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Abstract: Overall survival of patients with hepatocellular carcinoma (HCC) remains poor, and the multidrug resis-
tance of HCC cells contributes to the limited efficacy of anti-cancer drugs, and reduced time to recurrence. We
systematically screened the expression of transporter genes in HCC samples and found that solute carrier family
29 member A1l (SLC29A1) expression was significantly elevated in human HCC cells compared with para-carcinoma
cell samples. The results of tissues microarray showed that SLC29A1 was an independent prognostic factor for over-
all survival and tumor recurrence, especially for patients with AFP < 20 ng/ml, no microvascular invasion and early
staging. In vivo and vitro analyses showed that down-regulation of SLC29A1 expression could enhance tumor cell
proliferation, invasion and reduced drug sensitivity. Further microarray-based gene expression profile indicated that
low SLC29A1 expression may contribute to HCC progression by promoting the epithelial-mesenchymal transition
through zinc finger E-box binding homeobox 2 and transforming growth factor beta receptor activation, modifying
cell adhesion through up- or down-regulation of cell adhesion molecules, and activating the nuclear factor-kappaB
pathway through tripartite motif-containing protein 9 inhibition. In conclusion, low SLC29A1 expression correlated
with high recurrence risk and poor outcomes for patients with HCC after surgery. SLC29A1 might be a promising
prognostic factor, a potential tumor suppressor, and a drug sensitizer for patients with HCC through its interaction
with various signaling pathways involved in this disease.
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Introduction action. Membrane transporters are responsi-

ble for anti-cancer drug uptake and export pro-
Hepatocellular carcinoma (HCC) is one of the cesses, which effect anti-tumor agent efficacy.
most commonly diagnosed liver cancers world- Studies have investigated the multidrug res-
wide [1]. Despite improvements in monitoring istance mechanism in HCC [6, 7]. Two impor-
programs and diagnostic tools, only 30-40% of tant proposed mechanisms of drug resistan-

patients with HCC are eligible for curative tr-
eatment [2, 3]. The multikinase inhibitor so-
rafenib was approved as a standard treatment
for patients with advanced HCC, but the sur-
vival benefit remains modest [4]. Because of
its heterogeneity and multiple etiologies, HCC
is highly refractory to conventional systemic
chemotherapy and treatment with the kinase-
targeting agent sorafenib [5]. Improved under-
standing HCC is urgently needed.

ce, which act together or alone, are elevated
drug efflux and decreased drug uptake in can-
cer cells. These processes are regulated by
membrane transporters [8]. The two main tr-
ansporter superfamilies are the solute carrier
(SLC) transporters and the ATP-binding cas-
sette transporters. The SLC transporter super-
family is important in endogenous compound
homeostasis, xenobiotic disposition, and drug
delivery [9]. The expression levels of drug tr-
Cellular uptake of anti-cancer drugs is an im- ansporters in HCC have been investigated [10-
portant first step in the mechanism of drug 13]. However, the expression of the SLC trans-
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Table 1. Correlation between SLC29A1 expres-
sion and clinical characteristics of patients
with HCC

Low SLC29A1 High SLC29A1

expression expression "
(n=204) (n=189)  Vale
Sex
Female 26 24 1.000
Male 178 165
Age, years
<50 94 103 0.107
> 50 110 86
HBsAg
Negative 37 33 0.896
Positive 167 156
HCV
Negative 202 182 0.094
Positive 2 7
Cirrhosis
No 38 34 0.897
Yes 166 155
AFP, ng/mL
<20 89 52 0.001~*
> 20 115 137
Tumor encapsulation
Complete 122 111 0.838
None 82 78
Tumor size, cm
<5 111 120 0.081
>5 93 69
Tumor number
Single 164 150 0.803
Multiple 40 39
Microvascular invasion
No 145 151 0.047*
Yes 59 38
Tumor differentiation
-l 140 117 0.169
-V 64 72
CLIP
0 159 150 0.806
1 45 39
ALT
<75U/L 185 171 1.000
>75U/L 19 18
Child
A 192 182 0.354
B 12 7
BCLC
A 156 152 0.391
B 48 37

Abbreviations: HCC, hepatocellular carcinoma; HBsAg,
hepatitis B surface antigen; HCV, hepatitis C virus; AFP,
a-fetoprotein; CLIP, Cancer of the Liver Italian Program;
ALT, alanine transaminase; BCLC, Barcelona Clinic Liver
Cancer. *P-values < 0.05 were considered statistically
significant. The Pearson chi-square test was used for
between-group comparisons.
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porter family in HCC has not been thoroughly
researched, and the roles of the SLC gene fam-
ily in HCC-associated drug resistance have not
been well-elucidated.

Expression of SLC transporter-family genes
was comprehensively investigated in HCC tis-
sues and peritumor tissues. We demonstrate
that low SLC29A1 expression correlated with
high recurrence rates and poor outcomes for
patients with HCC after surgery. Low SLC29A1
expression mechanistically enhanced tumor
cell proliferation, invasion and reduced drug
sensitivity through changing cell adhesion sta-
tus, induction of the epithelial-mesenchymal
transition (EMT) process, and nuclear factor-
kappaB (NF-«kB) pathway activation.

Materials and methods
Clinical materials

A total of 480 patients with HCC from the
Liver Cancer Institute of Fudan University in
Shanghai, China were recruited for this study.
A cohort of 75 HCC patients who underwent
surgery from 2000 to 2002 were screened by
gPCR array for aberrant transporter genes in
HCC. Additional 12 fresh tumors with matched
peritumoral tissues from HCC patients who
underwent surgery in 2010 were chosen for
gRT-PCR and western blot analyses. Paraffin-
embedded specimens from another cohort of
393 patients with HCC who underwent cura-
tive resection were collected and used to con-
struct tissue microarrays (TMAs). TMAs were
used to test the SLC29A1 expression in HCC
and para-carcinoma tissues. The histopatho-
logical diagnoses were based on World Health
Organization criteria [14]. Follow-up data were
summarized at the end of May 2016; the me-
dian follow-up period was 65 months (range: 4
to 181 months). Patients with high risk of re-
currence based on clinical features such as
vascular invasion and microsatellite lesions,
received prophylactic transcatheter arterial ch-
emoembolization (TACE; doxorubicin, cisplatin,
5-fluorouracil, and iodized oil). Overall survival
(0S) was defined as the interval between the
date of surgery and death (or the last observa-
tion point taken). Time to recurrence (TTR) was
defined as any diagnosed relapse (intrahepa-
tic recurrence or extrahepatic metastasis). The
follow-up procedures, postoperative treatment
modalities, and surveillance followed previous-
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ly-published uniform guidelines [15]. The clini-
copathologic characteristics of patients are
presented in Table 1. Ethical approval was
obtained from the research ethics committee
of Zhongshan Hospital. Each patient provided
written informed consent.

Cell lines and animals

Human HCC MHCC97L and MHCC97H cell Ii-
nes were established at the Liver Cancer In-
stitute, Zhongshan Hospital, Fudan University.
LO2, Hep3B, and Huh-7 cell lines were obtained
from the Shanghai Institute for Biological Sci-
ence (China). Male, athymic, 8-week-old BALB/c
nude mice (Chinese Academy of Science,
Shanghai, China) were raised under specific-
pathogen-free conditions. Animal care and ex-
perimental protocols were performed follow-
ing the guidelines established by the Shang-
hai Medical Experimental Animal Care Com-
mission.

gRT-PCR and western blot assays

The RT? Profiler PCR Array System (Qiagen,
Valencia, CA, USA) was used to screen the
expression levels of SLC transporters in HCC
and para-carcinoma tissues. This array con-
tained 46 SLC transporter gene primers, 5
housekeeping gene primers (for normaliza-
tion), 1 genomic DNA primer (for detecting
genomic DNA contamination), 3 reverse tran-
scription elements, and 3 positive PCR con-
trols.

Thirty randomly selected HCC samples were
used to investigate messenger RNA (mRNA)
and protein expression levels. Expression of
MRNA and protein in tissues was determined
using gRT-PCR and western blot assays, re-
spectively, as previously described [14]. The
primers used are listed in Supplementary Table
1. Three independent repeats were performed.
The primary antibodies used were against
SLC29A1 (1:1000; Abcam, Cambridge, MA,
USA), B-actin (1:3000; Abcam), E-cadherin, N-
cadherin, and Vimentin (1:1000; Cell Signal-
ing Technology, Danvers, MA, USA).

Immunohistochemistry

Tissue sections were treated with citrate buf-
fer to retrieve antigen. After removing the en-
dogenous peroxidase activity, the tissue sec-
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tions were blocked with goat serum and sub-
sequently incubated with the primary antibody,
anti-SLC29A1 (1:500; Abcam, Cambridge, MA,
USA), at 4°C. The samples were then incubat-
ed with secondary antibody, washed with PBS,
and visualized using diaminobenzidine and
hematoxylin re-staining.

Patients were divided into two subgroups for
analysis of the associations between SLC-
29A1 expression and the OS and cumulative
recurrence rates. A positive reaction for SLC-
29A1 was scored in four grade categories
according to staining intensity (i.e., O, 1, 2, and
3). The percentages of SLC29A1-positive cells
were scored as 0 (0%), 1 (1 to 33%), 2 (34 to
66%), or 3 (67 to 100%). In cases with discre-
pancies between duplicated cores, the higher
score of the two tissues was recorded as the
final score. The sum of the intensity and per-
centage scores was used as the final staining
score. The staining pattern was ranked by two
independent investigators blinded of the clini-
copathological data as previously defined [15].
Variations in enumeration within a range of 5%
were re-evaluated to reach consensus.

Transfection and clone selection

The lentiviral construct PLKO-shRNA-SLC29A1
was generated with the target sequences shi-
GGAACTCTCTCAGTGCCATCT and sh2-GCCACT-
CTATCAAAGCCATCC. SLC29A1 in stably trans-
fected clones was validated using gRT-PCR
and western blot assays.

Cell proliferation and flat plate clone formation
assays

Cell proliferation was analyzed using the CCK8
proliferation method. Briefly, 1x10* cells/well
were seeded in triplicate in 96-well plates and
incubated at 37°C and a 5% CO, humidified
atmosphere. After 24, 48, and 72 hours, the
CCK8 assay was performed according to the
manufacturer’s protocol. All experiments were
performed in triplicate.

Cells in the logarithmic growth phase were
seeded onto a 2-cm cell culture plate at a
density of 500 cells/mL. The cells were cul-
tured at 37°C in a well-humidified 95% air
and 5% CO, incubator for approximately 2
weeks. Colony formation was photographed
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and counted at 50x magnification. The as-
says were performed in triplicate for each cell
line combination.

Cell invasion

The Oris™ Pro 96-well Invasion Assay was us-
ed to examine cell invasion. MHCC97-H-Mock,
MHCC97-H-SLC29A1-sh1/2, Huh-7-Mock, and
Huh-7-SLC29A1-sh1/2 cells. The Oris™ Pro
Collagen | Overlay solution was added and in-
cubated in a humidified chamber (37°C, 5%
CO,) for 1 hour. Pre-invasion images of the
Detection Zone were captured. Then, 100 uL
complete medium (containing serum) was ad-
ded on top of the overlay and incubated for
96 hours to permit invasion. Post-invasion im-
ages of the Detection Zone were taken at 24,
48, 72, and 96 hours.

The Oris™ Pro 96-well Invasion Assay results
were evaluated using high-content screening/
high-content imaging analysis.

Tumor models

Mice were manipulated and housed accord-
ing to protocols approved by the Shanghai
Medical Experimental Animal Care Commis-
sion. To evaluate in vivo tumor growth, 1x107
MHCC97-H-SLC29A1-sh2 and Huh-7-SLC29A1-
sh2 cells were suspended in 100 pL serum-
free Dulbecco’s Modified Eagle Medium and
injected via the subcutaneous route into the
left flank of each mouse (six in each group,
8-week-old male BALB/c-nu/nu); the control
cells (MHCC97-H-Mock and Huh-7-Mock) were
injected into the right flank. The tumor sizes
were measured three times per week as so-
on as the tumors were measurable. The tumor
volumes were calculated using the formula:
(length x width?)/2. The mice were euthanized
on day 22, and the tumors were weighed im-
mediately after dissection.

Chemosensitivity assay

MHCC97-H-Mock, Huh-7-Mock, MHCC97-H-SL-
C29A1-sh2, and Huh-7-SLC29A1-sh2 cells we-
re plated in 96-well plates and treated with
0, 5, 10, 20, or 40 mg/L 5-fluorouracil (5-FU),
with 0, 10, 15, 20, or 25 mg/L cisplatin, or with
0, 5, 10, 15, or 20 uM sorafenib for 48 hours,
respectively. HCC cell viability was evaluated
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using a Cell Counting Kit-8 assay. The optical
density OD was measured at 450 nm, and the
relative viability was evaluated by normalizing
the OD values from the test samples to the OD
values of the control samples.

Microarray-based gene expression profile

We performed a microarray assay to compare
the profiles of differentially expressed genes
between SLC29A1 shRNA-treated and Mock
Huh-7/MHCC97-H cells and to investigate the
function of SLC29A1 and the potential me-
chanism by which the SLC29A1 shRNA pro-
moted tumor cell proliferation. The 44K oligo-
nucleotide microarray as constructed by Out-
do Biotech (Shanghai, China). The pathways
were analyzed by Gene Ontology (GO) annota-
tion and Kyoto Encyclopedia of Genes and
Genomes (KEGG) using the DAVID tool.

Statistical analysis

The Student’s t test was used to evaluate the
differences between SLC29A1 expression in
HCC and para-carcinoma tissues. The correla-
tion between SLC29A1 expression and clini-
cal parameters was calculated using Pearson
rank correlation coefficients. The Kaplan-Meier
method and log-rank test were used to analyze
survival curves according to SLC29A1 expres-
sion and clinical characteristics. Subsequently,
all potential predictive factors were included in
a Cox multivariate regression survival analysis.
All statistical analyses were performed using
SPSS 19.0 software (SPSS, Chicago, IL). A
P-value < 0.05 was considered to indicate a
statistically significant result.

Results
The SLC-family gene expression profile in HCC

The mRNA expression levels of various SLC-
family genes in a cohort of 75 frozen HCC spe-
cimens along with the corresponding para-car-
cinoma samples were analyzed by qPCR array
to screen for aberrant expression of SLC-family
genes in HCC. We identified 11 SLC-family
genes that were down-regulated more than
2-fold in HCC samples, compared with the gene
expression patterns in the para-carcinoma
samples (Supplementary Table 2). Three genes
(SLC7A6, SLC29A1, and SLC29A2) were up-
regulated (Figure 1A). We divided the speci-
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Figure 1. A. Solute carrier (SLC) family gene expression profile in hepatocellular carcinoma (HCC) samples. Eleven
SLC genes (SLCO1B3, SLC22A1, SLC7A8, SLC3A1, SLC10A1, SLC19A3, SLC28A1, SLCTA7, SLCO1B1, SLCO4A1,
and SLC38A2) were down-regulated more than two-fold in HCC samples. Three SLC genes (SLC7A6, SLC29A1 and
SLC29A2) were up-regulated. B. SLC29A1 mRNA and protein levels in MHCC97H, Huh-7, MHCC97L, Hep3B, and
LO2 cells (P < 0.05). C. Western blot analysis of SLC29A1 expression in a cohort of 12 patients with HCC. D. Patients
with HCC recurrence had lower SLC29A1 protein levels than those without recurrence.

mens into two groups according to the ex-
pression levels of the 14 identified genes
and performed a survival analysis. SLC29A1
was the only gene correlated with prognosis
(Supplementary Figure 1). Low SLC29A1 mRNA
expression predicted poor survival (P=0.023)
and high disease recurrence rates (P=0.002)
after surgery. The gRT-PCR array also indicated
that the SLC29A1 mRNA expression level was
significantly elevated in HCC, compared with
para-carcinoma tissues (P < 0.05).

SLC29A1 expression in HCC cell lines and HCC
tissues

Expression of SLC29A1 was confirmed in HCC
cell lines and HCC tissues using qRT-PCR and
western blot analyses. The SLC29A1 mRNA
and protein levels in MHCC97H and Huh-7
cells were higher than in MHCC9O7L and Hep-
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3B cells and significantly higher than in LO2
cells (P < 0.05; Figure 1B). A cohort of 12 HCC
samples with corresponding para-carcinoma
tissues and qRT-PCR were used to validate the
aberrant high SLC29A1 transcription level. The
functional SLC29A1 protein expression in HCC
tissues was clearly greater than that in para-
carcinoma tissues (Figure 1C). Western blot
analysis of the tumor tissues revealed that
patients without tumor recurrence exhibited
higher SLC29A1 protein expression compared
with those with recurrence (Figure 1D, ***P <
0.001).

Low SLC29A1 expression predicts poor prog-
nosis in patients with HCC

We analyzed SLC29A1 localization in the cy-
toplasm in TMAs of 393 HCC specimens us-
ing immunohistochemistry. High SLC29A1 ex-
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Figure 2. Immunohistochemistry results of 393 hepatocellular carcinoma specimens, by SLC29A1 expression.

pression (score 3-6) was observed in 189 out
of 393 HCC samples (48.1%), and low or nega-
tive SLC29A1 expression (score 0-2) in 204
HCC samples (51.9%). All peritumoral tissues
showed negative or low SLC29A1 expression
(score 0-2). There was a statistically signifi-
cant difference in SLC29A1 expression be-
tween tumor and peritumoral tissues (P <
0.001). When comparing SLC29A1 expression
in HCC samples and the corresponding para-
carcinoma samples, higher SLC29A1 expres-
sion in HCC samples than in para-carcinoma
samples was defined as being in the SLC-
29A1"e" group; equal or lower SLC29A1 ex-
pression was defined as being in the SLC-
29A1"" group (Figure 2).

At the last follow-up, 28.2% (111/393) of the
patients experienced recurrence and 63.6%
(250/393) had died. The 1-, 3-, 5-, 10-, and
15-year OS rates were 90.1%, 68.2%, 53.3%,
39.9%, and 34.1%, respectively. The corre-
sponding cumulative recurrence rates were
18.6%, 46.6%, 58.5%, 69.2%, and 74.1%. The
univariate survival analysis revealed that liver
cirrhosis, tumor size, tumor encapsulation, mi-
crovascular invasion, tumor number, and low
SLC29A1 expression were predictors of an
unfavorable outcome for OS and tumor recur-
rence after surgery. The serum alpha-fetopro-
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tein (AFP) level was only predictive of an unfa-
vorable outcome for OS (Table 2). The results
of further multivariate analysis indicated that
SLC29A1 was an independent prognostic fac-
tor for OS (HR=0.691, 95% confidence interval
(Cl) 0.535-0.894, P=0.005) and tumor recur-
rence (HR=0.677, 95% Cl 0.534-0.860, P=
0.001) (Figure 3A, 3B). The median OS for
SLC29A1"°" patients was 50 months, compar-
ed with 78 months for the SLC29A1Me" group,
and the median TTR for SLC29A1"°" patients
was 38 months, compared with 64 months
for the SLC29A1Me" group. We further investi-
gated the predictive value of SLC29A1 within
clinical subgroups of AFP levels < 20 ng/ml,
without microvascular invasion (MVI) and
Barcelona Clinic Liver Cancer (BCLC) Staging
0-A. The prognostic significance of SLC29A1
persisted in patients with HCC with normal
AFP levels (P=0.041), without MVI (P=0.01)
and BCLC O-A (P=0.014) (Figure 3C-E). Forty-
nine percent (145/296) of the no-MVI group
patients expressed low levels of SLC29A1;
these patients had a dismal prognosis. Most
of the SLC29A1"" patients (59.7%) died of tu-
mor recurrence within 5 years. In the AFP-
normal group, 63.1% (89/141) expressed low
levels of SLC29A1; the median TTR was 47
months and the 5-year recurrence rate was
57.8%. In the BCLC 0-A group patients, 50.6%
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Table 2. Univariate and multivariate analyses of factors associated with overall survival and recur-

rence in 393 patients with hepatocellular carcinoma

Factors Cumulative recurrence
Univariate Multivariate Univariate Multivariate
P-value HR P-value  P-value HR 95% Cl P-value
Sex (female vs. male) 0.205 NA 0.435 NA
Age, years (<50 vs. > 50) 0.868 NA 0.782 NA
HBsAg (positive vs. negative) 0.216 NA 0.155 NA
HCVAD (positive vs. negative) 0.820 NA 0.922 NA
Liver cirrhosis (yes vs. no) 0.009* 1.513  1.061-2.159 0.022* 0.002* 1.587 1.139-2.211 0.006*
Serum AFP, ng/mL (< 20 vs. > 20) 0.011* 1.347  1.028-1.765 0.031* 0.061 NA
Serum ALT, U/L (£ 75 vs. > 75) 0.855 NA 0.585 NA
Tumor size (diameter, cm) (> 5 vs. < 5) 0.031* NS 0.373 NA
Tumor encapsulation (absent vs. present) 0.017* NS 0.074 NA

Microvascular invasion (yes vs. no) < 0.001* 1.351
Tumor number (multiple vs. single) <0.001* 1.785
Tumor differentiation (lll/IV vs. I/11) 0.316

SLC29A1 expression (high vs. low) 0.026* 0.691

1.011-1.805 0.042* 0.001* 1.356  1.037-1.773 0.026*
1.322-2.412 <0.001* <0.001* 1.831 1.381-2.427 <0.001*

NA 0.336 NA

0.535-0.894  0.005* 0.003* 0.677  0.534-0.860 0.001*

Abbreviations and Notes: 0S, overall survival; NA, not adopted; NS, not significant; AFP, alpha-fetoprotein; ALT, alanine aminotransferase; HBsAg, hepatitis B surface
antigen; 95% Cl, 95% confidence interval; HR, hazard ratio; Cox proportional hazards regression model. *P-values < 0.05 were considered statistically significant.

(156/308) had low-level expression of SLC-
29A1; the median TTR was 40 months and
the 5-year recurrence rate was 57.4%.

Our previous studies found that TACE can im-
prove the survival of patients with a high risk
of residual tumor [16, 17]. Here, we did not
find that adjuvant TACE after surgery improved
the OS rates and TTR in the study popula-
tion (Supplementary Figure 2). Patients who
received adjuvant TACE after surgery had hig-
her early recurrence (< 2 year) rates, compar-
ed with those did not (43% vs. 30.8%)
(Supplementary Figure 2). The SLC29A1Men
group patients who received postoperative
adjuvant TACE had significantly higher early
recurrence rates, compared with those did not
(P=0.020, Figure 3F). In the SLC29A1"" group
patients, the difference in recurrence rate
between patients who did or did not receive
adjuvant TACE after surgery was not statisti-
cally significant (43.1% vs. 37%) (Supplemen-
tary Figure 2).

We found that patients with low SLC29A1
expression (score 0-2) were more likely to have
MVI (P=0.047) and high serum AFP levels
(P=0.001) (Table 1).

Down-regulation of SLC29A1 enhances tumor
cells proliferation and invasion, induces EMT,
and reduces drug sensitivity

We tested the hypothesis that SLC29A1 is
involved in HCC tumorigenesis and progres-
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sion (Figure 4A). SLC29A1 knockdown in MH-
CC97-H and Huh-7 cells promoted cell prolife-
ration on day 3 (Figure 4B). The clonogenic
ability of HCC cells was enhanced after SLC-
29A1 inhibition (Figure 4C). The in vitro inva-
sion assay indicated that a greater proportion
of the SLC29A1 knockdown cells had invad-
ed, compared with the control cells (Supple-

mentary Figure 3).

EMT is a dominant characteristic of most can-
cers and has a crucial role in cancer metastas-
is and invasion. Therefore, we compared the
expression of epithelial and mesenchymal ma-
rkers between knockdown groups and Mock
cells. MHCC97-H-SLC29A1-sh2 and Huh-7-SL-
C29A1-sh2 cells expressed lower levels of the
epithelial gene E-cadherin than MHCC97-H-
Mock and Huh-7-Mock cells (Figure 4D). Me-
senchymal gene (Vimentin and N-cadherin)
expression was significantly up-regulated in
MHCC97-H-SLC29A1-sh2 and Huh-7-SLC29A1-
sh2 cells, compared with MHCC97-H-Mock and
Huh-7-Mock cells.

Using a successful subcutaneous xenograft
tumor model constructed with HCC cells, we
found that down-regulation of SLC29A1 expres-
sion significantly enhanced tumor growth in
vivo (Figure 4E). The weights and volumes of
Mock cell-derived xenografts were significantly
lower than those of tumor xenografts from
MHCC9O7-H-SLC29A1-sh2 (MHCC97-H Mock:
0.275 £ 0.031 g vs. sh2: 0.525 + 0.042 g and
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Figure 3. A and B. Kaplan-Meier analysis of overall survival (OS) and cumulative recurrence rates in 393 patients,
by SLC29A1 expression. Significantly greater OS and lower cumulative recurrence rates occurred in the SLC29A1Men
group, compared with the SLC29A1'" group. C-E. The prognostic significance of SLC29A1 in hepatocellular carci-
noma (HCC) patients with normal alpha-fetoprotein (AFP) levels (P=0.041), without microvascular invasion (MVI;
P=0.01), and Barcelona Clinic Liver Cancer (BCLC) Staging 0-A (P=0.014). F. Adjuvant transcatheter arterial chemo-
embolization (TACE) did not reduce the early recurrence rate in SLC29A1"e" HCC patients (P=0.006).

387.72 + 120.86 mm?® vs. 627.29 + 148.46
mm3) and Huh-7-SLC29A1-sh2 hepatoma cells
(Huh-7 Mock: 0.167 + 0.180 g vs. sh2: 0.405 £
0.023 gand 131.18 + 30.26 mm?3vs. 451.27 +
100.14 mm3) (Figure 4F).
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The chemosensitivity assay was performed in
Huh-7, MHCC97-H, Huh-7-SLC29A1-sh2, and
MHCC97-H-SLC29A1-sh2 cells, which were tr-
eated with 0, 5, 10, 20, or 40 mg/L 5-FU or O,
10, 15, 20, or 25 mg/L cisplatin or O, 5, 10, 15,
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Figure 4. Inhibition of SLC29A1 expression promotes hepatocellular carcinoma (HCC) cell growth in vitro and in vivo.
Functional analysis, in vitro: A. SLC29A1 expression in MHCC97-H and Huh-7 cells transfected with an shRNA. B.
SLC29A1 knockdown in MHCC97-H and Huh-7 cells promoted cell proliferation on day 3. C. The clonogenic ability of
HCC cells was enhanced after SLC29A1 inhibition. Functional analysis, in vivo: D. Differences in the expression of
epithelial and mesenchymal markers were compared between cancer cells with high and low SLC29A1 expression
(MHCC97-H-Mock vs. MHCC97-H-SLC29A1-sh2 and Huh-7-Mock vs. Huh-7-SLC29A1-sh2 cells) using western blot
assay. E. The morphological characteristics of tumors in the SLC29A1 shRNA and control groups. F. The differences
in tumor weights and volumes between the SLC29A1 shRNA group and control group were statistically significant.

or 20 uM sorafenib for 48 hours; a CCK8 assay Gene expression profiling using a microarray
was used to evaluate cell viability (*, all P < analysis

0.05). shRNA-mediated SLC29A1 knockdown

significantly decreased sensitivity of HCC cells The results of the microarray analysis indicated
to 5-FU, cisplatin, and sorafenib (Figure 5, ***, that 235 genes were differentially expressed
P <0.001). between SLC29A1 shRNA-treated Huh-7/MH-
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Figure 5. Inhibition of SLC29A1 expression promotes drug resistance in vitro. ShRNA-mediated SLC29A1 down-
regulation inhibited the sensitivity of hepatocellular carcinoma cells to 5-FU (A and B), Cisplatin (C and D), and

Sorafenib (E and F).

CC97-H cells and Mock cells. Of these ge-
nes, 112 were up-regulated (ratio > 2.0) and
123 were down-regulated (ratio < 0.5) (Figu-
re 6A). The significant signaling pathways id-
entified using the DAVID GO and KEGG data-
bases are presented in Figure 6B. Many of
these genes were related to growth factor a-c
tivity (Figure 6B).
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Six differentially expressed genes were furth-
er examined using qRT-PCR. Up-regulated and
down-regulated genes were validated (Figure
6C). The possible functional relationship be-
tween SLC29A1 and its target genes is pres-
ented in Figure 6D. SLC29A1 might promote
tumor cell proliferation, invasion, and drug re-
sistance by regulating cell adhesion molecules

Am J Cancer Res 2017;7(12):2465-2477
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Figure 6. Microarray-based gene expression profiles after SLC29A1 down-regulation. A. One hundred twelve genes
were up-regulated (ratio > 2.0), and 123 genes were down-regulated (ratio < 0.5) between SLC29A1 shRNA-treated
and Mock Huh-7/MHCC97-H cells. B. GO and KEGG analysis results. C. SLC29A1 expression was positively corre-
lated with CAM and TRIM expression, thus increasing cell adhesion and inhibiting the NF-kB pathway, and negatively
correlated with ZEB2 and TGFBR expression, thus inhibiting the epithelial-mesenchymal transition (EMT). D. Sche-
matic diagram of the mechanisms of SLC29A1 involvement in hepatocellular carcinoma.

(CLDN1, CTNNAS3, and CDH4), the EMT (ZEB2
and TGFBR1), and the NF-kB pathway (TRIM9 is
a negative regulator).

Discussion

Aberrant expression of drug transporters is
associated with HCC drug resistance, and SLC
transporters have important roles in tumor
drug resistance [11]. We investigated the ex-
pression of SLC-superfamily genes in HCC tis-
sues and peritumoral tissues to explore aber-
rantly expressed genes. The SLC29A1 mRNA
was significantly elevated in HCC tissues. Low
expression of SLC29A1 was also correlated
with tumor recurrence after surgery and con-
firmed by western blot. TMA immunohistochem-
istry results from a larger series of human HCC
specimens indicated that low SLC29A1 ex-
pression was correlated with high recurrence
rates and poor OS. Down-regulation of SLC-
29A1 expression in HCC cells promoted tumor
cell proliferation, invasion, EMT, and drug resis-
tance, based on in vitro and in vivo studies.
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SLC29A1 participates in cellular uptake of
anti-cancer drugs and nucleosides [18]. SLC-
29A1 enhances the cytotoxicity of some anti-
cancer drugs and is a useful predictive marker
of drug efficacy in cancer cells. Single nucleo-
tide polymorphisms in SLC29A1 contribute to
the cytotoxic effects of AraC, an effective treat-
ment for acute myeloid leukemia [19]. SLC29A1
is positively associated with chemotherapy effi-
cacy in Asian pancreatic cancer patients [20].
We found that SLC29A1 knockdown enhanced
drug resistance to 5-FU, cisplatin, and sora-
fenib in vitro. However, further studies of the
mechanism by which SLC29A1 increases anti-
cancer drug efficacy are needed.

The anti-tumor effects of SLC29A1 involve
multiple signaling pathways. CTNNA3, CDH4,
and CLDN1 are cell adhesion molecules that
are essential for the development and pro-
gression of cancer [21, 22]. ZEB2 and TGFBR1
regulate the EMT process [23, 24], and TRIM9
inhibits the NF-kB pathway [25]. SLC29A1 kn-

Am J Cancer Res 2017;7(12):2465-2477
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ockdown may result in decreased CAM and
TRIMO9 function in HCC cells or increased ZEB2
and TGFBR1 function, which subsequently in-
hibits cell adhesion, and promotes the EMT and
activation of the NF-kB pathway. These chang-
es will increase tumor cell proliferation and
invasion, and induce EMT and drug resistan-
ce. SLC29A1-induced changes in the expres-
sion of any one of these proteins has critical
effects on carcinogenesis, progression, and
drug resistance.

The prognostic significance of SLC29A1 was
present in patients with BCLC 0-A HCC: the
5-year tumor recurrence rates for SLC29A1Men
and SLC29A1"" patients were 46.7% vs. 57.4%,
respectively. AFP is the most widely used tumor
marker; however, approximately 40% to 60%
of patients with HCC have normal serum AFP
levels [26]. Patients with normal AFP could be
stratified according to SLC29A1 expression
into two groups with substantially different TTR
(36.9% vs. 63.1% for SLC29A1"e" and SLC-
29A1"v, respectively, P < 0.05). Our results
indicated that SLC29A1 might be a useful pro-
gnostic marker for HCC, especially in AFP-
normal patients and those with low recurrence
risk [27]. We also found that the risk of early
recurrence for SLC29A1"e" HCC patients with
adjuvant TACE was high and there was not
beneficial for TACE in SLC29A1Me" HCC pati-
ents after surgery (Figure 3F). SLC29A1 might
be a useful index for choosing suitable adju-
vant treatment for HCC patients after surgery.

To the best of our knowledge, our study is the
first to reveal the correlation between SLC-
29A1 expression and the prognosis of pati-
ents with HCC, and its role in drug resistance
of HCC. Most patients with HCC in China are
positive for the hepatitis B virus; 84.4% of our
study population was hepatitis B virus-positive,
which differs greatly from populations in the
United States, Europe, and Japan [28]. The
prognostic significance of SLC29A1 should
be validated in HCC patients from these coun-
tries. Prospective studies with large patient
cohorts and additional studies into the me-
chanism of SLC29A1 in HCC are needed.

In conclusion, SLC29A1 has important roles
in tumor cell proliferation and invasion, and
induces EMT and drug resistance by interacting
with various signaling pathways in HCC cells.
Low expression of SLC29A1 in tumor tissues
was correlated with a high recurrence rate and
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poor outcomes for patients with HCC after sur-
gery. SLC29A1 might be a promising prognostic
factor, a potential tumor suppressor, and a drug
sensitizer for patients with HCC.
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Supplementary Table 1. Sequence of primers for gRT-PCR

Gene Forward primer (5'-—-3’) Reverse primer (5’——-3’)
SLC29A1 5-GGGTGTAGCCTCGGCATTT-3’ 3’-CTCCACTGGCCTGCACAAG-5’
Actin 5-CTGGAACGGTGAAGGTGACA-3'  3-CGGCCACATTGTGAACTTTG-5’
CTNNA3  5’-TGGGCAATACTCTGTCCTGC-3’ 3-TGGTAACCTGGATTATGAGAGGC-5’
CDH4 5’-TGGCCATCCTCATCTGCATC-3’ 3’-GTCGTAGTCCTGGTCCTCCT-5’
CLDN1 5’-CTGTCATTGGGGGTGCGATA-3*  3’-CTGACCAAATTCGTACCTGGC-5’
TRIM9 5-TTTGCAGATTTCTGACGCCC-3’ 3’-GATAGGGGTTGCTGGGACTG-5’
ZEB2 5’-CCTCTGTAGATGGTCCAGTGAA-3' 3’-GTCACTGCGCTGAAGGTACT-5’
TGFBR1 5-TTGGTACCCAAGGAAAGCCA3’ 3’-GAGAACTTCAGGGGCCATGT-5’

Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction.

Supplementary Table 2. The mRNA expressions of SLC-family genes in 75 patients with hepatocellu-

lar carcinoma

AVG AC - -
C(t((CHtI(&C(;}?)I) e 2"AC, Crl:g::jge T-TEST DovI;EI-CF'{:gpuIZ’Eion
Symbol Well Para-carcino- Para-carcino- HCC/para- p . Comments
HCC ma HCC ma carcinoma  value HCC/para-carcinoma

SLC10A1 C11 3.79 2.20 7.2E-02 2.2E-01 0.33 N/A -3.02 OKAY
SLC10A2 C12 15.80 16.55 1.7E-05 1.0E-05 1.67 N/A 1.67 B
SLC15A1 DO1 6.11 6.30 1.4E-02 1.3E-02 1.14 N/A 1.14 OKAY
SLC15A2 D02 10.06 9.67 9.4E-04 1.2E-03 0.76 N/A -1.31 OKAY
SLC16A1 D03 4.96 4.82 3.2E-02 3.5E-02 0.91 N/A -1.10 OKAY
SLC16A2 D04 5.99 5.02 1.6E-02 3.1E-02 0.51 N/A -1.96 OKAY
SLC16A3 DO5 15.70 16.56 1.9E-05 1.0E-05 1.81 N/A 1.81 B
SLC19A1 D06 9.93 9.82 1.0E-03 1.1E-03 0.93 N/A -1.08 OKAY
SLC19A2 DO7 7.03 7.16 7.7E-03 7.0E-03 1.10 N/A 1.10 OKAY
SLC19A3 D08 9.55 8.09 1.3E-03 3.7E-03 0.36 N/A -2.75 OKAY
SLC22A1 D09 4.98 217 3.2E-02 2.2E-01 0.14 N/A -7.04 OKAY
SLC22A2 D10 16.49 16.18 1.1E-05 1.4E-05 0.81 N/A -1.24 B
SLC22A3 D11 797 7.80 4.0E-03 4.5E-03 0.89 N/A -1.12 OKAY
SLC22A6 D12 14.13 14.46 5.6E-05 4.4E-05 1.26 N/A 1.26 B
SLC22A7 EO1 3.91 2.93 6.7E-02 1.3E-01 0.51 N/A -1.96 OKAY
SLC22A8 EO2 13.18 15.97 1.1E-04 1.6E-05 6.94 N/A 6.94 B
SLC22A9 EO3 4.14 4.72 5.7E-02 3.8E-02 1.49 N/A 1.49 OKAY
SLC25A13 E04 4.47 4.22 4.5E-02 5.4E-02 0.84 N/A -1.19 OKAY
SLC28A1 EO5 9.38 7.96 1.5E-03 4.0E-03 0.37 N/A -2.67 OKAY
SLC28A2 EO06 10.98 10.30 5.0E-04 7.9E-04 0.63 N/A -1.59 OKAY
SLC28A3 EO7 13.04 10.34 1.2E-04 7.7E-04 0.15 N/A -6.49 A
SLC29A1 EO8 3.71 4.81 7.7E-02 3.6E-02 2.15 N/A 2.15 OKAY
SLC29A2 EO09 8.34 9.51 3.1E-03 1.4E-03 2.24 N/A 2.24 OKAY
SLC2A1 E10 11.25 11.78 4.1E-04 2.8E-04 1.44 N/A 1.44 OKAY
SLC2A2 E11 3.35 2.76 9.8E-02 1.5E-01 0.67 N/A -1.50 OKAY
SLC2A3 E12 9.45 8.68 1.4E-03 2.4E-03 0.59 N/A -1.70 OKAY
SLC31A1 FO1 3.37 2.79 9.6E-02 1.4E-01 0.67 N/A -1.49 OKAY
SLC38A2 FO02 4.94 3.84 3.3E-02 7.0E-02 0.47 N/A -2.15 OKAY
SLC38A5 FO3 11.93 11.52 2.6E-04 3.4E-04 0.75 N/A -1.34 OKAY
SLC3A1 FO4 8.23 6.47 3.3E-03 1.1E-02 0.29 N/A -3.40 OKAY
SLC3A2 FO5 3.52 3.71 8.7E-02 7.6E-02 1.14 N/A 1.14 OKAY
SLC5A1 FO6 13.41 9.44 9.2E-05 1.4E-03 0.06 N/A -15.67 A
SLC5A4 FO7 11.47 11.79 3.5E-04 2.8E-04 1.25 N/A 1.25 OKAY
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SLC7A11 FO8 12.89 15.31 1.3E-04 2.5E-05 5.36 N/A 5.36 B

SLC7A5 FO9 9.10 8.36 1.8E-03 3.1E-03 0.60 N/A -1.67 OKAY
SLC7A6 F10 8.85 9.90 2.2E-03 1.0E-03 2.07 N/A 2.07 OKAY
SLC7A7 F11 6.69 5.29 9.7E-03 2.6E-02 0.38 N/A -2.65 OKAY
SLC7A8 F12 9.58 7.54 1.3E-03 5.4E-03 0.24 N/A -4.12 OKAY
SLC7A9 GO1 5.78 5.92 1.8E-02 1.6E-02 111 N/A 111 OKAY
SLCO1A2 GO2 7.99 7.82 3.9E-03 4.4E-03 0.89 N/A -1.13 OKAY
SLCO1B1 GO3 5.00 3.63 3.1E-02 8.1E-02 0.39 N/A -2.57 OKAY
SLCO1B3 GO4 7.62 4.50 5.1E-03 4.4E-02 0.12 N/A -8.69 OKAY
SLCO2A1 GO5 9.44 9.82 1.4E-03 1.1E-03 1.30 N/A 1.30 OKAY
SLCO2B1 GO6 4.99 4.00 3.1E-02 6.2E-02 0.50 N/A -1.99 OKAY
SLCO3A1 GO7 8.13 8.05 3.6E-03 3.8E-03 0.95 N/A -1.06 OKAY
SLCO4A1 GO8 10.50 9.22 6.9E-04 1.7E-03 0.41 N/A -2.42 OKAY
TAP1 GO9 4.34 4.75 4.9E-02 3.7E-02 1.33 N/A 1.33 OKAY
TAP2 G10 6.79 7.29 9.0E-03 6.4E-03 1.41 N/A 141 OKAY
VDAC1 G11 1.74 2.09 3.0E-01 2.4E-01 1.27 N/A 1.27 OKAY
VDAC2 G12 248 2.53 1.8E-01 1.7E-01 1.04 N/A 1.04 OKAY
ACTB HO1 -1.30 -0.92 2.5E+00 1.9E+00 1.30 N/A 1.30 OKAY
B2M HO2 -0.15 -1.08 1.1E+00 2.1E+00 0.53 N/A -1.90 OKAY
GAPDH HO3 0.00 0.00 1.0E+00 1.0E+00 1.00 N/A -1.00 OKAY
HPRT1 HO4 6.73 6.65 9.4E-03 9.9E-03 0.95 N/A -1.05 OKAY
RPLPO HO5 -1.60 -1.07 3.0E+00 2.1E+00 1.44 N/A 1.44 OKAY

Legend: Fold-Change (2”(- Delta Delta Ct)) is the normalized gene expression (2”(-Delta Ct)) in the Test Sample divided the normalized gene ex-
pression (2”(-Delta Ct)) in the Control Sample. Fold-Regulation represents fold-change results in a biologically meaningful way. Fold-change values
greater than one indicate a positive- or an up-regulation, and the fold-regulation is equal to the fold-change. Fold-change values less than one
indicate a negative or down-regulation, and the fold-regulation is the negative inverse of the fold-change. Fold-change and fold-regulation values
greater than 2 are indicated in red; fold-change values less than 0.5 and fold-regulation values less than -2 are indicated in blue. p-values: The

p values are calculated based on a Student’s t-test of the replicate 2”(-Delta Ct) values for each gene in the control group and treatment groups,
and p values less than 0.05 are indicated in red. Comments: A: This gene’s average threshold cycle is relatively high (> 30) in either the control

or the test sample, and is reasonably low in the other sample (< 30). These data mean that the gene’s expression is relatively low in one sample
and reasonably detected in the other sample suggesting that the actual fold-change value is at least as large as the calculated and reported
fold-change result. This fold-change result may also have greater variations if p value > 0.05; therefore, it is important to have a sufficient number
of biological replicates to validate the result for this gene. B: This gene’s average threshold cycle is relatively high (> 30), meaning that its relative
expression level is low, in both control and test samples, and the p-value for the fold-change is either unavailable or relatively high (P > 0.05). This
fold-change result may also have greater variations; therefore, it is important to have a sufficient number of biological replicates to validate the re-
sult for this gene. C: This gene’s average threshold cycle is either not determined or greater than the defined cut-off (deault 35), in both samples
meaning that its expression was undetected, making this fold-change result erroneous and un-interpretable.
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Supplementary Figure 1. Survival and recurrence analyses of 75 patients with hepatocellular carcinoma accord-
ing to SLCO1B3, SLC22A1, SLC7AS8, SLC3A1, SLC10A1, SLC19A3, SLC28A1, SLCTA7, SLCO1B1, SLCO4A1, and
SLC38A2, SLC7A6, SLC29A1, and SLC29A2 expression levels.
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Supplementary Figure 2. Adjuvant transcatheter arterial chemoembolization (TACE) after surgery did not reduce the
early recurrence (< 2 year) rate, compared with no adjuvant TACE treatment.
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Supplementary Figure 3. A. Cancer cell migration was measured using an Aurora nucleic acid extraction system. B.
The invasion of cancer cells was measured using transwell migration assay.



