suggested that the elevated deposi-
tion of collagen plays a vital role in promoting tumor pro-
gression through accelerating cancer cell migration and in-
vasion [13–15]. The PLOD1 gene, located on chromo-
some 1p36.2–36.3, encodes one enzyme of the procollagen-
lysine, 2-oxoglutarate 5-dioxygenase (PLOD) family which
takes charge of the hydroxylation of lysine in collagens

[16–18]. The hydroxylysine residues form attachment sites
for carbohydrate units following the hydroxylation of ly-
sine in collagens by PLOD1, leading to the enhancement
of intermolecular crosslinks stability [19]. These findings
suggest that PLOD1 might be involved in carcinogenesis.
As expected, studies have shown that PLOD1 is closely
involved in cancer progression [20, 21]. For example,
PLOD1 was reported to be overexpressed in osteosarcoma
and facilitated cancer cell growth and metastasis abilities
through decreasing LATS1 phosphorylation and inactivat-
ing the Hippo pathway [20]. Regrettably, the role and un-
derlyingmechanism of PLOD1 in GC progression still need
to be elaborated.

As a member of the SOX families, SRY (Sex de-
termining regionY)-box 9 (SOX9), plays vital roles in regu-
lating stem cell maintenance, neural crest development, sex
determination and chondrogenesis [22, 23]. SOX9 has been
reported to be upregulated in GC and promotes cancer pro-
gression [24]. Furthermore, some evidence have demon-
strated that SOX9 is closely related with the pathogene-
sis of carcinogenesis via activating the PI3K/Akt signal-
ing [25, 26]. Moreover, some work have demonstrated that
PLOD1 positively regulates the expression of YAP, which
can modulate SOX9 transcription through interacting with
TEAD proteins in esophageal cancer cells [20, 27], suggest-
ing that PLOD1 may regulate SOX9 expression and then
activate the PI3K/Akt signaling.

The aim of this study is to disclose the role of
PLOD1 in the progression of GC, as well as to investigate
whether the SOX9/PI3K/Akt signaling is involved.

3. Materials and methods

3.1 Tissue samples

Twenty-three GC and paracancerous noncancer-
ous tissues were obtained from patients with primary GC
who received surgery from January 2011 to January 2014.
No patient received radiotherapy and/or chemotherapy be-
fore surgery. Experiments using human samples were ap-
proved by the Ethics Committee of the The Affiliated Peo-
ple’s Hospital of Ningbo University. Written informed con-
sents were signed by all patients.

3.2 Immunohistochemistry

Immunohistochemistry (IHC) in GC tissues and
the paracancerous normal tissues was carried out accord-
ing to previous description [28]. In brief, the formalin-
fixed, paraffin-embedded GC tissue and para-carcinoma
normal tissue sections were cut into 4-µm thickness, which
were first de-waxed and dehydrated and then retrieved by
antigen-retrieval liquid. Then, the sections were immersed
in 5% goat serum for 1 hour at room temperature for block-
ing, followed by incubation with indicated primary antibod-
ies overnight at 4◦C and second antibodies at 37◦C for 0.5
hour. The primary antibodies included anti-SOX9 (cat no.
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ab185230, Abcam, Cambridge, MA, USA), anti-Ki67 (cat
no. ab15580, Abcam) and anti-PLOD1 (cat no. ab262947,
Abcam) antibodies. After that, the sections were reacted
with diaminobezidin (DAB) for several seconds at room
temperature and hematoxylin (Solaibio) for 1 minute. The
staining was observed by using a microscope. The IHC
staining was scored as previously reported [29]. The stain-
ing intensity and area were multiplied to obtain the final
scores.

3.3 Cell culture

Human GC cell lines SNU-1 and AGS were ac-
quired from the American Type Culture Collection (Manas-
sas, VA, USA). Human normal stomach epithelial cell line
GES-1, and two GC cell lines MKN-45 and HGC-27 were
obtained from Procell (Wuhan, China). Cells were cultured
with RPMI-1640 medium (Thermo Fisher Scientific, Inc.,
MA, USA) plus 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific), and kept in a humid cell incubator at 37
◦C containing 5% CO2.

3.4 Gene silencing and overexpression

Plasmids used to upregulate PLOD1 and SOX9
in GC cells (named as PLOD1 and SOX9, respectively)
were purchased from the GenePharma Ltd. (Shanghai,
China), which were then transfected into cells with Lipo-
fectamine 3000 reagent (Thermo Fisher Scientific) based
on the manufacturer’s instructions. The short hairpin RNAs
(shRNAs) used to downregulate PLOD1 (sh-PLOD1), as
well as the negative control (shNC) were acquired from
OriGene Co., LTD (cat no. TL310352V). Cells were in-
fected with shRNAs and shNC using polybrene (7 µg/mL;
Sigma-Aldrich, MO,USA). Then, theywere incubatedwith
puromycin (8 µg/mL; Solarbio, Beijing, China) for 14 days
to establish stably transfected cell lines, which were used in
the following animal studies.

3.5 Western blotting analysis

Total proteins from tissues and cells were iso-
lated by lysis buffer (Roche, Shanghai, China) plus pro-
tease inhibitor (1%; Solarbio). Protein concentrations
were determined by bicinchoninic acid protein assay kits
(Thermo Fisher Scientific) after centrifugation referring to
the specifications. After that, the protein samples were
separated by 10% SDS-polyacrylamide gel electrophore-
sis, and then transferred to polyvinylidene difluoride mem-
branes (PVDF; Millipore, Billerica, MA, USA). Next, the
membranes were probed with indicated primary antibod-
ies overnight at 4 ◦C following 1-hour incubation in 5%
non-fat milk at room temperature. The anti-GAPDH anti-
body (1:5000 dilution; cat no. ab8245, Abcam), anti-Bcl-2
antibody (1:2000 dilution; cat no. ab32124, Abcam), anti-
Bax antibody (1:2000 dilution; cat no. ab32503, Abcam),
anti-Cleaved caspase-3 (1:2000 dilution; cat no. ab2302,
Abcam), anti-SOX9 (1:2000 dilution; cat no. ab185230,
Abcam), anti-p-Akt (1:2000 dilution; cat no. ab38449, Ab-

cam), anti-Akt (1:2000 dilution; cat no. ab8805, Abcam),
anti-p-mTOR (1:2000 dilution; cat no. ab109268, Abcam),
anti-mTOR (1:2000 dilution; cat no. ab2732, Abcam), anti-
HK2 (1:2000 dilution; cat no. ab209847, Abcam) and anti-
LDHA (1:5000 dilution; cat no. ab52488, Abcam) were
used in this study. Then, the membranes were probed
with the HRP-conjugated secondary antibodies for 1 hour at
room temperature. After being washed with PBS for three
times, the protein was imaged with ECL reagent (Millipore,
USA) and measured on ProfiBlot-48 (Tecan, Switzerland).
ImageJ (Fiji software version 2.0, LOCI, University ofWis-
consin, Madison, Wisconsin, USA) was used for protein
quantification.

3.6 MTT assay

MTT reagent (Sigma-Aldrich) was applied for cell
viability detection. In brief, 2 × 103 GC cells or GES-1
cells were seeded into 96-well plates and transfection was
performed. Following incubation at 37 ◦C for 24, 48 and 72
hours, the cells were incubated with 20 µL MTT solution
(1 mg/mL) for another 4 hours at 37 ◦C. The MTT solution
was then removed and 100 µLDMSO (Sigma-Aldrich) was
used to dissolve formazan. The OD value was measured
by using an automated microplate reader (Thermo Fisher
Scientific) at 570 nm.

3.7 Colony formation assay
Five hundred GC cells in RPIM-1640 medium

containing 10% FBS were placed into each well of 6-well
plates. Following incubation at 37 ◦C for 14 days, the cells
were fixed with 4% polyformaldehyde at room tempera-
ture and incubated with 1% crystal violet for 15 minutes at
room temperature for 15 minutes. The colonies more than
50 cells were counted using an inverted microscope (Leica
Microsystems, Germany).

3.8 Edu staining
GC cells (6× 103 cells/well) were seeded into 96-

well plates. Following 48 hours’ transfection, the cells were
incubated with 100 mL EdU medium for 2 hours and fixed
with 4% paraformaldehyde for 30 minutes, 0.5% Triton X-
100 penetrant for 5 minutes, 2 mg/mL glycine for 5 minutes
at room temperature, and Apollo dye reaction liquid for 30
minutes in the dark. Hoechst 33342 was used for nuclear
staining in the dark for 30 minutes at room temperature.
Edu positive cells were proliferative cells.

3.9 TUNEL (TdT-mediated dUTP Nick-End Labeling)
assay

The TUNEL assay was carried out with the One
Step TUNEL Apoptosis Assay Kit (Cyanine 3) (Beyotime,
Jiangsu, China) to evaluate cell apoptosis in line with
the protocols. In brief, the cells were first fixed in 4%
paraformaldehyde for 30 minutes, then were treated with
0.3% Triton X-100 for 5 minutes. Followingly, cells were
probed with TUNEL solution (Beyotime) for 1 hour at 37
◦C in the dark. Nucleus were stained with Hoechst 33342
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at room temperature for 5 minutes in the dark. The staining
was observed by using themicroscope (OLYMPUS, Japan).
TUNEL-positive cells were the apoptotic cells.

3.10 Flow cytometry analysis

After 48 hours of cell transfection, GC and GES-1
cells were collected and stained with Annexin V (FITC) and
propidium iodide (PI) reagent (Dojindo Molecular Tech-
nologies, Inc.) in line with of the instructions. Then, cell
apoptosis was detected on CytoFLEX (Beckman Coulter,
Inc.) and analyzed using FlowJo 7.6 software (FlowJo
LLC, Ashland, Oregon, USA). The early and late apoptotic
cells were separately Annexin V+/PI- and Annexin V+/PI+
cells.

3.11 Detection of lactate production, ATP and glucose
uptake

To assess lactate production, GC cells were inoc-
ulated at a density of 3 × 105 cells/mL in complete media.
Forty-eight hours post transfection, supernatants were har-
vested and deproteinised with a 10KD filter (EMD Milli-
pore, Billerica, MA) by centrifugation (10,000 g, 30 min-
utes). Lactate production was measured using the Lactate
Assay Kit (cat. no.: MAK064; Sigma-Aldrich, MO, USA).

To assess ATP content, the cells were washed with
ice-cold PBS for three times and then harvested by trypsin
digestion, followed by centrifugation (1200 g, 5 minutes).
ATP assay buffer (50 µL) was added to samples for ATP
content examination using an ATP assay Kit (cat. no.:
MAK190, Sigma-Aldrich).

Glucose uptake was measured with fluorescent
glucose 2-NBDG (Thermo Fisher Scientific, cat. no.:
N13195). GC cells placed into 96-well plates were incu-
bated with glucose-free medium. The cells were then im-
mersed in 100µM 2-NBDG and incubated at 37 ◦C for 30
minutes 48 hours post cell transfection. Fluorescent inten-
sity of each sample was measured by a microplate reader
(Ex (λ) 465 nm; Em (λ) 540 nm).

3.12 Detection of extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR)

ECAR and OCR levels were measured by using
a Seahorse XFe96 Extracellular Flux Analyzer (Seahorse
Bioscience, Billerica, MA, USA) with the Seahorse XF
Glycolysis Stress Test kit and Seahorse XF Cell Mito Stress
Test kit (Seahorse Bioscience). In brief, GC cells were
placed into Seahorse plates and grown at 37 ◦C overnight.
Then, ECAR was measured by analyzer equipped with
seahorse buffer containing 2-deoxyglucose (2-DG), glu-
cose, and oligomycin (Oligo). OCR was measured by
ligomycin (Oligo), rotenone + antimycin A (Rot + AA)
and p-trifluoromethoxy carbonyl cyanide phenylhydrazone
(FCCP). XF-96 wave software (Seahorse Bioscience) was
used for results analysis.

3.13 Animal experiments

shNC or sh1-PLOD1 transfected AGS cells (2 ×
106) were injected into the armpit of 6-week male BALB/c
nude mice. Each group had six mice. Four weeks later,
mice were euthanized. Tumor volume was calculated by
V = Length × Width2 / 2. The animal experiments have
gotten the approval of the Animal Care Committee of The
Affiliated People’s Hospital of Ningbo University.

3.14 Statistical analysis

Three independent experiments with three repli-
cates except for the animal assay were performed. Data
were presented with mean ± standard deviation (SD). The
differences between 2 groups and≥3 groups were analyzed
by using Student’s t-test or one-way ANOVA with Tukey’s
tests. Kaplan-Meier plot model was applied to determine
the patient survival. Spearman correlation coefficients was
used to analyze the correlations between the IHC scores of
SOX9 and PLOD1 in GC tissues. P < 0.05 was defined as
statistically significance.

4. Results

4.1 PLOD1 was upregulated in GC cell lines and
facilitated cell proliferation

First, we compared the expression patterns of
PLOD1 in GC cell lines and normal stomach epithelial cell
line GES-1 using western blotting. The results revealed
that PLOD1 level was significantly increased in GC cells,
including SNU-1, MKN-45, AGS and HGC-27, as com-
pared with that in GES-1 cells (Fig. 1A). Then, AGS and
HGC-27 with medium expression of PLOD1 among the 4
cell lines were used in the following assays. PLOD1 lev-
els were significantly increased when cells were transfected
with PLOD1 vector, while decreased following cell infec-
tion with sh1-PLOD1 and sh2-PLOD1 in AGS and HGC-
27 cells (Fig. 1B). The sh1-PLOD1 was used in the further
experiments as its higher knockdown efficiency than sh2-
PLOD1. Cell viability and clonal expansion ability were
significantly increased when PLOD1 was overexpressed
but decreased with the downregulation of PLOD1, as re-
vealed by the MTT (Fig. 1C) and colony formation assay
(Fig. 1D). Besides, overexpression of PLOD1 promoted
cell growth and knockdown of PLOD1 inhibited cell growth
in AGS and HGC-27 cells (Fig. 1E), as well as in GC SNU-
1 cells (Supplementary Fig. 1A) and normal stomach ep-
ithelial GES-1 cells (Supplementary Fig. 1C).

Additionally, we explored the effect of PLOD1 on
cell apoptosis in GC using TUNEL, flow cytometry and
western blotting assays. The TUNEL (Fig. 2A) and/or
flow cytometry (Fig. 2B) results showed that PLOD1 over-
expression reduced cell apoptosis in AGS and HGC-27
cell lines, while downregulation of PLOD1 resulted in
an opposite result in AGS, HGC-27 and MKN-45 cells
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Fig. 1. PLOD1 function in GC cell viability. (A) The levels of PLOD1 protein in GES-1, SNU-1, MKN-45, AGS and HGC-27 were measured by
western blotting (n = 3, ∗∗P < 0.01). (B) The transfected efficiencies of sh1-PLOD1, sh2-PLOD1 and PLOD1 were determined by western blotting
assay. Then, AGS and HGC-27 cells transfected/infected with control vector, PLOD1, shNC or sh1-PLOD1 were harvested for detection of cell viability
and clonal expansion ability by (C) MTT, (D) colony formation assay, and (E) Edu assay (n = 3, ∗∗P < 0.01, vs. control group; ∗∗P < 0.01, vs. shNC
group).

(Supplementary Fig. 1B). Moreover, PLOD1 increased
Bcl-2 expression but decreased Bax and Cleaved caspase-3
expression in AGS and HGC-27 cell lines, and vice versa
(Fig. 2C). These results suggested that PLOD1 served as a
promoter for cell growth and suppressor for cell apoptosis
in GC.

4.2 PLOD1 facilitated aerobic glycolysis in GC cells

Next, we explored the role of PLOD1 in the pro-
cess of aerobic glycolysis in GC cells. The glucose uptake
(Fig. 3A), lactate content (Fig. 3B), ATP level (Fig. 3C),
and ECAR (Fig. 3D) were all increased while OCR was de-
creased (Fig. 3E) in PLOD1-overexpressed AGS and HGC-

27 cells compared to control cells, whereas knockdown of
PLOD1 caused opposite results (Fig. 3A–E). In addition,
PLOD1 overexpression and downregulation separately in-
creased and decreased the expression of HK2 and LDHA
in AGS and HGC-27 cells (Fig. 3F). Moreover, Spear-
man correlation analysis showed that expression of SOX9
was positively correlated with HK2 and LDHA expres-
sion according to the data analysis from TCGA database
(Supplementary Fig. 2B,C). These results demonstrated
that PLOD1 contributed aerobic glycolysis in GC cells.
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Fig. 2. PLOD1 inhibited cell apoptosis in GC cells. AGS and HGC-27 cells transfected/infected with control vector, PLOD1, shNC or sh1-PLOD1
were harvested for the following assays. (A) TUNEL for cell apoptosis test. (B) Flow cytometry test for cell apoptosis. (C) Western blotting analysis of
the protein levels of Bcl-2, Bax and cleaved caspase-3 (n = 3, ∗P < 0.05, ∗∗P < 0.01, vs. control group; ∗P < 0.05, ∗∗P < 0.01, vs. shNC group).

4.3 PLOD1 positively regulatedSOX9/
PI3K/Akt/mTOR signaling in GC

To disclose the mechanism of PLOD1 modulat-
ing GC progression, we then explored the relationship be-
tween PLOD1 and SOX9/PI3K/Akt signaling in GC. Bioin-
formatics results from the GEPIA (Gene Expression Profil-
ing Interactive Analysis) database showed that both PLOD1
and SOX9 were upregulated in GC tissues compared to
the normal tissues (Fig. 4A), which was verified by the
IHC staining (Fig. 4B). The Spearman correlation analy-
sis showed that SOX9 level was positively correlated with
PLOD1 level in 23 cases of GC clinical tissues based
on TCGA database analysis (Supplementary Fig. 2A)
(Fig. 4C). Online Kaplan-Meier Plotter analysis showed
that both the high levels of PLOD1 and SOX9 predicted
poor prognosis of GC patients (Fig. 4D). Moreover, the
GEPIA database analysis demonstrated that high expres-
sion of PLOD1 was correlated with lower overall survival
rate (Supplementary Fig. 2D).

Next, we explored the effect of PLOD1 on the ac-
tivation of SOX9/PI3K/Akt/mTOR signaling. Compared
with the control group, overexpression of PLOD1 promoted
the levels of SOX9, p-Akt/Akt and p-mTOR/mTOR inAGS
and HGC-27 cells, and vice versa (Fig. 5A,B). Taken to-
gether, the above results revealed that PLOD1 promoted the
activation of SOX9/PI3K/Akt/mTOR signaling in GC cells.

4.4 Downregulation of PLOD1 repressed cell growth
and aerobic glycolysis through decreasing SOX9 level
in GC

Next, we uncovered the role of SOX9 in PLOD1-
involved GC progression. Downregulation of SOX9 inhib-
ited cell viability (Fig. 6A) and cell apoptosis (Fig. 6B,C)
compared with PLOD1 singly downregulated AGS cells,
but increased levels of glucose uptake (Fig. 6D), lactate
content (Fig. 6E), ATP level (Fig. 6F), ECAR (Fig. 6G) ex-
cept OCR (Fig. 6H). These results illustrated that downreg-
ulation of PLOD1 repressed cell growth and aerobic glycol-
ysis through decreasing SOX9 level in GC.
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Fig. 3. The effect of PLOD1 on aerobic glycolysis in GC cells. AGS and HGC-27 cells transfected/infected with control vector, PLOD1, shNC or
sh1-PLOD1 were harvested to detect the levels of (A–C) glucose uptake, lactate production, and ATP contents using specific kits, and (D,E) ECAR and
OCR using a Seahorse XFe96 Extracellular Flux Analyzer. (F) Western blotting was used to detect the protein expression levels of HK2 and LDHA (n =
3, ∗P < 0.05, ∗∗P < 0.01, vs. control group; ∗P < 0.05, ∗∗P < 0.01, vs. shNC group).

4.5 Knockdown of PLOD1 inhibited tumor growth in
vivo

Moreover, we explored PLOD1 function in tumor
formation in vivo. The results showed that PLOD1 down-
regulation inhibited tumor formation leading to decreased
tumor volume and weight (Fig. 7A–C). In addition, the ex-
pression levels of SOX9, PLOD1 and Ki67 were decreased
by PLOD1 downregulation (Fig. 7D). These results indi-
cated that knockdown of PLOD1 inhibits tumor growth in
vivo.

5. Discussion

Previous study demonstrated that PLOD1 level
was elevated in GC tissues and associated with poor prog-
nosis [30]. Herein, we first revealed the role of PLOD1 in
the progression of GC. As expected, we found that PLOD1
overexpression significantly promoted GC cell growth and
tumorigenesis in vivo and inhibited apoptosis.

Accumulated evidence has demonstrated that

PLOD1 was frequently upregulated and functions as an
oncogene in various cancers. For instance, PLOD1 level
was elevated in bladder cancer, and knockdown of PLOD1
using siRNAs and a specific inhibitor significantly de-
creased cell aggressiveness, such as promoted cell pro-
liferation, migration, and invasion abilities and inhibited
apoptosis in bladder cancer [17]. The expression of both
PLOD1 mRNA and protein in clear cell renal cell carci-
noma (ccRCC) tissues was significantly higher than that in
normal kidney tissues; further studies showed that the in-
creased PLOD1 mRNA level was relate to high patholog-
ical grade, advanced tumor stage, shorter progression-free
and overall survival rate [31]. PLOD1 expression was in-
creased in osteosarcoma tissues, which was closely linked
to distance metastasis and Enneking stage, and worse prog-
nosis; silencing of PLOD1 resulted in obvious inhibitions
on cell growth, movement, and invasiveness ofMG-63 cells
andU-2OS cells [20, 32]. In the current study, we used plas-
mids and shRNAs to upregulate and downregulate PLOD1
expression in GC cells AGS and HGC-27 with medium
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Fig. 4. PLOD1 level positively correlated with SOX9 level in GC. (A) GEPIA database analysis of PLOD1 and SOX9 levels in GC cells. (B) IHC
staining of PLOD1 and SOX9 in GC tissues. (C) Spearman correlation analysis of PLOD1 and SOX9 levels in 23 GC tissues. (D) Online Kaplan-Meier
Plotter database analysis of the clinical value of PLOD1 and SOX9 in the overall survival of GC patients (∗P < 0.05).

expression of PLOD1. To make the result more convinc-
ing, we also overexpressed PLOD1 in the lowest express-
ing SNU-1 cells and normal GES1 cells, and downregulated
PLOD1 inMKN-45 cells to explore PLOD1 role in GC pro-
gression. The results showed that PLOD1 overexpression
significantly enhanced cell growth and inhibited cell apop-
tosis in vitro in both cancer cells and normal stomach ep-
ithelial cell line GES-1, and repressed tumor formation in
vivo, indicating PLOD1 served as an oncogene in GC.

It has been well documented that tumor cells can

obtain adequate energy through metabolic stress to meet
the rapid growth of tumor cells, including GC [33, 34].
Thus, we also explored the role PLOD1 in process of aer-
obic glycolysis in GC cells through assessing of the func-
tion of cells. The results demonstrated that PLOD1 overex-
pression increased levels of glucose uptake, lactate content,
ATP level, ECAR and decreased OCR in GC cells, as well
as increased the expression of HK2 and LDHA protein. In
addition, PLOD1 expression was positively correlated with
HK2 and LDHA expression in GC cases. These results in-
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Fig. 5. PLOD1 activated SOX9/PI3K/Akt/mTOR signaling pathway. (A) AGS and (B) HGC-27 cells were transfected/infected with control vector,
PLOD1, shNC or sh1-PLOD1 were harvested for analyzing the expression of SOX9, p-Akt, Akt, p-mTOR and mTOR by western blotting assay (n = 3,
∗∗P < 0.01, vs. control group; ∗∗P < 0.01, vs. shNC group).

dicated that PLOD1 accelerated aerobic glycolysis in GC.
This is the first time to uncover PLOD1’s role in tumor cell
metabolism.

In mechanism, we found that PLOD1 level was
positively related toSOX9 level in GC tissues, and PLOD1
overexpression increased the expression of SOX9 and p-
Akt/Akt and p-mTOR/mTOR. SOX9 is always upregulated
in many premalignant tumors and has been widely accepted

as a gastrointestinal stem cell marker required for devel-
opment and lineage commitment [35]. Wu et al. [20]
found that PLOD1 positively regulated YAP expression.
Moreover, it has been reported that YAP1 directly regu-
lates SOX9 transcription through interaction with TEAD
proteins at the SOX9 promoter and induces cancer stem cell
(CSC) properties in esophageal cancer cells [27]. Those re-
sults suggest that PLOD1 might increase SOX9 expression
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Fig. 6. The role of PLOD1/SOX9 axis in cell growth, apoptosis and aerobic glycolysis in GC. AGS cells in shNC + vector, sh1-PLOD1 + vector and
sh1-PLOD1 + SOX9 groups were collected and submitted to the following assays. (A) MTT for cell growth detection. (B) TUNEL for cell apoptosis
test. (C–E) Glucose production, lactate production, and ATP contents were measured using specific kits. (F,G) ECAR and OCR were tested by using a
Seahorse XFe96 Extracellular Flux Analyzer (n = 3, ∗P< 0.05, ∗∗P< 0.01, vs. shNC + vector group; ∗P< 0.05, ∗∗P< 0.01, vs. sh1-PLOD1 + vector
group).
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Fig. 7. Knockdown of PLOD1 repressed tumor growth in vivo. (A) Tumor morphology in AGS cells formed tumors. (B,C) Tumor volumes and
weights. (D) IHC staining of PLOD1, SOX9 and Ki67 in tumor tissues (n = 6, ∗∗P < 0.01).

through upregulating YAP1.
Furthermore, it has been demonstrated that

PI3K/Akt/mTOR signaling activated by SOX9 is strongly
implicated in GC cell growth and aerobic glycolysis
[36]. In the present study, we also explored whether the
SOX9/PI3K/Akt/mTOR signalingwas involved in PLOD1-
meditaed GC progression through rescue experiments. We
observed that SOX9 overexpression significantly weak-
ened the effect of PLOD1 downregulation on inhibiting
cell growth and facilitating cell apoptosis. The in vivo as-
say also showed that PLOD1 downregulation inhibited tu-
mor growth in vivo, together with decreased expression of
SOX9.

6. Conclusions
In conclusion, this study demonstrated that

PLOD1 served as a promoter for cell growth and aerobic
glycolysis through activating the SOX9/PI3K/Akt/mTOR
signaling. The PLOD1 might be an effective treatment tar-
get for GC.
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