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Abstract: Objective: To investigate the role of heparan sulfate 6-O-sulfotransferase 2 (HS6ST2) in gastric cancer
(GC). Methods: HS6ST2 expression in GC and adjacent normal gastric mucosa was first detected via immunohisto-
chemical (IHC) staining. The correlation between the expression level of HS6ST2 and clinicopathological parameters
were observed. The protein expression of HS6ST2 in AGS, MKN45 and GES-1 cells was examined using Western
blotting. The function of HS6ST2 in GC cells was explored via CCK-8, wound healing and Transwell assays. To eluci-
date the underlying molecular mechanisms, we detected whether HS6ST2 modulated the TGF-/smad2/3 signaling
pathway. Finally, we investigated the role of HS6ST2 in tumor growth in a nude mouse model. Results: The expres-
sion level of HS6ST2 in GC tissues was significantly higher than that in adjacent normal gastric mucosa and was
positively correlated with tumor size. Compared with GES-1 cells, the expression level of HS6ST2 in AGS and MKN45
cells was significantly elevated. Silencing HS6ST2 impaired GC cell growth, mobility and epithelial-mesenchymal
transition (EMT). On the other hand, HS6ST2 upregulation increased GC cell growth, migration and invasion, which
was dramatically blocked by SB431542 treatment. Furthermore, mouse xenograft experiments demonstrated that
HSG6ST2 silencing inhibited tumor growth and EMT in vivo. Conclusion: HS6ST2 promotes GC progression through
the modulation of the TGF-3/smad2/3 pathway.

Keywords: Epithelial-mesenchymal transition, gastric cancer, heparan sulfate 6-O-sulfotransferase 2, progression,
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Introduction

Gastric cancer (GC) is a malignant tumor origi-
nating from the gastric mucosa epithelium and
it places a heavy burden on global health.
Statistics show that there were more than 1
million new cases and approximately 769,000
deaths from GC worldwide in 2020 [1]. Having
insidious early stage symptoms, lack of specific
noninvasive diagnostic markers, low collective
acceptance of gastroscopy contributes to a low
diagnosis rate of gastric cancer, with a 5-year
survival rate below 30% [2]. The exact mecha-
nism underlying the development of GC is still
not fully understood.

Heparan sulfate 6-O-sulfotransferase 2 (HS6-
ST2) is a member of the heparan sulfate su-
Ifotransferase family, primarily responsible for
catalyzing the transfer of a sulfate group from
3’-phosphoadenosine 5’-phosphosulfatesulfate
(PAPS) to the 6-0 position of the glucosamine
residue in heparan sulfate proteoglycans
(HSPGs) [3-5]. Heparan sulfate (HS) is a linear,
sulfonated glycosaminoglycan widely present in
the extracellular matrix, basement membrane,
and cell surface [6]. HS interacts with different
ligands and is involved in various cellular func-
tions, such as cell growth, differentiation, adhe-
sion, and migration [7]. After 6-O-sulfation, HS
forms a three-molecule complex with growth

https://doi.org/10.62347/LWZR1836


http://www.ajtr.org
https://doi.org/10.62347/LWZR1836


HSG6ST2 promotes GC progression through the TGF-3/smad2/3 pathway

factors and their receptors, which then pro-
motes the occurrence and development of
malignant tumors by stimulating cell prolifera-
tion and angiogenesis [8-10]. Many studies
have confirmed that HS6ST2 plays a key role in
the occurrence and development of various
malignant tumors, including clear cell renal cell
carcinoma [11, 12], lung cancer [13], colorectal
cancer [14], pancreatic cancer [15], ovarian
cancer [16], breast cancer [17] and cervical
cancer [18]. Previous studies have shown that
the overexpression of HS6ST2 is often associ-
ated with poor prognosis in GC patients [19].
However, the molecular biological functions
and downstream signaling pathways of HS6ST2
in GC have not been fully elucidated. Therefore,
this study aimed to investigate the role of
HS6ST2 in the occurrence and progression of
GC.

Materials and methods
Cell culture

AGS, MKN45 and the normal gastric epithelium
cell line (GES-1) were purchased from ATCC,
USA. The cell lines were cultured in RPMI 1640
medium (Gbico, USA) supplemented with 10%
fetal bovine serum (Gbico, USA) in a humidified
incubator with 5% CO,, at 37°C.

Tissue microarray (TMA) and immunohisto-
chemical analysis

TMA (#HStmA180Sul18) containing 93 GC and
83 adjacent normal gastric mucosa samples
(excluding damaged sections) was purchased
from Shanghai Outdo Biotech (Shanghai,
China). This study was approved by the Ethics
Committee of Shanghai Outdo Biotech compa-
ny. The TMA and paraffin-embedded subcuta-
neous tumors from nude mice were incubated
with anti-HS6ST2 (Abcam, ab122220), anti-E-
cadherin (ProteinTech, 20874), and anti-vimen-
tin (ProteinTech, 10366) antibodies overnight
and then washed with PBS (ServiceBio, Wuhan,
China) 3 times for 5 min each. The mixture was
gently shaken with PBS, the appropriate biotin-
labeled goat anti-rabbit IgG was added, and the
mixture was incubated at room temperature for
15 min. The staining results were scored in a
blind manner by two senior pathologists. The
IHC score was computed by multiplying the per-
centage of positive cells (1, <25%; 2, 26%-50%;
3, 51%-75%; 4, >75%) and the intensity of stain-
ing (O, negative staining; 1, weak staining; 2,
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moderate staining; 3, strong staining). The
expression level of HS6ST2 can be classified
into three different grades according to the IHC
score: negative (score 0-3), weakly positive
(score 4-8) and strongly positive (score 9-12).

Western blotting

Protein concentrations were determined using
a protein concentration detection kit (Solarbio,
PC0020). The protein marker (ABclonal, Wuhan,
China) and 10-20 ug protein samples were
added to the sample wells, separated via gel
electrophoresis, and transferred to PVDF mem-
branes. The membranes were blocked in 5%
(w/v) fat-free dried milk powder in TBST
(ServiceBio, Wuhan, China) at room tempera-
ture for 1-2 h. Primary antibodies were diluted
according to the manufacturer’s instructions,
and the membranes were incubated overnight
on a shaking bed at 4°C. The primary antibod-
ies used included anti-HS6ST2 (1:500, Abcam,
ab122220), anti-smad3 (phospho S423 +
S425) (1:2000, Abcam, ab52903), anti-smad3
(1:2000, Abcam, ab40854), anti-smad2 (phos-
pho S255) (1:2000, Abcam, ab188334), anti-
smad?2 (1:5000, ProteinTech, 6734 3-1-1g), anti-
E-cadherin (1:2000, ProteinTech, 20874-1-AP),
anti-vimentin (1:2000, ProteinTech, 10366-1-
AP), and anti-GAPDH (1:10000, ProteinTech,
60004-1-1g). The secondary antibodies were
selected according to the primary antibody spe-
cies, and the membranes were incubated at
room temperature for 1 h. All Western blotting
Image strips were analyzed by grayscale scan-
ning using ImageJ. The gray value of each pro-
tein band was calculated by multiplying the
region by the mean gray value. The expression
of the target protein was normalized by dividing
the gray value of the target protein by the gray
value of the internal reference protein.

Cell transfection

Lentiviruses expressing HS6ST2 cDNA and
HS6ST2 short hairpin  RNA (shRNA), with
sequences provided in Table S1 were synthe-
sized by Beijing Syngentech Co., Ltd. (Beijing,
China). GC cell lines were seeded in 24-well
plates at 1x10* cells/well, cultured at 37°C for
16-24 hours. Lentiviral infection was performed
when the cell confluence was about 20-30%.
The virus stock solution was diluted using com-
plete medium containing polybrene and added
into the corresponding cells. The cells were cul-
tured at 37°C for 8 to 12 hours. After 48 to 72
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hours of lentiviral infection (70-80% fusion),
complete culture medium containing purinomy-
cin (Genechem, Shanghai, China) was added to
screen successfully transfected cells. After 2
weeks of continuous screening, stably lentivi-
rus-transfected cell lines were obtained.
Western blotting was used to determine the
transfection efficacy.

CCK-8 assay

The cells were seeded into 96-well plates at a
density of 3000 cells per well. Cell Counting Kit
8 (CCK-8) (ProteinTech, PFOO004) reagent was
added to each well every 24 h, and the samples
were incubated for 2 h. Absorbance was mea-
sured at 450 nm using a microplate reader
(Thermo Fisher, USA).

Wound healing assay

Straight lines were drawn evenly on the back of
the 6-well plates. Cells in the logarithmic growth
stage were cultured at a density of 1x10° cells/
well until the cell density reached more than
70%. Cell scratches with uniform force were
created via a 200 L pipette tube. The original
medium was removed and discarded, and the
cells were washed with sterile PBS several
times to remove floating cells. Serum-free
medium was added to continue the culture.
Photos were taken O and 48 hours after the
lines were crossed.

Cell invasion and migration assays

A single-cell suspension was prepared from
cells in the logarithmic growth phase, and the
cell density was adjusted to 2x10° cells/ml in
serum-free medium. Then, 600 pL of medium
containing 10% fetal bovine serum was added
to the lower chamber of a 24-well plate. The
Transwell chamber (Costar, Corning, NY, USA)
coated with or without Matrigel (BD, Franklin
Lakes, USA) was used to assess invasion or
migration ability. One hundred microliters of
cell suspension was seeded in the upper cham-
ber and cultured for 24 hours. Next, 500 yL
of 4% paraformaldehyde (ServiceBio, Wuhan,
China) was added to the lower chamber of the
Transwell for 10 min, and 500 pL of 0.1% crys-
tal violet solution was added for 20 min. The
cells in the upper chamber were removed with
a cotton swab, and the mixture was air dried at
room temperature. The capsule membrane was
cut, placed on a slide, and then sealed with
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neutral gum. Five random fields were observed
under a high-power microscope (Olympus,
Japan), and the cells were counted for statisti-
cal analysis.

Xenograft model

This study was approved by the Experimental
Animal Ethics Committee of Shandong Pro-
vincial Hospital. Sixteen six-week-old female
nude mice from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China)
were randomly divided into two groups (8 mice
in each group). The temperature of the animal
house was maintained at 22+2°C and the rela-
tive humidity was maintained at 50%+10%.
Approximately 1x10” MKN45-sh-NC or MKN45-
sh-HS6ST2 cells were injected into the axillary
region of nude mice from the two groups sepa-
rately. Tumor volume and body weight of the
nude mice were measured every 3 days after
implantation. After 21 days of observation, the
mice were sacrificed, and blood was collected
from the heart after intraperitoncal injection of
tribromoethanol at a dosage of 280 mg/kg.
Tumors were dissected and weighed. Some of
the tumors were frozen in liquid nitrogen imme-
diately, while the rest were fixed in formalin
solution for subsequent HE and IHC staining.

Statistical analysis

The images were analyzed with ImageJ, and the
data were statistically analyzed with GraphPad
Prism 10 software. Each experiment was
repeated at least three times, and the mea-
surements were expressed as means + stan-
dard deviations. Two-tailed t tests were used
for comparisons between two independent
samples, while Tukey’s post hoc test after one-
way analysis of variance (ANOVA) was used
to compare the differences among multiple
groups. Count data were expressed as n (%)
and was analyzed via the X2 test. A P value
<0.05 was considered statistically significant,
denoted as *P<0.05 and **P<0.01 in the
figures.

Results

Higher expression of HS6ST2 in GC tissues
and cell lines

HSG6ST2 expression in 83 pairs of GC and adja-

cent normal gastric mucosa samples from the
TMA was examined via immunohistochemical
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Figure 1. HS6ST2 expression was upregulated in gastric cancer (GC) tissues and cell lines. A. Representative im-
ages of immunohistochemical (IHC) staining for HS6ST2 in 83 pairs of GC (left) and adjacent tissues (right) from
tissue microarray; Scale bar = 50 ym. B and C. HS6ST2 expression was significantly increased in AGS and MKN45
cell lines compared with the normal gastric epithelial cell line GES-1. The intensity of the Western blot bands was
quantified by scanning densitometry. All experiments were repeated at least three times. Data are expressed as
mean *+ SD, **P<0.01 (ANOVA).

Table 1. Upregulated HSG6ST2 expression in gastric cancer tissues compared with adjacent non-tumor

tissues

All cases Negative Weakly positive Strongly positive
Adjacent tissues 83 15 37 31
GC 83 0] 28 55

P value <0.0001

X2 test was used for statistical analysis.

staining. The results revealed upregulated
HSBST2 expression in GC compared with adja-
cent normal gastric mucosa (Figure 1A and
Table 1). We further evaluated whether the
expression level of HS6ST2 was correlated with
the clinicopathological parameters of 93 pa-
tients with GC from the TMA. Statistical studies
revealed that HS6ST2 expression was posi-
tively correlated with tumor size but not signifi-
cantly correlated with other clinicopathological
parameters of GC patients (Table 2). Our study
further investigated HSG6ST2 expression in
AGS, MKN45 and GES-1 cells via Western blot-
ting. We found that the expression level of
HSBST2 in AGS and MKN45 cells was signifi-
cantly greater than that in GES-1 cells (Figure
1B and 1C).

HS6ST2 silencing inhibited GC cell growth, in-
vasion, migration and EMT

We generated stable HS6ST2-knockdown AGS
and MKN45 (Figure 2A-D) cell lines via lentivi-
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ral-based shRNA delivery. Among the three
distinct HS6ST2 shRNA sequences tested,
shRNA-1 demonstrated the most potent knock-
down effect in both cell lines. Therefore,
HS6ST2 shRNA-1 was chosen for subsequent
experiments. To investigate the function of
HSG6ST2 in GC cells, we performed a series of
cell function experiments. In the CCK-8 assay,
the downregulation of HSGST2 significantly
inhibited the proliferation of AGS (Figure 2E)
and MKN45 (Figure 2F) cells. Compared with
control cells, cells transfected with HS6ST2
shRNA displayed delayed wound closure (Figure
2G-J). Downregulation of HS6ST2 in AGS and
MKN45 cells also reduced cell migration and
invasion ability in the Transwell assay (Figure
3A-D). We investigated whether the expression
of E-cadherin and vimentin, which are impor-
tant markers of EMT, was affected by the
expression of HS6ST2. After HS6ST2 silencing
in AGS and MKN45 cells, the expression of
E-cadherin increased and vimentin decreased
(Figure 3E and 3F), whereas the opposite
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Table 2. Correlation between HSG6ST2 expression and the clinicopathological characteristics of gastric

cancer
Cases (n)  Negative or weakly positive  Strongly positive P value
Gender 0.1271
Male 54 15 39
Female 39 17 22
Age 0.5138
<60 39 15 24
>60 54 17 37
Degree of differentiation 0.8171
High 63 21 42
Moderate/poor 30 11 19
Tumor size (cm) 0.0462
<5 36 17 19
>5 57 15 42
Tumor site 0.0709
Upper 11 3 8
Middle 33 16 17
Lower 46 11 35
Diffuse 3 2 1
Depth of Invasion 0.5459
pT1+2 14 6 8
pT3 + 4 79 26 53
Lymph node 0.2112
Negative 22 5 17
Positive 71 27 44
Distant metastasis >0.9999
No 89 31 58
Yes 4 1 3
TNM stage 0.5076
I/ 37 11 26
/v 56 21 35

X2 test was used for statistical analysis.

changes occurred after HS6ST2 overexpres-
sion (Figure 3G and 3H). Collectively, these
findings suggested that the downregulation of
HS6ST2 impaired the growth, mobility and EMT
of GC cells.

HS6ST2 promoted GC progression via TGF-B/
smad2/3 signaling

To clarify the downstream signaling pathway by
which HS6ST2 mediates its oncogenic func-
tions in GC, we detected whether HS6ST2 mod-
ulates the TGF-B/smad2/3 signaling pathway,
which is frequently aberrantly activated in
human cancers. Interestingly, we found that
the downregulation of HS6ST2 markedly de-
creased the phosphorylation of smad2/3,
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whereas the expression of total smad2/3 did
not significantly change (Figure 4A and 4B). In
contrast, the upregulation of HS6ST2 induced
the phosphorylation of smad2/3 (Figure 4C
and 4D). Our findings revealed that HS6ST2
positively modulates TGF-3/smad2/3 signaling
in vitro. We further studied whether HS6ST2
could facilitate GC cell growth and mobility via
TGF-B/smad2/3 signaling. We found that over-
expressed HS6ST2 increased GC cell growth,
migration and invasion, which were prominently
reversed by treatment with the TGF-3/smad2/3
pathway inhibitor SB431542 (Figure 5A-F).
Thus, these data suggest that HS6ST2 might
regulate GC cell progression at least partially
through the modulation of the TGF-3/smad2/3
pathway.
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Figure 2. HS6ST2 knockdown inhibited the growth and wound closure of AGS and MKN45 cells. (A-D) Western blot analysis confirmed stable HS6ST2 knockdown in
both AGS (A and B) and MKN45 (C and D) cell lines using lentiviral-based shRNA delivery. (E and F) HS6ST2 knockdown inhibited the growth of AGS (E) and MKN45
(F) cells determined by CCK-8 assay. (G-J) The wound healing assays showed that knockdown of HS6ST2 displayed delayed wound closure of the GC-derived cell

lines AGS (G and H) and MKN45 (I and J); Scale bar = 1000 pum. All experiments were repeated at least three times. Data are expressed as mean + SD, **P<0.01
(t-test).
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Figure 3. Down-regulation of HS6ST2 reduced migration and invasion of gastric cancer cells. (A-D) Decreased migratory (A and B) and invasive (C and D) abilities
of AGS and MKN45 cells after HS6ST2 down-regulation; Scale bar = 100 um. (E-H) The expression vimentin and E-cadherin determined using Western blotting in
AGS and MKN45 cells after silence (E and F) and overexpression (G and H) of HS6ST2 respectively. All experiments were repeated at least three times. Data are
expressed as mean + SD, **P<0.01 (t-test).
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Downregulation of HS6ST2 inhibited tumor
growth and EMT in vivo

We investigated the role of HS6ST2 in tumor
growth via a nude mouse model. HS6ST2
silencing inhibited tumor size, tumor growth
and tumor weight, whereas the body weights of
the nude mice did not change significantly
(Figure 6A-D). Furthermore, the xenograft tu-
mor HE and IHC staining results demonstrated
that the expression of E-cadherin increased,
and Ki-67 and vimentin decreased after the
downregulation of HS6ST2 (Figure 6E and 6F).
Together, these results showed that HS6ST2
silencing inhibited tumor growth and EMT in
vivo.

Discussion

Gastric cancer (GC) is a prevalent cancer that
threatens human health. Early diagnosis re-
mains challenging, and the prognosis is gener-
ally poor [20]. Although the development of
multimodal treatment, including surgery com-
bined with systemic chemotherapy, has im-
proved patient survival, the overall survival rate
remains low [21]. In recent years, molecular tar-
geted therapy has shown good clinical efficacy
and broad application prospects [22, 23].
Therefore, new and accurate target molecules
for the early diagnosis and targeted therapy of
GC are urgently needed.

HS6ST2 is a Golgi-resident enzyme that cata-
lyzes the transfer of sulfate groups from ade-
nosine 3’-phosphate and 5-phosphate to the
C-6 position of glucosamine residues in HSPGs.
Heparan sulfate (HS) is a macromolecular poly-
saccharide widely present in the extracellular
matrix and cell membrane [6]. It interacts with
many ligands and plays important roles in cell
growth, differentiation, adhesion, and migra-
tion [7]. The specificity of HS binding to its
ligands depends largely on the abundance and
arrangement of sulfate groups in the different
structural motifs. Researchers have demon-
strated that HS6ST2 regulates the progression
and EMT process of many tumors [15, 24].
However, the functions and downstream signal-
ing pathways of HS6ST2 in GC have not been
fully clarified.

In this study, we observed upregulated HS6ST2
expression in GC tissues compared with adja-
cent normal gastric mucosa via a TMA, which is
consistent with the findings of previous studies
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[19]. Moreover, there was a positive correlation
between HS6ST2 expression and tumor size in
GC patients. These findings suggest that
HSB6ST2 might play an important role in GC pro-
gression. The Western blot results revealed
that the expression of HS6ST2 in AGS and
MKN45 cells was significantly higher than that
in GES-1 cells. When HS6ST2 expression was
suppressed in AGS and MKN45 cells, a marked
decrease in cell proliferation was observed. In
agreement with the in vitro results, HS6ST2
silencing also inhibited tumor growth in vivo. In
the wound healing assay, compared with con-
trol cells, HS6ST2-knockdown cells displayed
delayed wound closure. Similarly, in the
Transwell assay, the downregulation of HS6ST2
significantly reduced cell migration and inva-
sion ability. This phenomenon can also be seen
in previous reports of cervical cancer [18]. EMT
enables cancer cells to acquire mesenchymal
characteristics, including increased motility
and decreased intercellular adhesion, which is
an important step in tumor progression [25,
26]. E-cadherin and vimentin are important
markers of EMT [27, 28], and the results
revealed that the expression of E-cadherin was
increased and vimentin was decreased in GC
cells after the silencing of HS6ST2, whereas
the opposite results were obtained after the
overexpression of HSBST2. Consistently,
HS6ST2 knockdown dramatically increased the
expression of E-cadherin and decreased the
expression of Ki-67 and vimentin in xenograft
tumors. In summary, HS6ST2 plays a pivotal
role in promoting the growth, motility and EMT
of GC cell lines.

To understand the molecular basis of the role
of HS6ST2 in GC, we performed Western blot
analysis to investigate the signaling pathways
affected by HS6ST2 expression. Previous
research confirmed that HS6ST2 is critical for
IL-11 induction by TGF-B in breast cancer cells
[17]. Interestingly, we found that HS6ST2 deple-
tion impaired the phosphorylation of smad2/3,
whereas ectopic overexpression of HSG6ST2
induced the activation of smad2/3, crucial
components of TGF-B/smad2/3 signaling [29,
30]. Moreover, the HS6ST2-induced increase in
GC cell growth, migration and invasion was
prominently reversed by treatment with the
TGF-B/smad2/3 pathway inhibitor SB431542
[31, 32]. Thus, these data demonstrated that
HS6ST2 promoted GC progression partially by
regulating the TGF-B/smad2/3 pathway, which
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is frequently aberrantly activated in human
cancers [33-35]. This is not exactly consistent
with previous studies of HS6ST2 in pancreatic
cancer, which found that silencing of hHS6ST2
inhibited progression of pancreatic cancer
through inhibition of Notch signaling [15], sug-
gesting that HS6ST2 might play a regulatory
role in a variety of signaling pathways.

Our research still has several limitations. The
clinical sample size can be further expanded,
and the correlation of HS6ST2 to the prognosis
and survival of patients with GC can be further
studied. Clarifying the direct and precise link
between HS6ST2 and the TGF-B/smad2/3
pathway is highly important for future studies.
Nevertheless, our findings reveal the molecular
biological functions and downstream signaling
pathways of HS6ST2 in GC, which has impor-
tant implications for identifying potential thera-
peutic targets for GC in the future.

In conclusion, HS6ST2 is highly expressed in
GC tissues. HS6ST2 promotes GC progression
through modulation of the TGF-B/smad2/3
pathway. Future preclinical investigations are
needed to validate our findings and explore the
therapeutic potential of targeting HS6ST2 in
GC.
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Table S1. Target sequence of HS6ST2 siRNAs

siRNA Target sequence
HSBST2 (human) siRNA-1 AGGUAGACUUCGACAUCAA
UUGAUGUCGAAGUCUACCU
HSBST2 (human) siRNA-2 CCGUGAUCGUCCUCCAAUA
UAUUGGAGGACGAUCACGG
HS6ST2 (human) siRNA-3 CCGCGUGGGUCAGAAGAAA

UUUCUUCUGACCCACGCGG




