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Background: Hepatocellular carcinoma (HCC) is the leading cause of cancer death around the world,
as the survival of patients with HCC is persistently low, new regulatory factors should be identified to
provide new therapeutic targets. The role of the thiamine-dependent enzyme transketolase (TKT) in tumor
progression has not been well-studied. In this study, we investigated the role of TKT in HCC progression.
Methods: TKT expression in HCC tissues was analyzed using immunohistochemistry (IHC), and the
relationship between TKT level and clinical outcome was examined using the Kaplan-Meier method and
the log-rank test. The role of TKT in HCC progression was investigated using the wound healing assay,
Transwell assay, chicken chorioallantoic membrane (CAM) assay, soft agar assay, and a xenograft tumor
model. Promoter methylation levels in HCC cells and normal LO2 liver cells were examined using bisulfite
genomic sequencing.

Results: TKT was upregulated in HCC tissues and cells. Patients with high TKT expression had poor
outcome. TKT overexpression promoted HCC migration, invasion, angiogenesis, and tumorigenesis, while
TKT knockdown reduced these effects. In addition, we found lower TKT promoter methylation in HCC
tissues and cells, indicating that TKT was upregulated in HCC tissues and cells.

Conclusions: Our study demonstrates that TKT is an oncogene in hepatocellular tumorigenesis, and
provides a new HCC therapeutic target.
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Introduction

Transketolase (TKT) catalyzes the reversible transfer
of two-carbon fragments between ketose and aldose
phosphates by forming a homodimer (1). Crystal structure
assays have suggested that TKT is divided into three
domains: the N-terminal PP domain, the Pyr domain, and
the C-terminal domain, which are interconnected by flexible
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linker regions; the active site is located in the interface
between the PP and Pyr domains of both subunits (2).
The pentose phosphate pathway (PPP) produces ribose-
S-phosphate to regulate nucleotide synthesis, and also
generates the antioxidant NADPH to promote cancer
cell survival in oxidative stress. PPP is separated into the
oxidative branch and the non-oxidative branch. The non-
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oxidative branch is mainly catalyzed by TKT; in many
tumor cell lines, the non-oxidative branch synthesizes a
major portion of the ribose in nucleic acids, suggesting
that TKT regulates tumor progression (3,4). Meanwhile,
phosphatidylinositol 3-kinase (PI3K)/AKT signaling
is often deregulated in many tumors, and regulates
tumor growth, proliferation, and survival (5,6). AKT
phosphorylates TKT at Thr382, increasing its catalytic
activity and the carbon flow through the non-oxidative
PPP (7), indicating that TKT may play an important role in
tumor development and progression. The role of TKT in
tumor progression has not been well-studied, and there are
few studies on TKT. The role of TKT in cervical cancer
has been reported, where TKT is upregulated in metastatic
peritoneal implants, and it promotes cervical cancer cell
proliferation, but not motility and invasion. MicroRNA-497
increases the cisplatin chemosensitivity of cervical cancer
cells by targeting TKT (8,9). However, the role of TKT in
hepatocellular carcinoma (HCC) has not been studied.

HCC is one of the leading causes of cancer mortality
worldwide, especially in Asia (10), and its recurrence rate
after surgical resection, radiotherapy, and chemotherapy is
high due to its higher metastatic potential. Screening new
regulatory factors is vital for HCC therapy. Here, we studied
the role of TKT in HCC progression. We found that TKT
was upregulated in HCC cells and tissues, and patients with
HCC with high TKT levels had poor outcomes. TKT also
contributed to HCC migration, invasion, angiogenesis, and
tumorigenesis. Moreover, there was lower TKT promoter
methylation in HCC cells and tissues.

Methods
Cell culture and HCC specimens

HCC cells (SNU-475, Hep3B, Huh7, HepG2, Huhl,
SK-Hepl) were purchased from American Type Culture
Collection (ATCC) and cultured according to ATCC
recommendations. The LO2 normal liver epithelial cell
line was purchased from the Cell bank of the typical culture
preservation Committee of Chinese academy of sciences,
and cultured according to ATCC recommendations.

Three normal liver tissue specimens and nine HCC tissue
specimens were collected from curative resection and were
diagnosed histopathologically at the First Affiliated Hospital
of Sun Yat-sen University. All samples were immediately
frozen and stored in liquid nitrogen until used. A cohort of
88 HCC tissues was also collected from the First Affiliated
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Hospital of Sun Yat-sen University. Informed consent
was obtained from all patients. The institutional research
ethics committee approved the experimental protocols,
the number of ethics approval was [2014]-12. The detailed
clinicopathological characteristics were shown in Zazble S1.

Transfection

To overexpress TKT, we amplified the full-length TKT
coding sequence using PCR and subcloned it into a
pMSCV-retro-puro vector using the following forward and
reverse primers: 5'-GAAGATCTATGGAGAGCTACCA
CAAGCC-3" and 5'-CGGAATTCCTAGGCCTTGGT
GATGAGG-3', respectively. Empty vector was used as the
negative control. The vectors were transfected into cells
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Puromycin (Sigma) was used to
screen stable cell lines.

TKT small interference RNA (siTKT) modified
with 2'-O-methyl and scramble control were purchased
from Guangzhou RiboBio and transfected into cells
using Lipofectamine 2000. The target sequence was
5'“TGCCATCATCTATAACAACAA- 3.

Immunobistochemistry (IHC) assay

IHC assay was performed according to previously
described methods (11,12) using anti-TKT antibody
(sc-67120, Santa Cruz Biotechnology). The analysis
was performed according to our previously described
method (13). Briefly, the double-blind method was
used to examine TKT levels in the HCC tissues.
The proportion of tumor cells was scored as follows:
0 points, no positive cells; 1 point, 1-25% positive cells;
2 points, 26-50% positive cells; 3 points, 51-75% positive
cells; 4 points, >75% positive cells. Protein expression
intensity was scored as follows: 0 points (no staining),
1 point (weak staining, light yellow), 2 points (moderate
staining, yellowish brown), or 3 points (strong staining,
brown). The staining index was calculated as the sum of
the staining intensity and the proportion of positive cell
scores (0, 1, 2, 3, 4, 6, 8, 9 or 12 points). Cut-off values
for TKT expression were chosen based on a measurement
of heterogeneity using the log-rank test with respect to
overall survival. The staining index which is less than
6 was considered to be low expression, and greater than or
equal to 4 was considered to be high expression.
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Reverse transcription-PCR (RT-PCR) and quantitative
real-time PCR

Total RNA was isolated from cells or tissues using TRIzol
(Life Technologies). Complementary DNA (cDNA)
was synthesized using a HiScript II 1st Strand ¢cDNA
Synthesis Kit (Vazyme Biotech). Quantitative real-
time PCR was performed using 7500 Fast Real-Time
Sequence detection system software (Applied Biosystems).
An AceQ qPCR SYBR Green Master Mix Kit (Vazyme
Biotech) was used for analysis. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the
internal control. Relative TKT expression was calculated
using the comparative threshold cycle (27**“) method
based on the threshold cycle (Ct) values. The forward
and reverse primers used for the TKT quantitation
were 5'-GCTGCTGAACCTGAGGAAGA-3" and
5'-TAGACTCGGTAGCTGGCCTT-3', respectively.

Western blotting

"Total protein was extracted using radio immunoprecipitation
assay buffer [S0 mM Tris (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% NP-40, and 1% Triton X-100 supplemented
with protease inhibitors (Roche)]. The primary antibodies
used for western blotting were antibodies against TKT
(sc-67120), matrix metalloproteinase (MMP)2 (sc-13594),
MMP9 (sc-21733), vascular endothelial growth factor
(VEGF) (sc-365578), and GAPDH (sc-365062) (all, Santa
Cruz Biotechnology).

Wound bealing assay

Cells were seeded in 6-well plates and cultured to
confluence. Streaks were created in the cell monolayers
using a 200-pL pipette tip, and then the wounding was
observed and photographed at 0, 12, and 24 h.

Cell invasion assay

The cell invasion assay was performed according to our
previously reported method (14). Briefly, cells were seeded
on top of polycarbonate Transwell filters (8.0-pm pore
size, Corning) and cultured with RPMI 1640 medium
(Life Technologies) containing 5% fetal bovine serum
(FBS, GIBCO); the bottom chamber was filled with RPMI
1640 medium containing 10% FBS. The cells were grown
for 20 h, and migrated cells on the surface of the lower
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membrane were fixed with 4% paraformaldehyde, stained
with hematoxylin for 15 min, and then photographed and
counted.

Soft agar assay

The soft agar assay was performed according to our
previously described methods (15).

Chicken chorioallantoic membrane (CAM) assay

The CAM assay was performed according to our previously
described method (14).

Xenograft experiments

The animal studies were performed according to a protocol
approved by the Sun Yat-sen University Institutional
Animal Care and Use Committee. BALB/c nude mice
(5-6 weeks old) were obtained from the Guangzhou
University of Chinese Medicine Experimental Animal
Center and were housed in facilities on a 12-h light/
dark cycle, and five mice were randomly assigned to each
treatment group. Cells (1x107) with TKT overexpression
or knockdown were directly injected into the flanks of the
mice. After 40 days, mice were sacrificed and the tumors
were harvested and weighed.

Bisulfite genomic sequencing

Bisulfite treatment was carried out using an EpiTect
Bisulfite Kit (Qiagen) according to the manufacturer’s
protocol. The bisulfite sequencing PCR primers were
designed using MethPrimer (http://www.urogene.org/
methprimer/).

Statistical analysis

All statistical analyses were carried out using SPSS 20.0
(SPSS Inc.); a two-tailed paired Student 7-test was used to
compare two groups. The data are reported as the mean =
standard deviation (SD). Survival curves were plotted using
the Kaplan-Meier method and were compared using the
log-rank test. P<0.05 was considered statistically significant.
Gene set enrichment analysis (GSEA) was performed using
the GSEA application (http://software.broadinstitute.org/
gsea/index.jsp).
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Figure 1 TKT is upregulated in HCC tissues and cells. (A) TKT was significantly upregulated in liver tumor tissues determined using gene
expression profiles of HCC tissues (GSE14520); (B) TCGA data set revealing that TKT was significantly upregulated in HCC tissues; (C)
GSEA showing higher TKT levels in HCC tissues than in normal adjacent liver tissues; (D) quantitative real-time PCR and western blot
showing that TKT was upregulated in HCC cells. Loading control, GAPDH; (E) quantitative real-time PCR and western blot showing that
TKT was upregulated in HCC tissues. Loading control, GAPDH. Data are the mean = SD.

Results

High TKT expression in HCC tissues correlated with poor
survival

To determine the role of TKT in HCC progression,
we first analyzed its expression. Analysis of the gene
expression profiles of liver tumor tissues and normal liver
tissues (GSE14520) revealed that TKT was significantly
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upregulated in liver tumor tissues as compared to the non-
tumor tissues (Figure 14) (16). The Cancer Genome Atlas
(TCGA) data set also revealed that TKT was significantly
upregulated in HCC tissues as compared to normal liver
tissues (Figure 1B). GSEA suggested that TKT levels in
HCC tissues were high as compared to the adjacent normal
liver tissues (Figure 1C). These data suggest that TKT is
upregulated in HCC tissues. To confirm this result, we
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Figure 2 Patdients with HCC with high TKT levels have poor outcome. (A) IHC showing high TKT expression in the HCC tissues of
patients with poor prognosis, and low TKT expression in the HCC tissues of patients with good prognosis; (B) statistical analysis of TKT

levels in patients with HCC with good prognosis and poor prognosis, respectively; (C) Kaplan—-Meier survival curve showing shorter survival

of patients with HCC with high TKT levels as compared to patients with low TKT levels.

determined TKT expression in HCC cells and tissues,
where quantitative real-time PCR and western blotting
revealed that TKT was upregulated in HCC cells as
compared to the normal LO2 liver cells (Figure 1D). TKT
was also upregulated in HCC tissues as compared to normal
liver tissues (Figure 1E). These findings show TKT is
upregulated in HCC cells and tissues.

To determine the clinical significance of TKT
expression, we examined TKT expression in 88 clinical
specimens. We found 86 (97.7%) patients are TKT
expression positive. Twenty-two (25.0%) patients had high
TKT expression (Table S2). IHC suggested that patients
with HCC with low TKT expression had good prognosis
and that patients with HCC with high TKT expression
had poor prognosis (Figure 2A). Statistical analysis also
suggested that TKT expression was low in patients with
HCC with good prognosis (12/12, 100%) and that TKT
expression was high in patients with HCC with poor
prognosis (22/76, 29%) (Figure 2B). Kaplan—-Meier survival
curves revealed that the overall survival of patients with
HCC with high TKT expression was significantly shorter
than that of patients with low TKT expression (Figure 2C).
These findings suggest that high TKT expression in
HCC tissues correlates with poor survival. We also
analyzed TKT expression in malignant HCC and benign
tumor in liver, like hepatic hemangioma, where GSEA
determined that malignant HCC tissues had high TKT
expression as compared to the benign tissues (Figure 3A4).
Altogether, TKT is upregulated in HCC cells and tissues,
and patients with HCC with high TKT expression have
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poor clinical outcome, suggesting that TKT might be an
oncogene for HCC progression.

TKT promoted HCC migration, invasion, and angiogenesis

As tumor migration, invasion, metastasis, and angiogenesis are
the main reasons for tumor relapse, we investigated the role
of TKT in these aspects of HCC. We overexpressed TKT in
Hep3B cells with low TKT expression, and downregulated
TKT in HepG2 cells with high TKT expression to analyze
the effect of TKT on HCC progression. MMP2, MMP9,
and VEGF promote tumor migration, invasion, metastasis,
and angiogenesis, and can function as tumor metastasis and
angiogenesis markers (17-19). Western blotting revealed that
TKT overexpression increased MMP2, MMP9, and VEGF
expression, while TKT knockdown inhibited it (Figure 3B),
suggesting that TKT regulates HCC migration, invasion,
metastasis, and angiogenesis. We further confirmed this
result by directly observing the phenotypic changes. The cell
migration assay showed that TKT overexpression increased
the migration ability of Hep3B cells, while TKT knockdown
reduced the migration ability of HepG2 cells (Figure 3C).
The cell invasion assay showed that TKT overexpression
significantly promoted Hep3B cell invasive capability and
that TKT knockdown significantly inhibited HepG2 cell
invasive capability (Figure 3D). The CAM assay showed that
TKT overexpression promoted angiogenesis, while TKT
knockdown inhibited it (Figure 3E). These findings suggest
that TKT contributes to HCC migration, invasion, and
angiogenesis, and might be the reason for HCC relapse.

Tiransl Cancer Res 2018;7(1):1-9
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TKT promoted HCC tumorigenesis

The soft agar assay showed that TKT overexpression
significantly increased tumorigenesis ability i vitro and that
TKT knockdown significantly inhibited it (Figure 44). The
xenograft tumor model showed that TKT overexpression
increased tumorigenesis iz vivo and that TKT knockdown
reduced it (Figure 4B,C). Altogether, TK'T contributed

to tumorigenesis and was an oncogene for hepatocellular
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tumorigenesis.

As promoter DNA methylation is a marker of gene
silencing (20), we analyzed the correlation between TKT
expression and the methylation level of the TKT promoter
in HCC tissues, and found a negative correlation between
TKT expression and TKT promoter methylation levels,
suggesting that TKT promoter methylation caused the TKT
upregulation in HCC tissues (Figure 5A). Bisulfite genomic

Transl Cancer Res 2018;7(1):1-9
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sequencing also revealed lower TKT promoter methylation in
HCC cells as compared to the normal LO?2 liver cells (Figure
5B). This finding suggests that TKT is upregulated in HCC
cells and tissues due to lower 7KT promoter methylation.

Discussion

In the present study, we found that TKT was upregulated
in HCC tissues and cells. Patients with HCC with poor
prognosis had high TKT expression, and the opposite
was true for patients with low TKT expression. TKT
overexpression promoted HCC cell migration, invasion,
angiogenesis, and tumorigenesis, while TKT knockdown
reduced these effects. We also found lower TKT promoter
methylation in HCC tissues and cells.

Our study suggests that TKT is an oncogene for
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HCC progression, promoting HCC migration, invasion,
angiogenesis, and tumorigenesis; however, its regulatory
mechanism is not understood. c-Myc is a well-known
oncogene; many studies have shown that its deregulation
is important for HCC initiation and progression and that
it promotes hepatocarcinogenesis, proliferation, growth,
invasion, and migration (21). Proteomics assays have suggested
that TKT interacts with c-Myc (22); therefore, TKT might
promote HCC progression by increasing c-Myc activity.

TKT also interacts with H2A histone family member
X (H2AX) in HCC cells (23); H2AX plays a central role
in cellular responses to DNA damage and DNA damage
repair. Phosphorylated histone H2AX (y-H2AX) regulates
DNA repair and is a DNA damage marker. H2AX and
its interacting proteins play synergistic roles in tumor
progression; in different tumors, H2AX interacts with

Tiransl Cancer Res 2018;7(1):1-9
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different proteins (24,25). We found that TKT was
upregulated in HCC cells and tissues, and contributed to
HCC progression, and inferred that TKT might regulate
DNA damage repair. However, the detailed mechanisms
require further study. Recently, Xu et #/. found that
the nuclear factor erythroid 2-like 2/Kelch-like ECH-
associated protein 1/BTB domain and CNC homolog 1
(NRF2/KEAP1/BACH]1) oxidative stress sensor pathway
regulates TKT expression in HCC, where TKT inhibition
increased the sensitivity to sorafenib (26).

In summary, we found that TKT is an oncogene for
hepatocellular tumorigenesis and that it promotes HCC
migration, invasion, angiogenesis, and tumorigenesis.
However, its regulatory mechanism is not understood.
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Supplementary

Table S1 Clinicopathological characteristics of HCC patient samples Table S2 The expression of TKT in hepatocarcinoma (IN=88)
Clinicopathological characteristics Number of cases Expression of TKT Value [n (%)]
Gender Negative 2(2.3)
Male 73 Positive 86 (97.7)
Female 15 Low expression 66 (75.0)
Age(years) High expression 22 (25.0)
>62 50
<62 38
Clinical stage
I 39
I 23
lla 18
llib 1
lic 4
v 3

T classification

T 36
T2 22
T3 23
T4 7

N classification
NO 75
N1 13
M classification
Yes 3
No 85
Survive or mortality
Survive 37

Mortality 51




