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Abstract

Altered glycosylation is a common feature of cancer cells and plays an important role in tumor progression. (3-Galactoside 2-6-
sialyltransferase 1 (ST6Gal-I) is the critical sialyltransferase responsible for the addition of x2-6-sialic acid to the terminal N-
glycans on the cell surface. However, the functions and mechanism of ST6Gal-I in tumor immune escape remain poorly
understood. Here, we found that ST6Gal-1 overexpression promoted hepatocarcinoma cell proliferation, migration, and immune
escape by increasing the levels of CD147, MMP9, MMP2, and MMP7. When CD8" T cells were co-cultured with cell lines
expressing different levels of ST6Gal-I, we found that ST6Gal-I upregulation inhibited the T cell proliferation and increased the
secretion of IL-10 and TGF-31, while secretion of IFN-y and TNF-« was diminished. In a syngeneic tumor transplant model,
ST6Gal-I upregulated Hea-P. In addition, Hepal-6 cells formed significantly larger tumors and suppressed intratumoral pene-
tration by CD8" T cells. In combination, these results suggest that ST6Gal-I promotes the immune escape of hepatocarcinoma
cells in the tumor microenvironment and highlight the importance of assessing ST6Gal-I status for immunotherapies.
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Introduction

Hepatocellular carcinoma (HCC) is a major cause of mortality,
being the fifth most common cancer worldwide and the sec-
ond leading cause of cancer-related deaths [8]. Although sur-
gical resection and liver transplantation are potentially cura-
tive treatments [16], the success of these approaches is limited
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by the stage of the tumor and local ablative therapy. With the
high intrinsic and acquired drug resistance potential of HCC,
chemotherapeutic choices are also limited [2, 27]. In terms of
molecular-targeted therapy [30], sorafenib is a multiple kinase
inhibitor with tumor suppression potential in HCC as indicat-
ed by the increased survival data from two phase III trials [4,
13]. Unfortunately, these studies also showed that HCCs rap-
idly became sorafenib-resistant with a short time to progres-
sion. Therefore, new therapeutic targets for HCC are urgently
required.

According to the model of cancer immunoediting, the oc-
currence of the tumor can be divided into three dynamic
stages: the elimination, equilibrium and escape phase [5,
21]. The ability to escape immune surveillance is regarded
as one of the typical characteristics of tumors [10, 28]. In
addition, T lymphocytes play a crucial role in controlling tu-
mor growth and the progression of HCC [18, 20]. Altered
glycosylation is a common feature of cancer cells and plays
an important role in tumor progression [6]. Upregulated ex-
pression of «2,6-sialylation catalyzed by (3-galactoside «2,6
sialyltransferase-1 (ST6Gal-I) has been observed in many
types of the cancers, including breast, ovarian, cervix, and
liver carcinomas [6, 7, 23]. In addition, ST6Gal-I is critical
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for aspects of tumor malignancy including metastasis and in-
vasion both in vitro and in vivo [15, 22]. A study revealed that
ST6Gal-1 mediates the tumor-associated sialylation that stim-
ulates tumor cell escape from Fas-mediated apoptosis [24].
This indicates that sialic acids play an important role in the
immune escape of tumors. However, the mechanisms of im-
mune evasion induced by ST6Gal-I mediated «2,6-sialylation
in HCC remain poorly understood.

CD147 is a highly glycosylated immunoglobulin super-
family transmembrane protein with three potential N-linked
glycosylation sites. And it is best known as stimulating matrix
metalloproteinase (MMP) synthesis in tumor and neighboring
stromal cells, promoting tumor growth and lymphatic metas-
tasis [14, 26].

In this study, we investigated the roles of ST6Gal-I in
HCC cells and the possible molecular mechanisms in-
volved in the regulation of tumor immunity. The results
showed that ST6Gal-I overexpression promoted the es-
cape of HepG2 cells from immune surveillance in vitro
and enhanced tumor-mediated suppression of intratumoral
CD8" T cell function in HCC in vivo. In addition,
ST6Gal-1 upregulation resulted in activation of the
CD147/MMP signaling pathway in HCC. The results of
this study indicate an important function of ST6Gal-I in
tumor immune escape and a novel mechanism by which
anti-tumor immunity is modulated in HCC.

Materials and methods

Cell lines and animals Human and mouse hepatoma cell
lines (HepG2 and Hepal-6, respectively) were purchased
from the Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China) and
maintained in DMEM (Gibco, Thermo Scientific,
Waltham) and supplemented with 10% fetal bovine serum
(FBS; Gibco). Human CD8" T cells were identified and
sorted from human blood by flow cytometry. All healthy
donors were confirmed to have given written informed
consent to a tissue and blood procurement study allowing
ex vivo experimentation, which is approved by The First
Affiliated Hospital of Dalian Medical University. Human
T cells and the mouse hepatoma cell line Hca-P were
cultured in RPMI 1640 (Gibco) supplemented with 10%
FBS (Sciencell), respectively. Female C57BL/6J mice
(aged 6-8 weeks) were housed under specific pathogen-
free conditions and provided with a standard rodent labo-
ratory diet obtained from Dalian Medical University. All
experiments were carried out in accordance with guide-
lines for the use of laboratory animals and were approved
by the Institutional Animal Care and Use Committee of
Dalian Medical University.
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Stable transfectants The expression vector containing
pcDNA3.1/ST6Gal-1 (human) sequences and pcDNA3.1/
ST6Gal-I (mouse) sequences was constructed and transfection
performed according to previously described methods [3, 31].
HepG2 cells were transfected with the recombinant
pcDNA3.1/ST6Gal-1 vector, while Hca-P and Hepal-6 cells
were similarly transfected with pcDNA3.1/ST6Gal-1. Stable
clones were confirmed by real-time PCR, Western blot,
Sambucus nigra agglutinin (SNA) lectin blot, and flow cyto-
metric analyses.

Cell survival analysis assays Cell Counting Kit-8 (Dojindo
Laboratories) was used to assess cell proliferation. HCC cells
and derivative cells were seeded in 96-well plates (2 x 10°
cells/well) and cultured for 12-48 h. Following incubation
for 1 h at 37 °C with CCK-8 solution, the absorbance in each
well was measured at 450 nM using a microplate reader.

Cell migration assay Following resuspension in serum-free
medium, hepatocarcinoma cells or derivative cells (3 10*
cells/well) were seeded in the upper chamber of Transwell
chambers (Corning Costar, 8 pm), while medium supplement-
ed with 10% serum was added into the lower chamber. After
incubation for 18 h at 37 °C in 5% CO, humidified incubator,
hepatocarcinoma cells on the upper side were removed. Then,
migrated cells were fixed with formaldehyde and stained with
crystal violet. The cell numbers in five separate high-power
fields were counted, and the mean number of invaded cells per
field was calculated.

T cell-tumor cell co-culture assay Human CD8" T cells were
sorted using a FACSAria™ III cell sorter (FACSDiva, BD)
and stimulated with the Streptamer® CD3/CD28 kit IBA). T
cells (2 x 10° cells/well) were cultured for 48 h in the upper
chambers of a Transwell plate (Corning Costar; 0.4-um mem-
brane pore size) and co-cultured with HepG2 cells (1 x 10°
cells/well) in the lower chamber. The cells were then dissoci-
ated for the evaluation of apoptosis and proliferation, while
the supernatant was collected for Enzyme-linked immunosor-
bent assay (ELISA). Human blood was obtained from the First
Affiliated Hospital of Dalian Medical University.

ELISA assay Cell culture supernatants were harvested to ana-
lyze the concentrations of human IL-10, TGF-f31, IFN-y and
TNF-« using enzyme-linked immunosorbent assay kits
(Abcam) according to the manufacturer’s protocols.

Flow cytometric analysis of apoptosis HepG2 cell apoptosis
was quantitated by flow cytometry using an annexin V-FITC/
PI apoptosis detection kit (Dojindo Laboratories). The cells
were co-cultured with CD8" T cells for 48 h, harvested, and
washed twice with cold PBS. Following resuspension in 1 x
annexin V Binding Solution, 1 x 10° cells were suspended in
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buffer. Cells were incubated with PI and annexin V-FITC at
room temperature in the dark for 15 min and then analyzed by
flow cytometry (BD Biosciences).

Western blot analysis Total protein concentrations were mea-
sured using the BCA kit (Beyotime). Proteins (30 pg) were
resolved by SDS-PAGE and then transferred to polyvinylidene
fluoride (PVDF) membranes (Pall Corporation). Specific anti-
bodies for the detection of ST6Gal-1 (Abcam, 1:500), CD147,
Fas, MMP2, MMP9 (Proteintech, 1;600, 1;600, 1:500, 1:600),
Bcl-2, Bax, Bad (Sangon, 1:500), MMP7, GAPDH (Bioworld,
1:500, 1:5000), and integrin-«3 (Santa Cruz, 1:300) were used
as the primary detection antibodies. Anti-mouse or rabbit
horseradish peroxidase-linked antibodies (ZSGB-BIO,
1:8000) was used as secondary detection antibodies.
Immunoreactive proteins were detected using an
electrochemiluminescence (ECL) kit (Advansta) and quantitat-
ed by densitometry using Gel-Pro software.

Real-time PCR Total RNA was extracted from the aorta or
spleen tissues using the RNAiso Reagent Plus (Takara Bio
Inc., Shiga, Japan), and complementary DNA (cDNA) was
synthesized using a PrimeScript RT reagent Kit (TaKaRa)
according to the manufacturers’ recommendations. Table 1
shows the primer sequences and expected sizes of the PCR
products. Relative changes in mRNA expression were nor-
malized against GAPDH and calculated using the 2“7
method.

Lectin blot and affinity analyses Cell lysates containing
30 pg protein were resolved by 10% SDS-PAGE.

Proteins in one gel were visualized by Coomassie
Brilliant Blue (CBB) staining, and those of the second
gel were transferred to a PVDF membrane.
Identification of proteins was performed with 2 pg/ml
biotinylated SNA lectin (Vector Laboratories), a lectin
that binds specifically to «2-6-linked sialic acids.
Immunoreactive proteins were detected using an ECL
kit (Advansta) and quantitated by densitometry using
Gel-Pro software.

Cell lysate proteins (> 500 pg) were incubated overnight
with 50 pl of immobilized SNA lectin with rotation at 4 °C.
The «2,6 sialylated proteins complexed with SNA lectin were
collected by brief centrifugation and washed. Sialylated pro-
teins were released from the complexes by boiling in SDS-
PAGE sample buffer. The proteins were then resolved by
SDS-PAGE and immunoblotted to detect CD147, Fas, and
integrin-o3.

In vivo animal experiment and immunohistochemistry Hca-P,
Hca-P/mock, Hca-P/St, Hepal-6, Hepal-6/mock, and
Hepal-6/St cells (2x 107 cells/mouse) were injected
subcutaneously in the inguen of CS57BL/6J mice (8
mice/cell line). After 18 days, tumors were isolated
from the mice, weighed, fixed in formalin, and stained
with hematoxylin and eosin. Immunohistochemical
staining of formalin-fixed and paraffin-embedded tissues
was performed according to standard protocols using
specific antibodies for the detection of CD4 and CDS
(Proteintech, 1:100) as reported previously [29]. CD4-
positive and CD8-positive cells were quantified and an-
alyzed with the Image-Pro Plus 6.0 software.

Table 1 Primers sequences for

real-time PCR Human GAPDH

Mouse GAPDH

Human S7T6Gal-1

Mouse ST6Gal-1

Mouse IFN-y

Mouse TNF-«

Mouse TGF-(31

Mouse IL-10

Forward: 5'-TCCAAAATCAAGTGGGGCGA-3’
Reverse: 5-AAATGAGCCCCAGCCTT CTC-3'
Forward: 5'-TGGCCTTCCGTGTTCCTAC-3’

Reverse: 5'-GAGTTGCTGTTGAAGTCGCA-3'
Forward: 5'-ATCGTAAGCTGCACCCCAAT-3'
Reverse: 5'-ATGATACCAAGCATCCCAGAGG-3'
Forward: 5'-ATGCGGTCCTGAGGTTTAATGG-3'
Reverse: 5S'-CGCTTTTCTGTGGTGACTAACTGAG-3’
Forward: 5'-TGAACGCTACA CACTGCATCTTGG-3'
Reverse: 5-CGACTCCTTTTCCGCTTCCTGAG-3'
Forward: 5'-GCCTCTTCTCATTCCTGCTTG-3’
Reverse: 5'-CTGA TGAGAGGGAGGCCATT-3'
Forward: 5'-TGACGTCACTGGAGTTG TACGG-3’
Reverse: 5'-GGTTCATGTCATGGATGGTGC-3’
Forward: 5'-GATGCCTTCAGCAGAGTGAA-3'
Reverse: 5-GCAACCCAGGTAAC CCTTAAA-3’

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; S76Gal-1, beta-galactoside alpha-2,6-sialyltransferase 1;
IFN-y, interferon-y; TNF-«, tumor necrosis factor-o; TGF-£31, transforming growth factor(3 1; /L-10, interleukin-

10
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Statistical analysis Quantitative data were presented as mean +
SD of three independent experiments. Data were analyzed by
non-paired ¢ test, chi-square test, and one-way ANOVA using
Prism software (GraphPad 5.0). P<0.05 was considered to
indicate statistical significance.

Results

ST6Gal-l overexpression promotes the proliferation and mi-
gration of hepatocellular carcinoma HepG2 cells in vitro To
explore the possible functions of ST6Gal-I in hepatocellular
carcinoma cells, we used an overexpression plasmid vector
pcDNA3.1/ST6Gal-I to upregulate the expression of ST6Gal-
I in HepG2 cells and then established two monoclonal overex-
pression cell lines (HepG2/ST1 and HepG2/ST2). As shown in
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Fig. 1 A-D, ST6Gal-I expression at the mRNA, protein, and
glycan levels was significantly increased after transfection with
the pcDNA3.1/ST6Gal-I vector. CCK-8 and Transwell migra-
tion assays showed that the ST6Gal-I overexpression increased
the survival and migration rates of HepG2 cells (Fig. 1E and F).
In combination, these data indicate a functional role of ST6Gal-
I in promoting cell proliferation and migration in HepG2 cells.

ST6Gal-1 overexpression reduces T cell proliferation and
HepG2 cell apoptosis in co-cultures To explore the role of
ST6Gal-1 expression in anti-tumor immunity responses of T
cells, human CD8" T cells were co-cultured with tumor cell
lines expressing different levels of ST6Gal-1. As shown in
Fig. 2 A, human blood T cells were isolated and sorted by flow
cytometry. Compared with the negative control, CD8* T cell
survival was much lower after co-culture for 24 h or 48 h with
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Fig. 1 Upregulation of ST6Gal-1 promotes tumor cell proliferation and
migration in vitro. Overexpression of ST6Gal-I1 in HepG2 cells were
confirmed by real-time PCR (A), Western-blot assays (B), SNA lectin
blot (C), and Flow cytometry analysis (D). (E) Cell proliferation ability
measured by a Cell Counting Kit-8 assay. (F) Transwell migration assay
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was used to determine the migration ability of HepG2 and HepG2/ST
cells. Results are the mean of three independent experiments + SD
(*P<0.05, **P<0.01). Mock, pcDNA3.1 vector transfected stable
clones; HepG2/ST1 or HepG2/ST2, pcDNA3.1/ST6Gal-1 vector
transfected stable clones
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Fig. 2 The immune evasion was strengthened in tumor cells after
ST6Gal-I over-expression. (A) Human blood T cells were isolated and
sorted by flow cytometry. (B) CD8" T cells co-cultured with different
groups of tumor cells were tested with CCK-8 assay. (C) ELISA

cells overexpressing ST6Gal-I (Fig. 2B). Furthermore, CD8* T
cells co-cultured with ST6Gal-1 upregulation cells secreted
lower levels of the immunoactivating cytokines TNF-« and
IFN-y and higher levels of the immunosuppressive cytokines
TGF-B1 and IL-10 compared with the levels detected in the
control groups (Fig. 2C). In addition, flow cytometric analysis
of annexin V-FITC/Pl-stained cells showed that the apoptosis
rates of tumor cells overexpressing ST6Gal-I decreased signif-
icantly after Transwell co-culture (Fig. 2D). In summary, these
findings indicate that ST6Gal-I expression in HCC cells is as-
sociated with evasion from immune surveillance.

ST6Gal-lI overexpression activates the CD147/MMPs signaling
pathway in HepG2 cells Lectin affinity analysis was used to
explore the possible target proteins of ST6Gal-1. HepG2 or
HepG2/ST1 cell lysates were subjected to SNA lectin pull-
down prior to Western blot analysis with specific antibodies
for the detection of CD 147, Fas, and integrin-«3. As shown in
Fig. 3 A, ST6Gal-I upregulation increased the level of «2-6-
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& &

examined the levels of IFN-y, TNF-&, TGF-f31 and IL-10 in co-culture
system. (D) Flow cytometry analysis measured the apoptosis of tumor
cells in co-culture system. Results are the mean of three independent
experiments + SD (*P < 0.05)

sialylation on CD147, but not on integrin-&3 and Fas. In ad-
dition, the sialylation levels of CD147 both increased when
cultured alone or in co-culture with T cells (Fig. 3B).

Next, we further investigated the molecular mechanisms
involved in ST6Gal-I-induced tumor escape from T cell kill-
ing. The results showed that CD147, MMP2, MMP7, MMP9,
and Bcl-2 levels were significantly increased in ST6Gal-1
overexpression cells when cultured alone or in co-culture with
T cells. In addition, the expression of CD147 and downstream
molecules were increased in the co-culture system.
Furthermore, Bax and Bad expressions were decreased in
ST6Gal-1 overexpression cells relative to the levels detected
in the control groups (Fig. 3C and D). In combination, these
findings suggest that ST6Gal-1 upregulation activates the
CD147/MMPs signaling pathway in HepG2 cells.

ST6Gal-l overexpression promotes the proliferation and mi-

gration of murine hepatoma carcinoma Hepa1-6 and Hca-P
cells in vitro Next, we established two murine monoclonal

@ Springer
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Fig. 3 Overexpression of ST6Gal-I promotes the CD147/MMPs signal-
ing pathway in HepG2 cells. (A) HepG2 or HepG2/ST1 cell lysates were
pulled down with SNA lectin and then immunoblotted (WB) with anti-
CD147, Fas, and integrin-«3. (C) Whole lysis protein of HepG2 or
HepG2/ST1 cell was immunoblotted with anti-CD147, MMP2, MMP7,

ST6Gal-1 overexpression cell lines (Hepal-6/St and Hca-P/St).
As shown in Fig. 4 A—F, ST6Gal-I expression at the mRNA,
protein, and glycan levels was significantly increased after
transfection with a pcDNA3.1/ST6Gal-1 vector. Similarly,
ST6Gal-1 overexpression increased the survival and migration
rates of Hepal-6 and Hca-P cells (Fig. 4G and H). Together,
these data indicate a functional role of ST6Gal-I in promoting
cell proliferation and migration in murine HCC cells.

ST6Gal-l upregulation increases tumorigenicity of tumor cells
in vivo and suppresses intratumoral penetration of CD8" T
lymphocytes in HCC We further characterized the oncogenic
function of ST6Gal-I in vivo using a mouse model. On days
18 and 30 after inoculation of ST6Gal-I overexpression cells
(Hca-P/St cells and Hepal-6/St cells), the tumor sizes were
significantly increased compared to the that in the control
group (Fig. SAa—Ac and Ba—Bc, respectively). IHC analysis
showed that ST6Gal-1 overexpression significantly decreased
intratumoral penetration by CD8" T lymphocytes in both
models compared with that observed in control grafts, while
there was no significant difference in the fraction of CD4* T
cells in the Hea-P/St tumor grafts (Fig. 5C and D).

To determine the ability of ST6Gal-I overexpression cells
to activate tumor-infiltrating T lymphocytes, we evaluated
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MMP9, and Bcl-2 family. (B and D) Quantification of protein levels was
performed by densitometry. Results represent the mean + SD of the ex-
pression levels from three independent experiments and GAPDH was
used as an internal control. (*P<0.05, **P<0.01, compared with the
control groups)

biomarkers of activation in T cells from tumor grafts. The
results showed that the expression levels of TNF-« and
IFN-y were markedly decreased in tumor grafts in the Hca-
P/St and Hepal-6/St groups compared to those in the control
groups (Fig. 5E and F), while the levels of TGF-31 and IL-10
were increased. In summary, ST6Gal-I upregulation enhanced
the tumorigenicity of tumor cells and suppressed intratumoral
penetration of CD8" T lymphocytes. Furthermore, ST6Gal-I
upregulation reduced the expression levels of TNF-o and
IFN-y and increased the levels of TGF-31 and IL-10 in vivo.

Discussion

Our study showed that ST6Gal-I overexpression protects
hepatocarcinoma HepG2 cells from T cell-specific lethal ef-
fects. We also provided evidence that the mechanism of im-
mune evasion from tolerogenic to immunogenic in ST6Gal-1
overexpression cells is mediated via the CD147/MMP signal-
ing pathway. Furthermore, ST6Gal-I upregulation in mouse
hepatoma cells reduced the numbers of CD8* T cells infiltrat-
ing the tumor, suppressed the intra-tumoral levels of IFN-y
and TNF-«, and together promoted tumor growth. Therefore,
ST6Gal-I may play a positive role in HCC immune escape.
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Fig. 4 Upregulation of ST6Gal-1 promotes tumor cell proliferation and
migration in murine hepatoma carcinoma cells. Overexpression of
ST6Gal-I in Hea-P and Hepal-6 cells were confirmed by real-time PCR
(A and D), Western-blot assays (B and E), and SNA lectin blot (C and F).
(G) Cell proliferation ability measured by a Cell Counting Kit-8 assay.

Although many reports have proposed that aberrant
sialylation is correlated with the invasion and metastasis of
tumor cells (e.g., cervix and breast carcinomas), its role in
cancer is controversial [1, 22, 25]. A study showed that
«?2,6-sialic acid overexpression in tumors enhanced their mi-
gration ability as well as their invasiveness by promoting in-
teractions with matrix proteins [17]. Similarly, «2,6-sialic acid
overexpression facilitates the progression of prostate cancer
[29]. In this study, we found that increasing sialic acid levels
on HepG2 cells surface enhanced tumor immune escape.

CD147, which is a highly glycosylated immunoglobulin su-
perfamily transmembrane protein with three potential N-linked
glycosylation sites [26], is enriched on the surface of many
malignant tumor cells. Similarly, CD147 contributes to tumor
progression and metastasis and functions to induce MMP pro-
duction [11, 12]. This might explain why increasing levels of
CD147 and MMP2/7/9 were observed in the ST6Gal-1

24h 48h 72h 96h

Relative cell

(H) Transwell migration assay was used to determine the migration ability
of cells. Results are the mean of three independent experiments = SD
(*P<0.05, *#P<0.01). Hepal-6/St or Hca-P/St, pcDNA3.1/ST6Gal-1
vector transfected stable clones

overexpression cells. In addition, Bcl-2 family proteins regulate
the activation of caspases and the mitochondrial apoptosis path-
way [9]. In accordance with this, we found that the pro-
apoptotic protein (Bad and Bax) expression was decreased,
while anti-apoptotic protein (Bcl-2) expression was increased
in ST6Gal-1I overexpression cells co-cultured with T cells.
Recently, it has been reported that HCC cells overexpress
amphiregulin and promote Treg cell activity, leading to sup-
pression of CD8" T cell-mediated anti-tumor responses [32].
Furthermore, tumor sialylation promotes murine B16 melano-
ma cellular immune evasion by interfering with the T effector/
Treg balance regulated by innate immune cells [19]. However,
the specific molecular mechanisms of cellular immune eva-
sion were not clarified, although the role of T cells in immune
evasion is beyond question. Since CD8" T cells are crucial for
inhibiting tumor growth [20], we first analyzed the role of
HCC-derived ST6Gal-1 in CD8" T cell regulation. Our results
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Fig.5 Overexpression of ST6Gal-I in tumor cells promotes the growth of
mouse tumor xenografts, while inhibits anti-tumor immune responses in
HCC. (Aa) Images of the Hca-P tumors formed on the inguen of mice at
the 18th day after cell inoculations. (Ab and Ac) Average tumor weights
and sizes were measured in different groups. (*P<0.05, **P <0.01).
(Ba—c) Forced expression of ST6Gal-I in Hepal-6 cells also facilitated
tumor growth as described in (Aa—c). (C and D) Intratumoral penetration

indicated that ST6Gal-1 overexpression in tumor cells de-
creased the levels of the immunoactivating cytokines TNF-oc
and IFN-y and increased the levels of immunosuppressive
cytokines TGF-31 and IL-10 in a co-culture system. In addi-
tion, ST6Gal-1 overexpression suppressed intratumoral pene-
tration by CD8"* T cells in Hca-P/St or Hepal-6/St tumors
(Fig. 4), indicating a shift from T cell immunity toward T cell
tolerance after tumor implantation.

To our knowledge, although the mechanisms are still not
fully understood, we are the first to report the role of ST6Gal-1
in modulating immunity in HCC. Moreover, our studies also
expose the possible molecular mechanisms involved in tumor
immune escape. Hence, our study provides new information
indicating that regulating sialic acids on tumors might have
therapeutic implications in HCC immunotherapy. This might
form the basis of new strategies for immunotherapeutic and
molecular-targeted treatments.

@ Springer

of CD8* and CD4* T lymphocytes in each group were measured by
immunohistochemical staining. The relative rate of CD8" and CD4" T
cell infiltration were shown in histogram. Photos of inguinal tumor were
taken at the magnifications of x 400 (*P <0.05, **P<0.01). (E and F)
Expression of IFN-y, TNF-«, TGF-31 and IL-10 in intratumoral T cells
were analyzed using real-time PCR

Author contributions Wang L. conceived and designed the study. Wang
L., LiS, YuX, Han Y., Wu Y., Wang S., and Chen X. performed the
experiments. Wang L. and Li S. wrote the paper. Zhang J. and Wang S.
reviewed and edited the manuscript. All authors read and approved the
manuscript.

Funding information This research was supported by grants from the
National Natural Science Foundation of China (N0.31470799 and
No0.31570802), the Natural Science Foundation of Liaoning Province
(No. 20170540288), and the Special Fund of Dalian city for
Distinguished Young Scholars (2017RJ07).

Compliance with ethical standards

The study protocol conformed to the principles of the Declaration of
Helsinki and was approved by the Ethics Committee of The First
Affiliated Hospital of Dalian Medical University, Dalian City, P.R. China

Conflict of interest The authors declare that they have no conflicts of
interest.



02,6-Sialylation promotes immune escape in hepatocarcinoma cells by regulating T cell functions and... 207

References

10.

11.

12.

13.

14.

15.

16.

17.

Bresalier RS, Rockwell RW, Dahiya R, Duh QY, Kim YS (1990)
Cell surface sialoprotein alterations in metastatic murine colon can-
cer cell lines selected in an animal model for colon cancer metasta-
sis. Cancer Res 50:1299-1307

Bruns H, Petrulionis M, Schultze D, Al Saeedi M, Lin S, Yamanaka
K, Ambrazevicius M, Strupas K, Schemmer P (2014) Glycine in-
hibits angiogenic signaling in human hepatocellular carcinoma
cells. Amino Acids 46:969-976

Chen X, Wang L, Zhao Y, Yuan S, Wu Q, Zhu X, Niang B, Wang S,
Zhang J (2016) ST6Gal-1 modulates docetaxel sensitivity in human
hepatocarcinoma cells via the p38 MAPK/caspase pathway.
Oncotarget 7:51955-51964

Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, Luo R,
Feng J, Ye S, Yang TS, Xu J, Sun Y, Liang H, Liu J, Wang J, Tak
WY, Pan H, Burock K, Zou J, Voliotis D, Guan Z (2009) Efficacy
and safety of sorafenib in patients in the Asia-Pacific region with
advanced hepatocellular carcinoma: a phase Il randomised, dou-
ble-blind, placebo-controlled trial. Lancet Oncol 10:25-34

Chow MT, Moller A, Smyth MJ (2012) Inflammation and immune
surveillance in cancer. Semin Cancer Biol 22:23-32

Dall’Olio F, Chiricolo M (2001) Sialyltransferases in cancer.
Glycocon;j J 18:841-850

Dall’Olio F, Chiricolo M, D’Errico A, Gruppioni E, Altimari A,
Fiorentino M, Grigioni WF (2004) Expression of beta-galactoside
alpha2,6 sialyltransferase and of alpha2,6-sialylated
glycoconjugates in normal human liver, hepatocarcinoma, and cir-
rhosis. Glycobiology 14:39—49

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M,
Parkin DM, Forman D, Bray F (2015) Cancer incidence and mor-
tality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer 136:E359-E386

Gross A, McDonnell JM, Korsmeyer SJ (1999) BCL-2 family
members and the mitochondria in apoptosis. Genes Dev 13:1899—
1911

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next
generation. Cell 144:646-674

Huang L, Xu AM, Peng Q (2015) CD147 and MMP-9 expressions
in type II/II adenocarcinoma of esophagogastric junction and their
clinicopathological significances. Int J Clin Exp Pathol 8:1929—
1937

Kennedy KM, Dewhirst MW (2010) Tumor metabolism of lactate:
the influence and therapeutic potential for MCT and CD147 regu-
lation. Future Oncol 6:127-148

Lee JK, Capanu M, O’Reilly EM, Ma J, Chou JF, Shia J, Katz SS,
Gansukh B, Reidy-Lagunes D, Segal NH, Yu KH, Chung K, Saltz
LB, Abou-Alfa GK (2013) A phase 1I study of gemcitabine and
cisplatin plus sorafenib in patients with advanced biliary adenocar-
cinomas. Br J Cancer 109:915-919

Li R, Huang L, Guo H, Toole BP (2001) Basigin (murine
EMMPRIN) stimulates matrix metalloproteinase production by fi-
broblasts. J Cell Physiol 186:371-379

Lin S, Kemmner W, Grigull S, Schlag PM (2002) Cell surface alpha
2,6 sialylation affects adhesion of breast carcinoma cells. Exp Cell
Res 276:101-110

Lin S, Hoffmann K, Schemmer P (2012) Treatment of hepatocel-
lular carcinoma: a systematic review. Liver Cancer 1:144—158

Lu J, Isaji T, Im S, Fukuda T, Hashii N, Takakura D, Kawasaki N,
Gu J (2014) Beta-galactoside alpha2,6-sialyltranferase 1 promotes
transforming growth factor-beta-mediated epithelial-mesenchymal
transition. J Biol Chem 289:34627-34641

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mizukoshi E, Nakamoto Y, Arai K, Yamashita T, Sakai A, Sakai Y,
Kagaya T, Yamashita T, Honda M, Kaneko S (2011) Comparative
analysis of various tumor-associated antigen-specific t-cell re-
sponses in patients with hepatocellular carcinoma. Hepatology 53:
12061216

Perdicchio M, Cornelissen LA, Streng-Ouwehand I, Engels S,
Verstege MI, Boon L, Geerts D, van Kooyk Y, Unger WW
(2016) Tumor sialylation impedes T cell mediated anti-tumor re-
sponses while promoting tumor associated-regulatory T cells.
Oncotarget 7:8771-8782

Rivoltini L, Carrabba M, Huber V, Castelli C, Novellino L, Dalerba
P, Mortarini R, Arancia G, Anichini A, Fais S, Parmiani G (2002)
Immunity to cancer: attack and escape in T lymphocyte-tumor cell
interaction. Immunol Rev 188:97-113

Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting:
integrating immunity’s roles in cancer suppression and promotion.
Science 331:1565-1570

Schultz MJ, Swindall AF, Bellis SL (2012) Regulation of the met-
astatic cell phenotype by sialylated glycans. Cancer Metastasis Rev
31:501-518

Schultz MJ, Swindall AF, Wright JW, Sztul ES, Landen CN, Bellis
SL (2013) ST6Gal-I sialyltransferase confers cisplatin resistance in
ovarian tumor cells. J Ovarian Res 6:25

Swindall AF, Bellis SL (2011) Sialylation of the Fas death receptor
by ST6Gal-I provides protection against Fas-mediated apoptosis in
colon carcinoma cells. J Biol Chem 286:22982-22990

Swindall AF, Londono-Joshi Al, Schultz MJ, Fineberg N,
Buchsbaum DJ, Bellis SL (2013) ST6Gal-1 protein expression is
upregulated in human epithelial tumors and correlates with stem
cell markers in normal tissues and colon cancer cell lines. Cancer
Res 73:2368-2378

Tang W, Chang SB, Hemler ME (2004) Links between CD147
function, glycosylation, and caveolin-1. Mol Biol Cell 15:4043—
4050

Thomas MB, O’Beirne JP, Furuse J, Chan AT, Abou-Alfa G,
Johnson P (2008) Systemic therapy for hepatocellular carcinoma:
cytotoxic chemotherapy, targeted therapy and immunotherapy. Ann
Surg Oncol 15:1008-1014

Topfer K, Kempe S, Muller N, Schmitz M, Bachmann M,
Cartellieri M, Schackert G, Temme A (2011) Tumor evasion from
T cell surveillance. J Biomed Biotechnol 2011:918471

Wei A, Fan B, Zhao Y, Zhang H, Wang L, Yu X, Yuan Q, Yang D,
Wang S (2016) ST6Gal-1 overexpression facilitates prostate cancer
progression via the PI3K/Akt/GSK-3beta/beta-catenin signaling
pathway. Oncotarget 7:65374—65388

Wiedmann MW, Mossner J (2010) Molecular targeted therapy of
biliary tract cancer—results of the first clinical studies. Curr Drug
Targets 11:834-850

Yu S, Zhang L, Li N, Fan J, Liu L, Zhang J, Wang S (2012)
Caveolin-1 up-regulates ST6Gal-1 to promote the adhesive capabil-
ity of mouse hepatocarcinoma cells to fibronectin via FAK-
mediated adhesion signaling. Biochem Biophys Res Commun
427:506-512

Yuan CH, Sun XM, Zhu CL, Liu SP, Wu L, Chen H, Feng MH, Wu
K, Wang FB (2015) Amphiregulin activates regulatory T lympho-
cytes and suppresses CD8+ T cell-mediated anti-tumor response in
hepatocellular carcinoma cells. Oncotarget 6:32138-32153

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	α2,6-Sialylation promotes immune escape in hepatocarcinoma cells by regulating T cell functions and CD147/MMP signaling
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References


