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Combined treatment with epigenetic agents enhances
anti-tumor activity of T cells by upregulating the
ACRBP expression in hepatocellular carcinoma
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Abstract: Objective: To evaluate the efficacy of combined epigenetic drugs of decitabine (DAC), valproic acid (VPA)
and trichostatin A (TSA) on immunotherapy with a murine model of hepatocellular carcinoma (HCC). Methods:
Dendritic cells (DCs) transduced with recombinant lentivirus expressing a cancer-testis antigen, acrosin binding pro-
tein (ACRBP), are referred to as DC/ACRBP. CD8"* T cells were harvested from spleens of C57BL/6 mice and activat-
ed by DC/ACRBP. Cytotoxicity of DC/ACRBP-activated T cells was analyzed by cytotoxicity and murine xenograft as-
says. Results: Cytotoxicity assay results revealed that DC/ACRBP-activated T cells exhibited the highest cytotoxicity
against HCC cells pre-treated with triple drugs (DAC+VPA+TSA) compared with dual drugs (DAC+VPA and DAC+TSA)
and single drug (DAC, VPA and TSA) respectively. Analyses of RT-PCR and immunoblotting demonstrated that the
highest ACRBP expression of HCC cells was induced by the triple drugs compared with the single and dual drugs.
These results indicated that DC/ACRBP-activated T cells might be ACRBP-specific lymphocytes, and the augmented
cytotoxicity may be dependent on the upregulation of ACRBP expression. These assumptions were further confirmed
by xenograft tumor assay. Tumor cells of mice administrated with the triple drugs exhibited increased ACRBP expres-
sion compared with those of mice without administration. As expected, DC/ACRBP-activated T cells adopted by mice
injected with the triple drugs, compared with those adopted by mice without injection, remarkably impeded growth
and facilitated apoptosis of tumor cells. Conclusion: These data suggested that combined treatment with DAC, VPA
and TSA may enhance the anti-tumor efficacy of ACRBP-specific T cells by upregulating ACRBP expression in HCC.
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Introduction ciated antigens. They have restricted expres-
sion in normal except gametogenic tissues,

Surgical resection is a traditional treatment of and re_expression in various tumor typesl Such

hepatocellular carcinoma (HCC). However, only
less than half of patients survived within 5
years after resection [1]. In light of this, adju-
vant therapy, such as cellular immunotherapy,
is urgently in need and provides a new option
for patients with a high risk of recurrence.
Cancer-testis antigens (CTAs), encoded by can-
cer-testis genes, are a subgroup of tumor-asso-

characteristics of CTAs potentiate them as
promising immunotherapeutic targets [2].

Although CTA-based immunotherapy has prom-
ising clinical efficacy [3, 4], it still faces chal-
lenges. One of the challenges is inter-tumor
heterogeneity of the CTAs expression, which
occurs in a variety of cancers including HCC
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[5-7]. Some HCC patients display high expres-
sion of a certain antigen, while others may lack
the CTA expression. Particularly, a large num-
ber of CTAs are not activated in around 50% of
HCC patients [5]. And this may limit CTA-target-
ed therapeutic response in HCC. Additionally,
even for a CTA-positive tumor, CTA expression
exhibits a characteristic in common-intra-tu-
mor heterogeneity, leading to attenuated tu-
mor recognition by T cells and decreased effi-
cacy of immunotherapy [4, 8]. Since promoter
hypomethylation is one of the fundamental
mechanisms behind the transcriptional activa-
tion of cancer-testis genes [9], DNA methyl-
transferase inhibitors (DNMTis) are used as a
countermeasure to improve the CTAs expres-
sion and to reduce the heterogenicity in tumor.
One of DNMTis, decitabine (5-aza-2'-deoxycyti-
dine, DAC), has been found to improve the
expression of CTAs in various tumor cell lines
[10, 11], and patients with unresectable liver-
predominant metastases [12]. In addition, an
increase of CTA expression induced by DAC
enhances tumor recognition by T cells in diges-
tive system tumor and myelodysplastic syn-
drome [10, 13]. In comparison with the ad-
ministration with DAC alone, the combination
treatments with DAC and histone deacetylase
inhibitors (HDACis), such as valproic acid (VPA)
and trichostatin A (TSA), synergistically increa-
se CTAs expression in tumor cell lines [9, 14].
Although the synergies of DAC+VPA and DAC+
TSA have been demonstrated, to the best of
our knowledge, there is a lack of published
reports analyzing combined efficacy of DAC+
VPA+TSA on CTAs expression in tumor cells.
Moreover, evidences provided by Gu et al indi-
cated that VPA and TSA used different mecha-
nisms to demethylate DNA [15], triple com-
bination of DAC, VPA and TSA were therefore
used in this assay to analyze the potential
overlay performance of VPA and TSA on de-
methylation.

For CTA-based immunotherapy of HCC, select-
ing a CTA with a high expression rate in HCC is
the crucial first step. ACRBP, also known as
OY-TES-1 or CT23, is originally characterized as
the human homologue of pro-acrosin binding
protein (ACRBP) in mouse, and one of the iden-
tified CTAs in human [16]. Its mRNA expression
was found in 73% of the HCC specimens in our
previous work, indicating a relatively low inter-
tumor heterogeneity of ACRBP [17]. Like other
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CTAs, we also demonstrated that ACRBP was
extensively expressed in various cancer types
[17-20]. Besides, antibody to ACRBP is detect-
ed in sera of patients with a wide array of can-
cers, including HCC [16-19]. These results re-
vealed an immunogenic nature of ACRBP. Re-
cent work also proved that immunodominant
epitopes of ACRBP and synaptonemal complex
protein 1 antigens have high efficacy to acti-
vate the immune system and anti-tumor pro-
phylactic effects in a murine melanoma model
[24]. Furthermore, ACRBP peptide can elicit
ACRBP-specific cytotoxic T lymphocyte (CTL)
response against ACRBP-expressing cancer
cells [22, 23]. These findings indicate that AC-
RBP emerges as a promising target for immu-
notherapy of cancers. Although DAC treatment
can improve CTA-specific CTL response in can-
cers [10, 13], the effect might be limited.

In this study, we evaluated the efficacies of
combined epigenetic drugs (DAC+VPA+TSA) on
tumor recognition by T cells with an HCC mu-
rine model. The epigenetic modifiers were ana-
lyzed in groups: single drug of DAC, VPA and
TSA respectively; dual drugs of DAC+VPA and
DAC+TSA respectively; and triple drugs of
DAC+VPA+TSA. We demonstrated that admi-
nistration of HCC cells with the triple drugs
compared with the single drug and the dual
drugs, enhances ACRBP-specific cytotoxicity of
CTLs by upregulating ACRBP expression in
HCC. These results may provide insight for
combining epigenetic agents and ACRBP-spe-
cific immunotherapy in the HCC treatment.

Material and methods
Tissue samples and cell lines

Eighty-seven HCC samples and corresponding
adjacent para-tumor specimens (defined as
5.0 cm distance from tumor edge) [24], were
collected with written informed consent from
each participating patient according to proce-
dures approved by the Ethics Committee of
Taizhou hospital (Zhejiang province, China).
Among the samples, 15 cases were removed
due to the incomplete follow-up data, leaving
72 cases included. The HCC tissues were clas-
sified according to the World Health Organi-
zation (WHO) classification criteria [25], and
the 8th American Joint Committee on Cancer
(AJCC) TNM staging system [26, 27], follow-
ed by analyses of immunohistochemistry (IHC)
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and immunoblotting according to the purposes
of the study.

Three mouse and two human cell lines were
utilized in this investigation. Mouse (C57BL/6)
cell lines included HCC cell line Hepal-6, me-
lanoma cell line B16F10 and dendritic cell line
DC2.4 (immature dendritic cell [28]). These
cells were generously provided by professor
Xiao-ling Lu (National Center for International
Research of Biological Targeting Diagnosis and
Therapy, Guangxi Medical University, Nanning,
Guangxi, P.R. China). Human HCC cell line BEL-
7404 and HepG2 were purchased from the
Type Culture Collection of Chinese Academy of
Science (Shanghai, China). To construct den-
dritic cells (DCs) that stably expressed ACRBP,
LV5-CMV-GFP-EF1a-Puro lentiviral vector (Ge-
nePharma, Shanghai, China) carrying a coding
sequence of ACRBP (LV-ACRBP) was trans-
duced into DCs (DC/ACRBP) on the presence
of polybrene (GenePharma) according to the
manufacturer’s instructions. DCs transduced
with empty lentiviral vectors (DC/LV) were
served as a negative control. All cells were
grown in RPMI 1640 (Invitrogen, Shanghai,
China) supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA) and
1% penicillin-streptomycin at 37°C in a humidi-
fied atmosphere of 5% CO, in air.

Transfection

Small interfering RNA (siRNA) against human
ACRBP (si-ACRBP, sense: 5-CGUGGAAGA GC-
UCCUACAATT-3’; antisense: 5-UUGUAGGAGC-
UCUUCCACGTT-3’), and scrambled siRNA (si-
NC, sense: 5-UUCUCCGAACGUGUCACGUTT-3’;
antisense: 5-ACGUGACACGUUCGGAGAATT-3’)
were transfected into HCC cells respectively
using Lipofectamine 2000 (Invitrogen) follow-
ing the manufacturer's manual. Cells supple-
mented with only Lipofectamine 2000 (WT)
were used as control.

Chemicals and drug treatments of cells

Decitabine (DAC, CAS number A3656), valproic
acid (VPA, CAS number 99-66-1) and tricho-
statin A (TSA, CAS number 58880-19-6) were
purchased from Sigma-Aldrich Corporation (St
Louis, MO, USA). DAC and TSA were dissolved
in DMSO to a concentration of 10 mM. Aliquots
were stored at -80°C and diluted with medium
before used. Drug treatments were divided into
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seven groups: (1) DAC group: cells were cul-
tured in medium on the presence of 5 uM DAC
for 120 h; (2) VPA group: cells were grown in
medium containing 0.5 mM or 1 mM VPA for
120 h; (3) TSA group: cells were cultured in
medium supplemented with 1 uM or 2 uM TSA
for 24 h; (4) DAC+VPA group: cells were cul-
tured with 5 yM DAC and 0.5 mM or 1 mM VPA
for 120 h; (5) DAC+TSA group: cells were cul-
tured with 5 yM DAC for 120 h, followed by 1
UM or 2 uM TSA for 24 h; (6) DAC+VPA+TSA
group: cells were cultured with 5 yM DAC and
1 mM VPA for 120 h, followed by 2 uM TSA for
24 h; (7) Control group: cells were cultured with
0.09% DMSO, which is the highest concentra-
tion of DMSO used in this study in consider-
ation of the potential toxicity of DMSO to living
cells.

Immunohistochemistry (IHC) and TUNEL analy-
sis

Immunochemistry was conducted to detect
expressions of ACRBP and Ki67 on tissue
microarrays or tissue sections as previously
described [18]. Anti-ACRBP antibodies (1:50,
Santa Cruz Biotechnology, Santa Cruz, CA,
USA, sc-390594), anti-Ki67 antibodies (1:200,
Abcam, Cambridge, MA, USA, ab15580), anti-
CD34 antibodies (1:100, Abcam, ab81289),
and anti-AFP antibodies (1:100, Abcam, ab46-
799) were used as primary antibodies. Isotype-
matched antibodies were used as controls.
After incubation with the primary antibodies
overnight at 4°C, the slides were subsequen-
tially rinsed with PBS, followed by incubation
with horseradish peroxidase-conjugated IgG
(1:500; Thermo Fisher Scientific, Rockford, IL,
USA). The sections were developed by 3,3™-
diaminobenzidine according to the supplier's
instructions (Boster, Wuhan, China), and fur-
ther counterstained by hematoxylin. The slides
were next photographed by Olympus BX53
microscope. For integrated optical density
(IOD), images of 5 random areas from a sec-
tion were analyzed by Image-Pro Plus software
(version 6.0, Media Cybernetics, MD, USA). The
results were expressed as average optical den-
sity (AOD = |0D/area). Expressions of ACRBP,
Ki67, CD34, and AFP were recorded as follows:
AOD < 0.05, “”; 0.05 < AOD £ 0.2, “+”; 0.2 <
AOD < 0.5, “++”; AOD > 0.5, “+++”. To analyze
correlation of ACRBP expression and clinico-
pathological features of 72 HCC patients, pa-
tients were classified into low ACRBP expres-
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sion group (AOD < 0.2) and high ACRBP expres-
sion group (AOD > 0.2).

In the TUNEL assay, the slides were subjected
to the DeadEndTM Fluorometric TUNEL System
(Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Cells with green fluo-
rescence were considered as apoptotic cells.
The numbers of apoptotic cells and total cells
were calculated from 5 random microscopic
fields per slide at 200 x maghnification.

Reverse Transcription PCR (RT-PCR)

Total RNA was purified from cultured cells by
E.Z.N.A.® Total RNA Kit | (Omega Bio-Tek, USA)
according to the supplier’s protocol. The RNA
was quantified, and about 3 ug aliquot was
subjected to reverse transcription with the
PrimeScript RT-PCR kit (TakaraBio, Incorpora-
tion, Japan). The obtained cDNA was subse-
quently amplified for genes of interest with
primers given in supplemental data (Table S1).

Immunoblotting analysis

Cells were lysed in ProteoJET Mammalian Cell
Lysis Reagent (Thermo Fisher Scientific) sup-
plemented with complete protease inhibitor
mix (Roche, Vienna, Austria). About 25 pg of
protein was extracted from each sample, se-
parated by 10% SDS-PAGE and transferred to
PVDF membrane. The primary antibodies were
as followings: anti-ACRBP antibodies (1:100,
Santa Cruz Biotechnology, sc-390594), anti-
Ki67 antibodies (1:1000, Abcam, ab16667),
anti-caspase-3 antibodies (1:5000, Abcam,
ab32351), anti-cyclin E antibodies (1:100,
Santa, sc-247), and anti-B-actin antibodies
(1:2000, Abcam, ab8226). Blots were devel-
oped by 3,3-diaminobenzidine according to
the manufacturer’s protocols (Boster, Wuhan,
China). Relative intensities of the bands were
analyzed using ImageJ (NIH, Maryland, USA).

CCK-8 assay

Cell proliferation was evaluated using Cell
Counting Kit-8 (CCK-8, Sigma-Aldrich) assays
under the manufacturer’s instructions. In brief,
4000 cells per well were seeded in 96-well
plates in triplicate and cultured in 90 uL DM-
EM containing 10% FBS. Each well was added
10 pL of CCK-8 solution at indicated time and
cells were incubated for another 4 hours. Ab-

7594

sorbance at 450 nm were measured via a
microplate reader (Bio-Rad Laboratories).

Wound healing assay

Cell migration was assessed by wound heal-
ing assay. In short, 2 x 10° cells per well were
inoculated into a 24-well plate. After the cells
were cultured to 80% confluency, a single-line
wound was scratched by on the wells using a
10 uL pipette tip. Cells were then washed with
phosphate buffer solution (PBS) to remove the
detached cells and incubated with fresh se-
rum-free DMEM medium. Wound width was
determined O h, 12 h and 24 h after the scra-
tch was made. Wound closure was determined
as: [wound width (O h) - wound width (12 h/24
h)]/wound width (0O h) x 100%.

Transwell invasion and migration assays

Transwell assay was used to measure cell inva-
sion. For invasion analysis, briefly, 1 x 105 cells
per well were seeded into the upper chamber
pre-coated with Matrigel (BD Biosciences,
Bedford, MA, USA), and were cultured in DMEM
containing 1% FBS. The lower chamber was
filled with DMEM supplemented with 10% FBS.
After incubation for 24 h, the cells in the upper
chamber were removed using a cotton swab.
And cells in the down chamber were fixed with
90% and stained with 1% crystal violet (Sigma-
Aldrich) for 15 min. Cell number was counted by
a light microscope. For migration assay, similar
protocol with invasion analysis was followed
excluding the coating of chamber with Matrigel.

Pyrosequencing

Genomic DNA was extracted from cells and
subjected to bisulfite conversion thermal
cycles. The PCR product was purified and elut-
ed in 15 pL of elution buffer, followed by bioti-
nylation and immobilization to streptavidin-
coated agarose beads (MAg25K/Streptavidin,
Enriching Beads®, Shanghai, China). The beads
were then gently released to annealing buffer
containing 0.4 yM sequencing primers at 80°C
for 2 min. After cooling down to room tempera-
ture, pyrosequencing was conducted using a
PyroMark Q96 MD instrument (Qiagen) under
the supplier's instructions. The output data
were analyzed by the accompanying software
(Qiagen). For the ACRBP gene in Hepal-6 cells,
five CpGs and three CpGs in promoter were
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examined, respectively. For the ACRBP gene in
cell line HepG2, four CpGs were tested. Primers
used in pyrosequencing were provided in sup-
plemental data (Table S1).

Flow cytometry

To evaluate expressions of surface markers,
cells were harvested, washed by phosphate-
buffered saline and resuspended in saturating
concentrations of monoclonal antibodies or
isotype-matched control antibodies (Table S2)
overnight at 4°C. The cells were then harvest-
ed, washed by PBS buffer for 3 times, and
analyzed by FACScan flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ, USA) using BD
Accuri™ C6 Software (BD Biosciences). For cell
apoptosis assay, an Annexin V-FITC apoptosis
kit (Cambridge, MA) was employed according to
the manufacturer’ s instructions. The stained
samples were then analyzed with the FACScan
flow cytometer within 20 min. To determine the
cell cycle phase, cell cycle analysis Kit (Biyun-
tian, Jiangsu, China) and flow cytometer were
used according to the supplier’'s manuals. To
characterize DC/ACRBP, immunophenotypes of
DCs incubated with IFN-y (R&D Systems, Min-
neapolis, MN) and lipopolysaccharide (Sigma,
Saint Louis, MO) were used as a positive
control.

Stimulation of CD8" T cells with DCs

To obtain CD8* T cells from spleen of mouse
C57BL/6, purification was performed with a
CD8* T cell isolation kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to the
manufacturer’s instructions. The purified cells
were subjected to flow cytometry to analyze the
percentage of CD8* T cells with an anti-mouse
CD8a antibody (Table S2). A total of 10° T cells
were next incubated with DCs (107 cells) for 7
days supplemented with 0.5 ng/ml rat inter-
leukin-2 (IL-2, BD Biosciences, San Jose, CA).
The T cells were re-stimulated with fresh DCs
every 7 days for 2 more times. On day 7, during
the last stimulation, the cells were harvested
for further studies.

Enzyme-linked immunosorbent assay (ELISA)
To test expressions of secreted cytokines, DCs
(1 x 107) were cultured in 25 cm? flasks with 3

mL medium for 48 hours before the superna-
tants were collected. For CD8* T cells, superna-
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tants were harvested after the last round of
stimulation. Productions of IFN-y, IL-2, IL-6,
IL-12, TNF-&, Granzyme B and Perforin were
determined using commercially available ELISA
kits (Cloud-Clone Corporation, Wuhan, China)
according to the manufacturer’s protocol. The
expression level of IL-2 was calculated as
“expression level = level measured by ELISA -
level supplemented in the medium”.

Cytotoxicity assay

Cytotoxic activity of each T cell population was
determined using a DELFIA EuTDA cytotoxicity
kit (Perkin-Elmer Life Sciences, Norwalk, CT,
USA) according to the manufacturers’ instruc-
tion. In brief, target cells (5 x 10%) were first co-
cultured with BATDA Reagent to allow penetra-
tions of fluorescence ligands into the cells. The
cells were then incubated with CD8* T cells at
different E:T ratios for 2 h. The supernatant of
mixture was next transferred and incubated
with Europium Solution for 15 min. Fluorescent
signals of EUTDA were collected using the
Time-resolved fluorometer (model of syner-
gyH1, Biotek Instruments, Incorporation). And
the percentage of specific lysis was calculated
with the following formula: [(experimental re-
lease - spontaneous release)/(maximum relea-
se - spontaneous release)] x 100. To analyze
whether the cytotoxicity of CD8" T cells was a
major histocompatibility complex class | (MHC-
I)-restricted, monoclonal anti-MHC class | anti-
body (ab25590, Abcam) was applied in the sys-
tem to block the recognition of antigen.

In vivo xenograft tumor model

Four-week-old BALB/c nude female mice were
provided by the Guangxi Laboratory Animal
Center (Guangxi, China). Mice were housed at
24 £ 1°Cin a light-controlled room (light: 7:00-
19:00 h, dark: 19:00-7:00 h) and maintained
under specific pathogen-free conditions. All
protocols followed the National Research
Council guide for the care and use of labo-
ratory animals, and were approved by the
Animal Ethics Committee of Guangxi Medical
University.

To develop a xenograft model, mice were in-
oculated as previously described [29]. In brief,
a total of 1 x 10° Hepal-6 cells were pretreat-
ed with drugs (5 uM DAC, 1 mM VPA and 2 uM
TSA) and were inoculated into flanks of the
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mice subcutaneously (5 mice per group). The
mice were then simultaneously received intra-
peritoneal injections of 1 x 108 CD8* T cells
and PBS, respectively [29]. Two days post-inoc-
ulation, the combined drugs (0.4 mg/kg DAC,
100 mg/kg VPA and 0.5 mg/kg TSA) were
applied peritumorally. And tumor volumes were
measured simultaneously with a caliper every
other day. Mice were sacrificed by euthanasia
when visibly ill. To avoid potential tumor sup-
pression of the drugs, mice receiving no drug
were included as a control. The tumor volumes
were calculated using the formula: tumor vol-
ume = [(width? x length)/2].

Statistical analysis

Statistical analyses were performed using
SPSS software (version 25.0, IBM, Armonk,
NY), R software (version 3.5.0, R Core Team,
2018) and GraphPad Prism 6 software (La
Jolla, CA, USA). The statistical analysis of
expression frequencies of ACRBP and contin-
gency tables were performed by Chi-square
test or Mann-Whitney U test. For Kaplan-Meier
survival analysis, log-rank test was conducted
to compare the difference. Differences in cell
malignant behaviors, and expressions of cap-
spase-3 and cyclin E were analyzed by either
one-way or two-way ANOVA. Differences in
methylation levels were compared using either
repeated measures ANOVA or paired samples
t-test. To compare secreted cytokines of cells,
either Friedman test or repeated measures
ANOVA was employed. ACRBP expression of
cells that were pretreated by drugs, cytotoxicity
of CD8" T cells and growth of tumors in mice
were statistically studied by Kruskal-wails H
test. Exact p-values for pairwise comparisons
of Friedman rank sums were implemented as
previously described [30]. Data were collected
from at least three independent experiments.
Unless otherwise indicated, data are present-
ed as mean + SE (standard error). Results were
considered significant at *, P < 0.05; **, P <
0.01, ***, P < 0.001. **** P < (0.0001.

Results

High ACRBP expression correlated with ad-
vanced HCC and poor overall survival of HCC
patients

To understand the expression profile of ACRBP
in HCC, immunohistochemistry (IHC) was used
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to evaluate the protein level of ACRBP in 72
pairs of HCC specimens and their correspond-
ing para-tumor tissues. The results showed
that ACRBP was expressed in 67/72 (93.0%)
cases of HCC tissues and 58/72 (80.5%) cas-
es of para-tumor tissues, respectively (Figure
1A). Besides, the result revealed a prominently
increased expression level of ACRBP in cancer-
ous tissues compared with that of the para-
tumor tissues (P < 0.0001) (Figure 1B). A color
scheme exhibited expression patterns of AC-
RBP in tumor and para-tumor tissues, suggest-
ing inter-tumor heterogeneity of ACRBP expres-
sion in HCC (Figure 1B). Comparatively, intra-
tumor heterogeneity of ACRBP expression was
illustrated in Figure 1C, as cells in one section
showed different levels of IHC signal intensi-
ties. Furthermore, ACRBP expression was high-
er in high-grade HCC tissues than in low-grade
HCC tissues (Figure 1C and Table 1). Kaplan-
Meier’'s analysis revealed that high ACRBP
expression was correlated with poor overall
survival of HCC patients (Figure 1D). By analyz-
ing the potential correlation between ACRBP
expression and clinicopathologic characteris-
tics of patients, significant associations were
found between ACRBP expression and tumor
diameter, WHO grade, T-stage and AJCC stage
(Table 1). However, ACRBP was not an inde-
pendent risk factor for the overall survival of
patients by the Cox proportional hazards re-
gression model (Figure 1E).

Downregulation of ACRBP expression attenu-
ated the malignant behaviors of HCC cells in
vitro

High expression of ACRBP related to poor prog-
nosis in patients with HCC. To understand the
potential role of ACRBP in HCC, HCC cells (BEL-
7404 and HepG2) were transfected with ACR-
BP-specific siRNA and were subjected to CCK-
8 assay. The results showed that the reduced
expression of ACRBP repressed the prolifera-
tion of HCC cells (Figure 2). Flow cytometry
analysis and transwell assay of BEL-7404 cells
demonstrated that knockdown of ACRBP ex-
pression significantly induced cell apoptosis
and GO/G1 arrest, and impeded cell migration
and invasion (Figure S1). Immunoblotting ana-
lysis further showed that the suppression of
ACRBP expression remarkably increased ex-
pression of caspase-3, an effector of apopto-
sis, and decreased expression of cyclin E, a
regulator of cell cycle (Figure S1). And these
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Figure 1. Expression and prognostic values of ACRBP in HCC. A. Percentages of ACRBP-positive tissue specimens. B.
IHC analysis of ACRBP expression in 72 pairs of HCCs and their neighboring para-tumor tissues. AOD, average opti-
cal density (as described above in “Materials and methods”). C. Representative IHC images of ACRBP expression
in HCC tissues and paired para-tumor tissues. D. Kaplan-Meier survival analysis of 72 HCC patients according to
ACRBP expression. E. Univariable and multivariable analyses of overall survival of HCC patients by the Cox propor-

tional hazards regression model. *, P < 0.05.

data confirmed our previous findings that
downregulation of ACRBP expression in HCC
cells (BEL-7404 and HepG2) facilitated apopto-
sis and cycle arrest, and suppressed cell prolif-
eration, migration and invasion [31]. In short,
high ACRBP expression might promote malig-
nant behaviors of HCC cells and thereby indi-
cate poor prognosis in HCC patients.

Combination treatment with DAC, VPA and TSA
increased expressions of ACRBP and MHC I in
murine tumor cells

High expression of ACRBP in HCC tissues indi-
cated ACRBP was a potential target for immu-
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notherapy of HCC. The potency of ACRBP to
induce antigen-specific CTLs was evaluated in
this study. To test potential cytotoxicity of CTLs,
murine HCC cell line Hepal-6 and melanoma
cell line B16F10 were used as target cells.

As aforementioned, ACRBP expression in HCC
exhibited inter-tumor and intra-tumor hetero-
geneity. To decrease heterogeneity and to en-
hance anti-tumor efficacy of antigen-specific
CTLs, epigenetic drugs might be used as a
strategy [9, 10, 13, 14]. In light of this, DAC,
VPA and TSA, singly and jointly were employ-
ed to treat the target cells. As illustrated in
Figure 3A-C, Hepal-6 and B16F10 cells treated
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Table 1. Correlation between ACRBP protein expression and clini-

copathologic characteristics of HCC patients

Cases Low expression

High expression

Characteristic (72) No % No % P-value

Age (years) 0.876
<53 33 9 47.4 24 45.3
>53 39 10 52.6 29 54.7

Gender 0.890
Male 65 17 89.5 48 90.6
Female 7 2 10.5 5 9.4

Cirrhosis 0.821
Positive 25 7 36.8 18 34.0
Negative 47 12 63.2 35 66.0

Tumor diameter (cm) 0.000
<4 17 7 36.8 10 18.9
4-10 34 7 36.8 27 50.9
> 10 21 5 26.3 16 30.2

Tumor number 1.000
Single 66 17 89.5 49 92.5
Multiple 6 2 10.5 4 75

WHO grade 0.009
| 10 6 31.6 4 7.5
/10 62 13 68.4 49 92.5

CD34 expression 0.379
-/+ 10 1 5.3 9 17.0
++/+++ 62 18 94.7 44 83.0

Ki67 expression 0.850
-/+ 24 6 31.6 18 34.0
++/+++ 48 13 68.4 35 66.0

AFP expression 0.488
-/+ 39 9 47.4 30 56.6
++/+++ 33 10 52.6 23 43.4

T-stage 0.000
T1 8 2 10.5 6 11.3
T2 24 8 42.1 16 30.3
T3 37 8 42.1 29 54.7
T4 3 1 5.2 2 3.7

N-stage 0.736
NO 71 19 100.0 52 98.1
N1 1 0 0.0 1 1.9

M-stage 0.736
MO 71 19 100.0 52 98.1
M1 1 0 0.0 1 1.9

AJCC stage 0.000
| 8 2 10.5 6 11.3
Il 26 8 42.1 18 34.0
I 36 9 47.4 27 50.9
1% 2 0 0.0 2 3.8
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with 3 combined drugs of DAC,
VPA and TSA (referred to as
“triple drugs” below) exhibited
the highest mRNA and protein
expression of ACRBP when
compared with that of cells
treated with single and dual
drugs respectively. This result
indicated a synergistic effect
of the triple drugs on ACRBP
expression. Similar results we-
re obtained from the human
HCC cell line HepG2 (Figure
S2).

Since the MHC-I molecule is
critical for presenting antigen
to CD8* T cells, and reduced
MHC-I expression is frequently
observed in tumors [32, 33],
we then examined whether the
triple-drug treatment increas-
ed MHC-I expression of target
cells. Data showed that a high-
er level of MHC-I expression
was induced by the triple-drug
treatment than the DAC treat-
ment only (Figure 3D).

ACRBP expression was partly
regulated by promoter de-
methylation

Since combined treatment
with demethylation agent DAC
and HDACis enhanced ACRBP
expression, and activation of
genes is closely related to pro-
moter hypomethylation [34],
pyrosequencing was next used
to analyze methylation state of
ACRBP promoter in Hepal-6
cells after the drug treat-
ments. As illustrated in Figure
S3A, overall methylation of 5
CpG sites in the promoter
exhibited a significant down-
regulation when cells were
administrated with the triple
drugs compared with the con-
trol group. To further analyze
whether the upregulation of
ACRBP expression is due to

Am J Transl Res 2021;13(7):7591-7609
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Figure 2. Downregulation of ACRBP by siRNA suppressed the proliferation of BEL-7404 and HepG2 cells. (A) ACRBP
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of ACRBP/B-actin (upper panels). (C and D) Proliferation of BEL-7404 cells (C) and HepG2 cells (D) were analyzed by

CCK-8 assay. *, P < 0.05; **, P < 0.01.

the downregulation of promoter methylation,
we next tested the methylation state of ACRBP
promoter in Hepal-6 and HepG2 cells after
the treatments with DAC alone and the triple
drugs, respectively. As shown in Figure S3B,
S3C, significant demethylation of ACRBP pro-
moter was detected in both cell lines after the
drug administrations. However, lower methyla-
tion levels of ACRBP promoter were observed
when the cells were treated with DAC only com-
pared with the triple drugs. These results sug-
gested the upregulation of ACRBP expression
induced by the triple-drug administration was
associated with but not fully via the demethyl-
ation of ACRBP promoter.
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Combination treatment of target cells with tri-
ple drugs enhanced cytotoxicity of DC/ACRBP-
activated CD8* T cells in vitro

As DCs are the most effective antigen-present-
ing cells, DC2.4 was used to elicit ACRBP-
specific CTLs. ACRBP expression of DC/ACRBP
(as described in “Materials and methods” pre-
viously) was confirmed by RT-PCR and immu-
noblotting (Figure S4A and S4B). Immunoph-
enotypic and cytokine secretion analyses were
performed to characterize DC/ACRBP (Eigure
S4C and S4D). These results showed that DC/
ACRBP (but not DC/LV and untreated DCs) was
mature DC cell line.
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The percentage of CD8* T cells isolated from
murine spleen was first examined (Figure 4A).
To determine whether DC/ACRBP could induce
the formation of CD8" CTLs, flow cytometry
and ELISA assays were performed to analyze
the expressions of immunomarkers of the
DC-stimulated CD8* T cells. As shown in Figure
4B, DC/ACRBP-activated CD8* T cells (referred
to as “ACRBP-activated T cells” below) ex-
pressed more CD107a, Granzyme B, Perforin,
IFN-y, and IL-2 than those of untreated T cells
and T cells stimulated by DC/LV (collectively
referred to as “control T cells” below). These
data suggested the co-culture of CD8* T cells
with DC/ACRBP enhanced the proportion of
CD8* CTLs in vitro.

To further study whether the induced CDS8*
CTLs are able to recognize ACRBP-expressing
target cells, an EUuTDA nonradioactive cyto-
toxicity assay was next performed. As illustrat-
ed in Figure 4C, ACRBP-activated T cells com-
pared with control T cells exhibited elevated
cytotoxic activity against Hepal-6 cells pre-
treated with the triple drugs and DAC+VPA,
respectively. By contrast, the cytolytic activity
of ACRBP-activated T cells showed no differ-
ence compared with those of control T cells
when tumor cells were treated with DAC only.
Since treatment with triple drugs and DAC+VPA
compared with DAC only, induced significantly
higher ACRBP expression (Figure 3A-C), these
results indicated that ACRBP-activated T cells
were ACRBP-specific CTLs.

Notably, under the effector/target (E/T) ratio
of 50:1, the ACRBP-specific CTLs exhibited re-
markably increased anti-tumor activity against
Hepal-6 cells pre-treated with triple drugs
compared with DAC+VPA (Figure 4D). Similar
results were observed for cell line B16F10
(Figure 4E and 4F). As triple drugs compared
with DAC+VPA synergistically enhanced ACRBP
expression in target cells (Figure 3A-C), these
findings suggested that the administration of
triple drugs compared with DAC+VPA, signifi-
cantly augmented cytotoxicity of ACRBP-speci-
fic CTLs through increasing ACRBP expression
of tumor cells.

To investigate whether the anti-tumor activity of
CTLs was dependent on expression of MHC-I
on tumor cells, anti-MHC-I antibody was used in
the cytotoxicity assay. The result showed that
the anti-MHC-I antibody substantially blocked

7600

the cytotoxic lysis of target cells in vitro (Figure
4G-J), indicating recognition of tumor cells by
ACRBP-specific CTLs was MHC-I-restricted.

ACRBP-specific CTLs inhibit growth and facili-
tate apoptosis of ACRBP-expressing Hepal-6
cells in vivo

To further verify the cytolytic capacity of AC-
RBP-specific CTLs in vivo, a xenograft model
was developed as previously described [29].
As shown in Figure 5A, 5B, mice receiving the
ACRBP-specific CTLs displayed substantial de-
creases in tumor volume and tumor weight,
compared with those of the mice receiving
PBS and control T cells, respectively. Since
ACRBP expression was detected in all tested
samples by IHC and immunoblotting (Figure
5C, 5D, 5G, 5H), the loss of tumor volume and
tumor weight might result from the cytotoxicity
of ACRBP-specific CTLs. Additionally, tumors of
mice injected with the triple drugs peritumor-
ally showed upregulated expression of ACRBP,
as compared with those of mice without the
drug treatment (Figure 5C, 5D, 5G, 5H), indi-
cating triple-drug administration might upre-
gulate the expression of ACRBP in tumors. To
evaluate the cell proliferation in tumors, Ki67
expression was determined by IHC and immu-
noblotting analyses. As shown in Figure 5E-H,
Ki67 was expressed more in tumors of mice
injected respectively with PBS and control T
cells, as compared with that in tumors of mice
injected with ACRBP-specific CTLs. These re-
sults demonstrated that ACRBP-specific CTLs
decreased the in vivo propagation of tumors.
As expected, the result of TUNEL assay reveal-
ed that the TUNEL-positive cells were signifi-
cantly more in tumors of mice treated with
ACRBP-specific CTLs than that in tumors of
mice treated respectively with control T cells
and PBS (Figure 5l and 5J). These data de-
monstrated that ACRBP-specific CTLs facilitat-
ed the apoptosis of tumor cells in vivo.

Notably, for mice receiving ACRBP-specific
CTLs, tumors inoculated with triple drugs ex-
pressed higher levels of ACRBP (Figure 5C, 5D,
5G, 5H) and displayed smaller tumor masses,
lighter tumor weight, more retarded cell growth
and facilitated cell apoptosis, as compared
with those of tumors without the drug treat-
ment (Figure 5A, 5B, 5E-J). These data further
confirmed the previous observation that triple-
drug treatment improved the anti-tumor activi-
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ty of ACRBP-specific CTLs by enhancing ACRBP
expression of tumor cells.

Discussion

In this study, ACRBP-overexpressing dendritic
cells induce ACRBP-specific CD8" CTLs. The
activity of the CTLs is upregulated by the com-
bined treatment with DAC, VPA and TSA th-
rough synergistically enhancing the ACRBP ex-
pression in murine tumor cells. These results
suggest ACRBP represents a promising target
for immunotherapy of HCC and the triple
drugs might serve as a potential adjuvant to
increase anti-tumor efficacy in antigen-specific
immunotherapy.

The results of the IHC analysis with 72 pairs of
HCC specimens support ACRBP as a candidate
for CTA-based immunotherapy, as the expres-
sion rate of ACRBP reaches 93%. Although a
previous study reported that a positive rate of
ACRBP mRNA expression in liver cancer was
only 40% [16], this result was based on a limit-
ed sample number (5 cases only). Therefore,
the result is less representative. High expres-
sion of ACRBP in HCC was associated with poor
overall survival of HCC patients. And this is in
accordance with the previous reports that high
expressions of CTAs, such as NY-ESO-1 and
PRAME, suggested an unfavorable prognosis
in tumors [35, 36].

Downregulation of ACRBP expression might
suppress the malignant behaviors of HCC by
downregulating Nanog expression of HCC cells
[37]. The results of oligonucleotide microarray
showed that Nanog expression was repressed
after ACRBP was knocked down by siRNA in
BEL-7404 cells [37]. Furthermore, Nanog was
predicted to interact with ACRBP according to
the Kazal-2 motif of Nanog protein [37]. Since
Nanog regulates self-renewal of cancer stem
cells and affects the malignant behaviors of
HCC [38], ACRBP might exert its role partially
by influencing Nanog.

The heterogenic expression of ACRBP shown in
this study is consistent with previous findings
regarding other CTAs [6]. To decrease hetero-
geneity, for the first time, combined treatment
with DAC, VPA and TSA is demonstrated to syn-
ergistically upregulate ACRBP expression in
murine HCC tumor cells. One of the mecha-
nisms behind the synergy of DAC and HDACis,
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is that HDACis directly change demethylase
activity or remodel a chromatin structure by
increasing the histone acetylation [39]. It was
also proposed that HDACis might destabilize
the activity of DNA methyltransferase 1
(DNMT1) by targeting histone deacetylase 1
(HDAC1) [40, 41]. Our results also show that
ACRBP expression is affected but not fully
regulated by hypomethylation. The regulation
might involve other mechanisms, including the
pre-transcriptional bindings of transcription
factors to promoter, or post-transcriptional
bindings of miRNAs to 3-UTR (untranslated
region) of mMRNA [42]. In fact, DNA methylation,
transcription factor and miRNA may partici-
pate in processes which interplay and collec-
tively exert influence on the regulation of gene
expression [43-45].

Results of cytotoxicity assay indicated that the
triple drugs may promote the tumor recogni-
tion by ACRBP-activated T cells via increment
of ACRBP expression in HCC cells, and by
upregulation of MHC-1 expression in both HCC
and dendritic cells. The enhancement of the
cytotoxicity of ACRBP-activated T cells was in
proportion to the upregulation of ACRBP ex-
pression induced by triple drugs in HCC cells.
However, increment of ACRBP expression in
HCC cells did not affect the cytolytic capacity
of DC/LV-stimulated T cells. These data sug-
gest that ACRBP-activated T cells is ACRBP-
specific lymphocytes, and the triple drugs may
synergize the ACRBP-specific immunotherapy
by upregulation of ACRBP. In fact, expression
of MHC-I induced by the triple drugs in both
HCC and dendritic cells, could also increase
antigen presentation and thereby enhance the
cytotoxicity of ACRBP-specific CTLs in HCC.
And this is in accordance with previous obser-
vations [12].

Results of the xenograft study further confirm
the findings of cytotoxicity assay. The data
demonstrated that topical delivery of epigene-
tic drugs to the tumors enhanced the anti-
tumor activity of ACRBP-activated T cells by
upregulating the ACRBP expression in HCC
cells. In fact, four months were sufficient for
DAC treatment to improved CTA-specific CTL
recognition via the up-regulation of CTAs in
patients [13]. Accordingly, although high ex-
pression of ACRBP in HCC might predict poor
overall survival, triple drugs still show promis-
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ing potential as an adjuvant to the ACRBP-
specific immunotherapy against HCC for sever-
al months, rather than years. ACRBP expres-
sion was detected in tumor cells 14 days after
the triple-drug administration of the cells in
vitro. This observation is consistent with the
previous data that induction of CTA expression
in tumor cells by demethylation agent is herita-
ble [46].

Mounting evidence showed that epigenetic
drugs were used as anti-tumor drugs alone or
in combination with other therapies for solid
tumors [47, 48]. In this study, the results of
xenograft tumor assay indicated that current
dose of triple drugs may not have anti-tumor
efficacy alone. The drugs only synergize the
ACRBP-specific immunotherapy by enhancing
ACRBP and MHC-I expression. To analyze the
potential anti-tumor activity of the triple drugs,
a gradient concentration could be used in cyto-
toxicity assay to optimize the dosing in future
work.

In summary, we show that DAC, VPA and TSA
synergistically upregulate the ACRBP expres-
sion in murine tumor cells, thereby enhancing
the ACRBP-specific tumor recognition by T cells.
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Table S1. Primers used in this assay

Gene Description Sequence (5’-3) Amplificant (bp)
Human ACRBP RT-PCR (F) AAGGACAGGGGACTAAGGAG 604
Human ACRBP RT-PCR (R) CCGTACAAATCCAGCCCGTA

Mouse ACRBP RT-PCR (F) ATGATGAATCTAGCTGCTGG 951
Mouse ACRBP RT-PCR (R) TCACAATTTCCTGTACCTGC

Mouse B-actin RT-PCR (F) ATGGAGAAGATCTGGCACCA 709
Mouse B-actin RT-PCR (R) TAATCTCCTTCTGCATCCTGTC

Mouse ACRBP (5 CpGs) Pyrosequencing (F) GTAGTTAGATTTATTATGGTTTGGGAAGAT 171
Mouse ACRBP (5 CpGs) Pyrosequencing (R)  ATAACTCCTAACATAACCCCCTTATCC

Mouse ACRBP (3 CpGs) Pyrosequencing (F) GGGGTTATAGTTAGGAGAAATTAGG 171
Mouse ACRBP (3 CpGs) Pyrosequencing (R)  AACCAAAAACAAAAAAACCATATCAA

Human ACRBP (4 CpGs) Pyrosequencing (F) GAGGTTGAGGTAGGAGAATTATT 150
Human ACRBP (4 CpGs) Pyrosequencing (R) ~ ATAACAAACAACTACCTTCACTTAAC

Table S2. Antibodies used in flow cytometry

Target Label Manufacturer (Catalog number) Manufacturer (Catalog No) of isotype control
CD11c PE, FITC, PERCP-CY5 BD Pharmingen (553802, 553801, 560584) BD Pharmingen (553954, 553953, 560554)
Ccb40 FITC BD Pharmingen (553790) BD Pharmingen (553929)
CD86 FITC BD Pharmingen (561962) BD Pharmingen (553929)
CD80 PERCP-CY5 BD Pharmingen (560526) BD Pharmingen (560562)
CCR7 PERCP-CY5 BD Pharmingen (560812) BD Pharmingen (550765)
MHC | FITC Abcam (ab25030) Abcam (ab18455)
MHC Il PE Abcam (ab25585) BD Pharmingen (556653)
CD8« PE BD Pharmingen (553032) BD Pharmingen (556653)
CD107« PE BD Pharmingen (558661) BD Pharmingen (556653)
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Figure S1. Downregulation of ACRBP by siRNA attenuated the malignant behaviors of BEL-7404 cells. (A) Apoptosis
rates detected by flow cytometry were higher in cells transfected with ACRBP-specific siRNA as compared with con-
trol groups. (B) Higher Caspase-3 expression level was determined by immunoblotting in BEL-7404 and HepG2 cells
transfected with ACRBP-specific siRNA as compared with control groups. (C) Cells transfected with ACRBP-specific
siRNA showed GO/G1 phase arrest. (D) Immunoblotting was used to study the expression of Cyclin E in the cells. (E
and F) Cells with lower ACRBP expression displayed lower capacity of migration demonstrated by wound healing as-

say (E) and transwell assay (F). (G) Invasion of cells with different treatments was determined by Matrigel transwell
system. *, P < 0.05; **, P < 0.01.
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Figure S2. Relative mRNA expression of ACRBP in HepG2 cells treated with different drugs. DAC, target cells were

treated with 5 yM DAC; DAC+VPA+TSA, target cells were treated with 5 uM DAC, 1 mM VPA and 2 yM TSA. *, P <
0.05.
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Figure S3. Methylation of ACRBP promoter was analyzed by pyrosequencing. (A) The average methylation level of 5
CpG sites in the ACRBP promoter of Hepal-6 cells. Left panel, a 44-bp DNA fragment highlighted in grey (containing
5 CpG sites marked in red) was studied. Right panel, the 5 CpGs were demethylated after treatment with the triple
drugs. (B) Average methylation levels of 3 CpG sites in the ACRBP promoter of Hepal-6 cells. Left panel, a 37-bp
DNA segment highlighted in grey (containing 3 CpG sites marked in red; 163 bp upstream of TSS) was examined.
Right panel, average methylation levels of the 3 CpG sites were determined after Hepal-6 cells were treated with
DAC and triple-drug combination, respectively. (C) Average methylation levels of 4 CpG sites in the ACRBP promoter
of HepG2 cells. Left panel, a 27-bp DNA fragment shaded in grey (containing 4 CpG sites colored in red; 188 bp
upstream of TSS) was studied. Right panel, average methylation rates of the 4 CpG sites were evaluated after the
HepG2 cells were cocultured with DAC and triple combined drugs, respectively. Each dot of the graphics in (B and C)
(right panels respectively) represents the average of 3 independent biological replicates. *, P < 0.05; **, P < 0.01;
*xx% P <0.0001.
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Figure S4. Overexpression of ACRBP promoted the maturation of DCs. (A and B) ACRBP expression of DCs transduced by LV-ACRBP (as described previously in “Ma-
terials and methods”) was examined by RT-PCR (A) and immunoblotting (B). Left panel, representative images of ACRBP mRNA level (A) and protein level (B); right
panels, relative ACRBP mRNA (A) and protein (B) expression normalized to B-actin. (C) Immunofluorescence analysis of surface markers expressed on DC2.4 cells
under different treatments. Relative fluorescence activity of a specific monoclonal antibody is expressed in a red curve and that of isotype control is presented as a
black one. (D) Secreted cytokines of DCs were studied by ELISA. *, P < 0.05; **, P < 0.01.



