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Abstract

Background
Worldwide, hepatocellular carcinoma (HCC) is a common solid tumor with a poor prognosis. HCC is often due to hepatitis B
virus (HBV) infection. As yet, efficacious HCC treatment regimens for late-stage HCC patients are lacking. Therefore, the
identification of more specific and sensitive biomarkers for its early diagnosis and treatment remains an urgent need.

Methods
Total RNAs from paired HBV-derived HCC tumors and adjacent peritumor tissues (APTs) were subjected to RNA sequencing
(RNA-seq), and differentially expressed genes (DEGs) between HCC tumors and APTs were selected and verified.

Results
We identified 166 DEGs and found that eight top-ranked and verified DEGs (TK1, CTTN, CEP72, TRIP13, FTH1, FLAD1,
CHRM2, AMBP) all contained putative OCT4 binding motifs in their promoter regions. TK1, TRIP13 and OCT4 were found to
exhibit concurrent higher expression levels in HCC tumors than in APTs. The mRNA levels of TK1, TRIP13 and OCT4 in a
cohort of 384 HCC samples from the TCGA database were all found to be negatively correlated with patient overall survival,
relapse-free survival and progression-free survival, underscoring the HCC biomarker status of TK1 and TRIP13 on one hand, and
implicating their association with OCT4 on the other hand. Furthermore, OCT4 proteins were found to bind to the promoters of
both genes in vitro and in vivo. Knocking out OCT4 in HCC-derived cell lines reduced the expression of TK1 and TRIP13 and
significantly decreased their tumorigenicity.
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Conclusions
Using RNA-seq, we identified several novel HCC signature genes that may serve as biomarkers for its diagnosis and prognosis.
Their common transcriptional regulation by OCT4 suggests key roles in the development of HCC, and indicates that OCT4 may
serve as a potential therapeutic target.
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Abbreviations
APT Adjacent peritumor tissue
BP Biological process
CC Cellular compound
ChIP Chromatin immunoprecipitation
DEG Differentially expressed gene
EMSA Electrophoretic mobility shift assay
FDR False discovery rate
FPKM Fragments per kilobase million
GO Gene ontology
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
KO Knockout
IHC Immunohistochemistry;
MF Molecular function
NTC Non-targeting control
qRT-PCR quantitative real-time PCR
RPKM Reads per kilobase million
RNA-seq RNA sequencing

1 Introduction

Hepatocellular carcinoma (HCC) is a common solid tumor
and the third leading cause of cancer-related death worldwide
(second leading cause of cancer-related death in less devel-
oped countries) [1]. Every year, ~500,000 new cases are diag-
nosed in the Asia-Pacific region, with more than 60% of the
total number occurring in China alone, often due to hepatitis B
virus (HBV) infection [2]. Individuals with chronic HBV in-
fections, especially those with chronic liver disease and cir-
rhosis, are at an increased risk of developing HCC [3, 4].
Compared to HCCs associated with other risk factors, HBV-
related HCCs exhibit higher rates of chromosomal alterations
and p53 mutations, enhanced activation of certain signaling
pathways (e.g. the WNT/β-catenin pathway) and elevated ex-
pression levels of fetal liver/hepatic progenitor genes [5].

As highly efficacious treatment regimens for late-stage
HCC patients are still lacking, early diagnosis and interven-
tion remain the key to improve survival. Several invasive and
non-invasive diagnostic biomarkers [e.g.α-fetoprotein (AFP),
AFP-L3, des-γ-carboxyprothrombin (DCP)] have already
been identified and evaluated in different clinical settings
[6]. However, those biomarkers display limited sensitivity

and specificity, especially with respect to early HCC stages
and, therefore, combinations with other newly-identified can-
didate biomarkers are currently being evaluated [6]. Over the
past years, technologies including whole genome sequencing
(WGS), RNA-sequencing (RNA-seq) and proteomic profiling
have led to a new era in biomarker development that has
improved our understanding of complex interactions between
proteins, genes and noncoding RNAs in hepatocarcinogenesis
in different settings [7–9]. Most studies did, however, not
distinguish HBV-related HCCs from HCCs resulting from
other factors, and the analyzed tumor tissues were rarely
matched with adjacent peritumor tissues (APTs) from the
same patients. Thus far, only two RNA-seq-based genome-
wide transcriptome analyses have been reported, identifying
HBV-related HCC biomarkers using matched patient samples.
Huang et al. [10] for the first time conducted genome-wide
transcriptome analyses of 10 matched pairs of cancer and non-
cancerous tissues from HCC patients. They found that the
1378 differentially expressed genes (DEGs) identified were
mostly enriched in 54 bio-function terms and 41 canonical
pathways, thereby providing important clues for our under-
standing the molecular mechanisms underlying HCC devel-
opment. In a subsequent study, Miao et al. [11] conducted
comparative multi-omics profiling of a complete collection
of representative HCC patient samples for HCC biomarker
identification. Four DEGs (SFN, TTK, BUB1, MCM4) were
found to be associated with different tumor differentiation
patterns, and the dual-specificity protein kinase TTK was
identified as a promising prognostic biomarker for HBV-
related HCC. However, an in-depth functional characteriza-
tion of the DEGs or candidate biomarkers was lacking in the
above two studies.

Here, we used RNA-seq to decipher and compare
whole transcriptomes of paired tumor tissues and APTs
from three HBV-related HCC patients and, by doing so,
generated a list of DEGs. The most highly-ranked DEGs
were further verified as potential HCC signature genes
using qRT-PCR in another independent cohort of 30
HCC patients. Remarkably, we found that eight out of
eight top-ranked and validated DEGs (TK1, CTTN,
CEP72, TRIP13 , FTH1, FLAD1, CHRM2, AMBP)
contained putative OCT4 binding motifs in their promoter
regions, and two of them (TK1, TRIP13) were verified as
direct transcriptional targets of the master pluripotency
factor OCT4.
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2 Materials and methods

2.1 Reagents

Monoclonal (sc-5279) and polyclonal (ab19857, ChIP grade)
anti-OCT4 antibodies were purchased from Santa Cruz
Biotechnology and Abcam, respectively. Monoclonal anti-
TK1 (ab-76,495) and polyclonal anti-TRIP13 (ab-204,331)
antibodies were purchased from Abcam. Peroxidase-
conjugated anti-mouse secondary antibody (7076),
peroxidase-conjugated anti-rabbit secondary antibody
(7074), normal Rabbit IgG (2729) and a biotinylated protein
ladder detection pack (7727) were all purchased from Cell
Signaling Technology. An anti-GAPDH (AG019) antibody
was purchased from the Beyotime Institute of Biotechnology.

2.2 Patients and specimens

The source of the HCC patient samples has been described
before [12]. Briefly, 33 HCC patient samples were included
for RNA-seq and validation in this study; samples from three
male HBV-related HCC patients (T1/P1, T2/P2, T3/P3) were
used for RNA-seq. Tumor tissues and paired APTs were col-
lected at the time of hepatic carcinectomy. The tissues were
collected strictly within the boundaries of tumors, whereas the
APTs were collected at least 3 cm away from the tumor mar-
gins. All collections were conducted under supervision of the
same pathologist. Pathological diagnoses were conducted by
two independent and expert pathologists. All tumor tissues
were confirmed as primary hepatocellular carcinoma.
Retrospective data including demographic, preoperative labo-
ratory and pathologic parameters were collected from elec-
tronic medical records. The 33 HCC patient cohort encom-
passes 27 men and 6 women, with a mean age of 56. All 33
patients were HBV surface antigen-positive without hepatitis
C virus (HCV) infection and exhibited the same underlying
cirrhosis etiology. Clinical information of these patients is
listed in Table 1.

2.3 Cell lines and culture

The human HCC lines Huh7 and Hep3Bwere purchased from
the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) (both from HycloneR GE,
USA) under humidified conditions at 37 °C with 5% CO2.

2.4 RNA library preparation and sequencing

Total RNAs of HCC tumor tissues and paired APTs from three
HBV-related HCC patients were isolated using Trizol reagent
(Lift Technologies, USA). RNA-library preparation was

conducted using an Illumina standard kit according to the
manufacturer’s protocol. Briefly, poly-A containing RNAs
were purified, followed by fragmentation into small pieces.
Next, the RNA fragments were converted into single-strand
cDNA using superscript II reverse transcriptase (Invitrogen)
and random hexa-primers (IDT, Coralville, Iowa, USA),
followed by second strand synthesis using DNA polymerase
I (Invitrogen) and E. coli RNase H (Invitrogen). After second
strand synthesis, with end repairing and A-tailing, the synthe-
sized double-stranded cDNA fragments were subjected to pu-
rification and subsequently ligated to Illumina adapters using
a Quick ligation TM kit (NEB) and DNA ligase. The resultant
cDNA adapter-modified cDNA libraries were fractionated on
agarose gels, after which 200-bp fragments were excised and
amplified by 15 polymerase chain reaction (PCR) cycles.
After purification, the quality of the cDNA libraries was
checked using a Bioanalyzer 2100 (Agilent). Next, the con-
centrations of the cDNA libraries were measured and diluted
to 10 nM in Tris-HCl buffer prior to cluster generation. Cluster
formation, primer hybridization and sequencing reactions
were performed sequentially according to the manufacturer’s
recommended protocol. The sequencing procedure was con-
ducted on an Illumina® Hiseq2000 apparatus.

TopHat software [13] was used to map reads complying
with quality standards to the human reference genome assem-
bly hg19 (NCBI build: GRCh37) with default parameters. The
coordinates of the mapped reads were overlaid with genomic
coordinates of a human gene set defined in RefSeq (NCBI)
and then counted to determine the expression level of each
individual gene. The expression level for each gene was then
normalized to reads per kilo base of transcript per million
mapped reads (RPKM). Differential expression analysis of
each gene between tumor tissues and APTs was performed
using the Limma package of Bioconductor from raw read
counts. The false discovery rate (FDR) of each gene was de-
termined according to the Benjamini–Hochberg procedure
and a mean log2 (fold change [RPKM of tumor/ RPKM of
APTs]) was calculated across all genes. The significantly dif-
ferentially expressed genes (DEGs) were selected with their
FDRs < 0.05 and fold change > 2 between tumors and APTs.

2.5 Functional enrichment analysis of DEGs

Functional enrichment analysis was employed to roughly
characterize the DEGs in HCC tumorigenesis. Gene on-
tology (GO) (web-based gene set analysis tool kit) is a
standard classification system of gene function and gene
products. In addition, PANTHER (http://go.pantherdb.
org/) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.kegg.jp/) pathway analyses were
used to reveal the potential roles of DEGs in liver
carcinogenesis.
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2.6 RNA isolation and DEG validation

The selected DEGs were initially validated by quantitative
real-time PCR (qRT-PCR) using the same RNA samples as
those for RNA sequencing. Furthermore, total RNAs were
extracted from tumor tissues and paired APTs of 30 indepen-
dent HBV-related HCC patients using an RNeasy Mini Kit
(Qiagen, the Netherlands). The concentration and quality of
the RNAs were determined using Merinton SMA1000. The
cDNAs were synthesized using a Prime ScriptTm RT Master
Mix (TaKaRa, Japan) according to the product manual. qRT-
PCR of DEGs was performed using SYBR Premix Ex TaqII
(TaKaRa, Japan) and analyzed on an ABI system 7500 (Life
Technologies, USA). All assays were carried out independent-
ly in triplicate. The GAPDH or B2M genes were used as ref-
erences for quantification. Relative gene expression values,
expressed as fold changes, were subsequently determined
using the Delta-Delta Ct method. The primers used for qRT-
PCR are listed in Table S1.

2.7 Analyses of associations between HCC signature
genes and HCC clinical outcomes

We retrieved mRNA expression levels of eight HCC signature
genes and POU5F1 from The Cancer Genome Atlas (TCGA)

RNA sequence database (https://genome-cancer.ucsc.edu/).
Patients meeting the following criteria were included in this
study: pathological diagnosis with HCC and the availability of
overall survival (OS), relapse-free survival (RFS),
progression-free survival (PFS) and clinicopathological infor-
mation. After excluding incomplete clinical data obtained
from TCGA dataset, 348 cases were grouped and character-
ized (Table S2). Survival curves for HCC patients were gen-
erated using an online database, Kaplan-Meier plotter (http://
kmplot.com/analysis/). The above-mentioned 384 patients
were divided into high-expression and low-expression groups
using median values of mRNA expression. Statistical differ-
ences in survival were assessed by log-rank (Mantel-
Haenszel) test, and p < 0.05 was considered statistically sig-
nificant. Hazard ratios (HR) and p-values were calculated
online.

2.8 CRISPR/Cas9 knockout assay

OCT4 knockout (OCT4-KO) Huh7 or Hep3B cells were
established using a CRISPR/Cas9 lentiviral system according
to a standard protocol from Feng Zhang’s laboratory. In brief,
single guide RNA (sgRNA) targeting OCT4Awas generated
as descr ibed previous ly [14] and cloned into a
pLentiCRISPRv2 vector. After confirming the sgRNA

Table 1 Demographic and
laboratory parameters of the
subjects included in the study

Samples RNA-seq cohort Validation cohort

T1/P1 T2/P2 T3/P3 N = 30

Demographic parameters

Gender (M/F) M M M 24/6

Age (y) (x ± SD) 52 39 57 51.69 ± 6.69

Laboratory parameters [median (range)]

ALT (U/L) 30 54 34 21.25 (12.0–170.0)

AST (U/L) 108 43 40 62.5 (20.0–355.0)

TBiL (μmol/L) 12.1 24.4 11.6 49.9 (5.0–384.0)

AKP (U/L) 63 58 104 106.25 (47.0–349.0)

GGT (U/L) 301 126 69 122.75 (14.0–591.0)

Pathologic parameters

AFP (ng/ml) > 50,000 12,628.5 8214 2401.1 (1.5- > 50,000)

CEA (ng/ml) 2.3 2.0 2.8 1.97 ± 0.79

CA199 (U/ml) 39.3 37.6 6.1 14.95 (2.2–212.3)

CA125 (U/ml) 6.1 7.4 4.7 121.58 (5.6–208.1)

Ferritin (ng/ml) 534.2 413.9 567.1 11,229.45 (43.5- > 40,000)

Tumor

Number (S/M*) M S S 14/16

Size (cm) 9 3.5 8.5 4.65 (1.5–25.0)

Histopathologic grading
(poor/ moderate/high)

poor moderate moderate 16/10/4

PVTT* (Yes/No) YES YES YES 4/26

S/M* single/multiple, PVTT* Portal vein tumor thrombus
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efficiency, we prepared OCT4-KO and non-targeting control
(NTC) lentiviruses by transfecting the lentiCRISPRv2-KO
and NTC, psPAX2, pMD2.G plasmids into 293 T cells, re-
spectively, after which the virus titers were functionally deter-
mined and used to infect Huh7 or Hep3B cells at a low mul-
tiplicity of infection (MOI; 0.3–0.5). The infected cells were
selected under 0.5–1 μg/ml puromycin for 7 days, and ex-
panded for another 7 days for Surveyor assay, qRT-PCR and
further functional characterizations.

2.9 Western blotting

Protein concentrations of tumor tissues and APTs were quan-
tified using a Pierce™BCA ProteinAssay Kit (Thermo Fisher
Scientific 23,227). Next, the samples were boiled for 30 min
and the supernatants were loaded for SDS-PAGE (Bio-Rad)
and transferred to PVDF membranes (Bio-Rad), which were
incubated sequentially with primary and secondary antibod-
ies, and developed using ECL reagent as described previously
[15]. GAPDH was used as an internal control for sample
loading.

2.10 Immunohistochemistry

Immunohistochemical (IHC) examination of formalin-fixed
tumor tissue sections was conducted as previously described
[16] using anti-TK1 (diluted at 1:100), anti-TRIP13 (diluted at
1:100) or anti-OCT4 (diluted at 1:500) antibodies.

2.11 Electrophoretic mobility shift assay (EMSA)

EMSA was conducted using a LightShift chemiluminescent
EMSA kit (Thermo 20,148) according to the manufacturer’s
instructions. Cell nuclear extracts were prepared using NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific 78,833). Subsequently, EMSA
was performed as described previously [17]. The sequences
of double-strand biotin-labeled TK1 and TRIP13 probes (with
the putative OCT4 motifs being underlined) were as follows.

TK1 probe 1: Biotin-5′GGGACCTGGCACGCACTAGG
CGCTCTGCATGCCCACAGGAGTGCTCTAGACG 3′.

Biotin-5′CGTCTAGAGCACTCCTGTGGGCATGC
AGAGCGCCTAGTGCGTGCCAGGTCCC 3′.

TK1 probe 2: Biotin-5′CCTGGCAGGGTCTACGGATA
TTATTAGCATAGTCAGGACTTCAATTTTCTTT 3′.

Biotin-5′AAAGAAAATTGAAGTCCTGACTATGC
TAATAATATCCGTAGACCCTGCCAGG 3′.

TK1 probe 3: Biotin-5′CGGGCTAACACCTTCACACT
TTATGCAGAAAGTAACAAGGAACCATTCTGAG 3′.

Biotin-5′CTCAGAATGGTTCCTTGTTACTTTCT
GCATAAAGTGTGAAGGTGTTAGCCCG 3′.

TRIP13 probe: Biotin 5′GGGAATTACCTGCGTTTTCA
CTGACATGCATCTCTCTTACCAGTCTGACCCAG
ATGGGG 3′.

Biotin 5′CCCCATCTGGGTCAGACTGGTAAGAG
AGATGCATGTCAGTGAAAACGCAGGTAATTCCC
3′.

2.12 Chromatin immunoprecipitation (ChIP)

ChIP analysis was performed as described previously [17]
using an EZ-ChIP™ Chromatin Immunoprecipitation Kit
(Merck Millipore 2,673,061). Briefly, 2 × 107 - 5 × 107 cells
were chemically cross-linked by the addition of 1% formalde-
hyde solution for 10min at room temperature. The reaction was
stopped by adding glycine to a final concentration of 125 mM.
Next, he cells were rinsed twice with cold PBS and harvested
using a silicon scraper. The resulting cell samples were sonicat-
ed to solubilize and shear cross-linked DNA to an average size
of 300–800 bp. Immunoprecipitation was carried out using
5 μg rabbit anti-OCT4 (ab 19,857) and 100 μl protein A/G
agarose beads (Pierce 20,421) (with normal rabbit IgG being
the negative control). The primers of TK1 and TRIP13 for am-
plifying the DNA fragments were as follows: TK1: F 5’-
CTGGCAGGGTCTACGGATAT-3′ and R 5′ -CCGTCTAG
AGCACTCCTGT-3′. TRIP13: F 5′- TCGAGGTCCCTTCT
TCCCAA-3′ and R 5′- AGTAGCCCCATCTGGGTCAG-3′.
ChIP-real time PCR was performed using SYBR Premix Ex
TaqII (TaKaRa, Japan) and analyzed on an ABI system 7500
(Life Technologies, USA). Extracted DNA fragments and input
genomic DNAs served as templates. The anti-OCT4 precipitat-
ed DNA fragments corresponding to specific genes were quan-
tified using qPCR and expressed as fold enrichment over anti-
IgG precipitated DNA fragments. The Delta-Delta Ct method
was used for relative quantification.

2.13 Mouse xenograft tumor model

NOD/SCID mice (female, 3–4 weeks old) were purchased
from the Shanghai Experimental Animal Centre, Chinese
Academy of Science. They were kept in the central animal
facility of the First Affiliated Hospital of School of
Medicine, Zhejiang University and housed in laminar-flow
cabinets under specific pathogen-free conditions with a 12 h
light/dark cycle. All studies on mice were conducted in accor-
dance with the National Institute Guide for the Care and Use
of Laboratory Animals. The animal protocol has been ap-
proved by the Committee of the Ethics of Animal
Experiments, Zhejiang University.
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For subcutaneous xenografting experiments, the mice were
randomly divided into a treatment group (OCT4-KO) and a
control group (NTC), and OCT4-KO or NTC Huh7 cells
(2 × 106) were inoculated subcutaneously into each mouse.
The diameters of the tumors were measured every three days
with precision calipers. The tumor mass (xenograft) volumes
were calculated using the formula: volume = [(tumor length) ×
(tumor width)2]/2. At day 18 after inoculation, the mice were
sacrificed and the tumors removed, weighed and photographed.

2.14 Statistical analysis

All continuous variables were expressed as mean ± standard de-
viation (S.D.) or medians, and interquartile ranges. Comparisons
of continuous variables were performed using Student t test or
nonparametric Mann-Whitney U test. Comparisons between
paired groups were carried out using paired t test or Wilcoxon
signed ranks test when necessary. Correlations between RNA-
seqmeasures and qRT-PCRmeasures were determined using the
Spearman rank correlation coefficient. All data analyses were
performed using SPSS 20.0 (Chicago, IL).

3 Results

3.1 Identification and preliminary characterization
of DEGs

RNA-seq was performed using three pairs of matched HBV-
related HCC tumors and APTs, and the overall characteristics
of the RNA-seq data are summarized in Table S3. No significant
differences were observed between the numbers of genes identi-
fied in each tumor andAPT pair. An average of 12,073 and 8095
genes was found to be up-regulated or down-regulated, respec-
tively, in tumor tissues compared with paired APTs (Table S4).
The coverage levels of all genes sequenced in each sample are
shown in Fig. S1. The Q30 value of every library was greater
than 80%. Evaluation of sequencing randomness and saturation
showed that the RNA-seq data are good in quality.

Based on the DEG selection criterion (i.e., FDRs < 0.05 and
fold change > 2 between each paired tumor and APT), the ex-
pression levels of 947, 1089 and 1054 genes were up-regulated
in the tumor tissues (T1, T2, T3) compared to the paired APTs
(P1, P2, P3), respectively. Meanwhile, the expression levels of
839, 720 and 873 genes in the corresponding samples were
down-regulated (Fig. 1a). Among all these DEGs, there were
105 up-regulated and 61 down-regulated DEGs commonly iden-
tified in all three paired HCC samples. The relative expression
levels of these 166 DEGs are shown in a heat map (Fig. 1b).

Next, functional enrichment analyses were employed to
initially characterize the above DEGs. Based on gene ontolo-
gy (GO) analysis, 38 terms encompassing 23 of biological
process (BP), 14 of cellular compound (CC) and 1 of

molecular function (MF) were significantly over-represented
among all DEGs (adjusted p value < 0.05) (Table S5). Based
on gene/protein classification at the PANTHER website, the
up-regulated genes in the tumor tissues were mainly associat-
ed with “transcription factor and signaling molecule”, while
the genes with decreased expression in the tumor tissues were
mainly associated with “receptor and hydrolase” (Fig. 1c).
Based on KEGG pathway analysis, significantly enriched
KEGG pathways of the up-regulated genes included “cell cy-
cle” and “pathway in cancer”.

3.2 Validation of top-ranked DEGs as HCC signature
genes

To validate the reliability of the RNA-seq data, 14 out of 166
highly ranked DEGs were selected and analyzed for their
mRNA levels by qRT-PCR using the original six amplified
RNA samples for RNA-seq. These top-ranked DEGs included
9 up-regulated genes (TK1, PITX2, CTTN, CEP72, TRIP13,
FTH1, FLAD1, MMP12, ZNF695) and 5 down-regulated
genes (CHRM2, AMBP, KCNA1, C14orf180, PRB2). Log2
fold changes of qRT-PCR measurements were compared with
those of RNA-seq measurements for the 14 selected DEGs,
and their correlation coefficient reached 0.82 (Fig. 2a). Hence,
we conclude that our RNA-seq method could reliably measure
gene expression differences in HCC samples. Next, qRT-PCR
validation was extended to a larger number of samples from
another independent cohort including 30 patients diagnosed as
HBV-related HCC. The laboratory parameters of 24 male and
6 female patients with an average age of 51.69 years are pre-
sented in Table 1. Fourteen of them had a single HCC tumor
and 16 had multiple tumors. Most of the tumors were poorly
or moderately differentiated. Four of them exhibited portal
vein tumor thrombus (PVTT).

We found that 10 out of 14 DEGs showed consistent expres-
sion differences in the validation cohort (Fig. 2b). Among them,
the mRNA levels of TK1, PITX2, CTTN, CEP72, TRIP13,
FTH1 and FLAD1 were consistently and significantly up-
regulated in the tumor tissues compared to the APTs, while those
of CHRM2, AMBP and KCNA1 were significantly down-
regulated in the tumor tissues. Fig. 2c shows the expression levels
of eachHCC signature gene in paired HCC tissues andAPTs. To
additionally compare our RNA-seq data with corresponding data
available in the literature, we retrieved the supplementary data
reported by Huang et al. [10] who performed genome-wide
RNA-seq analyses of 10 matched cancer and non-cancerous tis-
sue pairs of HBV-relatedHCCpatients. The reads per kilobase of
transcript per million mapped reads (RPKM) values of 10
matched samples were selected for the above 10 DEGs
(Table S6). The tumor/peritumor ratios (T/P) of 10 pairs of
matched samples were calculated and plotted as fold changes
of expression levels of the DEGs (Fig. S2). Since the RPKM
values of two DEGs (PITX2, KCNA1) were too small to be
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Fig. 1 Identification and preliminary characterization of DEGs in three
paired HCC tumor tissues (T) and adjacent peritumor tissues (P). a
Composition of DEGs in three paired samples used for RNA-seq. b
Heat map generated from normalized FPKM of 166 consistent DEGs
across three paired samples. The expression level of each transcript is

represented by a color, ranging from blue (low) to red (high). c
PANTHER protein class categories of total DEGs, and increased and
decreased DEGs in pie charts. The chart legends provide detailed
information on protein class categories
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considered, we eliminated these two hereafter. Pairwise compar-
isons between the tumor versus peritumor samples for eachDEG
are presented in Fig. S3. In addition, we compared the dataset of
Huang et al. (Fig. S2) with that of our own (Fig. 2b), and found

that the correlation coefficient of these two sets of RNA-seq data
was 0.882, indicating a high effectiveness of the experimental
systems in both studies. Taken together, we conclude that eight
DEGs (TK1, CTTN, CEP72, TRIP13, FTH1, FLAD1, CHRM2,
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Fig. 2 Validation of top-ranked DEGs as HCC signature genes. a
Correlation between RNA-seq and qRT-PCR data of 14 selected genes
in 3 pairs of amplified RNA samples. Spearman rank correlation
coefficient = 0.83, p < 0.01. b Expression levels of DEGs in validation

cohort, including up-regulated (red) and down-regulated (green) levels in
tumor tissues. Expression levels in APTs (blue) were used as a reference.
*p < 0.05. c Expression levels of 10 DEGs in paired HCC tumor tissues
(Tumor) and adjacent peritumor tissues (APT), respectively
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Fig. 3 OCT4 binds to the TK1 and TRIP13 gene promoters. a OCT4
emerged as only transcription factor with a canonical binding motif
(ATGCA/TAAT) in all 8 HCC signature genes. Three of them (CEP72,
TRIP13, CHRM2) had a single OCT4 bindingmotif, while the others had
multiple OCT4 binding motifs in their promoter regions. b The position
of EMSA probes (red boxes) relative to the transcription start sites (TSS)
of the TK1 and TRIP13 genes. Also shown are partial promoter sequences
of the TK1 and TRIP13 genes that span the putative OCT4-bindingmotifs
(highlighted in red). c EMSA of biotinylated TK1 or TRIP13 probes
incubated with nuclear extracts of Hep3B cells, and as a positive
control EMSA of biotinylated NANOG probes, incubated with
recombinant human OCT4 proteins. The arrow indicates complexes
formed between the biotinylated probes and monomeric OCT4 proteins,

while the arrowheads indicate the biotinylated probes bound with larger
protein complexes including OCT4. d 2 × 107– 5 × 107 Hep3B cells were
chemically cross-linked by 1% formaldehyde for 10 min at room
temperature, after which the cell samples were sonicated to solubilize
and shear cross-linked DNA to an average size of 300–800 bp.
Immunoprecipitation was carried out with 5 μg rabbit anti-OCT4 (ab
19,857) and 100 μl protein A/G agarose beads (Pierce 20,421), with
normal rabbit IgG serving as negative control. The anti-OCT4
precipitated DNA fragments corresponding to the TK1 or TRIP13 genes
were quantified using qPCR and expressed as fold enrichment over anti-
rabbit IgG precipitated DNA fragments (Control IgG). The data are
expressed as mean ± S.D. of triplicate measurements from one of three
independent experiments, which yielded similar results. ***p < 0.001
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AMBP) may be considered as novel HBV-related HCC signature
genes.

3.3 Identification of OCT4 as a common upstream
regulator for HCC signature genes

To gain insight into potential regulatory mechanisms for the
above identified HCC signature genes, a 4 kb (−3 kb to +1 kb
relative to TSS) promoter region for each HCC signature gene
was analyzed by Genomatix for the presence of potential tran-
scription factor binding sites. Despite a number of transcription
factors that were predicted to be differentially or partially com-
monly associated with the promoters of the eight genes, OCT4
emerged as the only transcription factor that had a canonical
binding motif, known as octamer motif (ATGCA/TAAT), in all
the eight HCC signature genes (Fig. 3a). Three of them
(TRIP13, CEP72, CHRM2) had a single OCT4 binding motif
while the other genes had multiple OCT4 binding motifs in
their promoter regions. Based on this information, we selected
TK1 (multiple OCT4 binding motifs) and TRIP13 (single
OCT4 binding motif) as representatives for further in-depth
validation and characterization. Our analysis additionally re-
vealed that OCT4 binding motifs were present in the promoter
regions of TTK [11] and CDC20 [18] (Fig. S4), two HCC
biomarkers reported in independent studies that also exhibited
high T/P expression level ratios in the Huang et al. [10] study
(Table S6). Thus, two HCC biomarker genes reported in the
literature and eight HCC signature genes identified in this study
all harbor canonical OCT4 binding motifs in their promoter
regions, suggesting the possibility of common regulation of
HCC signature genes by OCT4 at the transcriptional level.

Since our bioinformatics analysis revealed multiple or one
putative OCT4 binding octamer motifs in the promoter re-
gions of the TK1 or TRIP13 gene, respectively (Fig. 3a), we
synthesized biotin-labeled DNA probes spanning the octamer
motifs (Fig. 3b) and tested their binding with OCT4 using an
electrophoretic mobility shift assay (EMSA). As the NANOG

promoter contains a well-characterized octamer motif [15], a
biotin-NANOG probe was taken as a positive control for all
other probes tested. As expected, wild type recombinant
OCT4 protein bound to the NANOG probe (Fig. S5A and
S5B). It also bound three TK1 probes with equivalent binding
affinity to theNANOG probe, of which the TK1 probe 2 bound
most strongly (Fig. S5A). In addition, the TRIP13 probe
bound OCT4, albeit with a lower affinity than the NANOG
probe (Fig. S5B). Having established a direct binding between
OCT4 and the TK1 and TRIP13 promoter probes in vitro, we
next tested such binding through EMSA using Hep3B cell
nuclear extracts that contain endogenous OCT4 protein. We
observed a band with both the TK1 and the TRIP13 probe that
migrated at a similar position as the NANOG probe/
recombinant OCT4 protein complex, indicating the presence
of TK1 probe/OCT4 and TRIP13 probe/OCT4 complexes
(Fig. 3c, arrow). In addition, multiple bands with both probes
that migrated more slowly were noted (Fig. 3c, arrowheads).
These may represent probes bound to larger protein com-
plexes including OCT4. The intensities of the slow-
migrating bands appeared to be stronger than that of the TK1
probe/OCT4 band, and even stronger than that of the TRIP13
probe/OCT4 band, suggesting that OCT4 in complex with
other partners is likely the major form over the monomeric
OCT4 form binding to the TK1/TRIP13 promoters.
Furthermore, we validated the TK1/TRIP13 promoter-OCT4
interactions in Hep3B cells in vivo using a chromatin immu-
noprecipitation (ChIP) assay. We used a rabbit anti-OCT4
antibody to specifically precipitate OCT4-bound DNA frag-
ments from Hep3B cell lysates, and quantified the OCT4-
binding motif-containing DNA fragments of the TK1 or
TRIP13 promoters using specific primers for qPCR.
Compared to rabbit IgG that served as a negative control, we
found that anti-OCT4 enriched the TK1 and TRIP13 promoter
fragments by 2.5-3 fold (Fig. 3d), confirming bona fide bind-
ing between OCT4 and the TK1/TRIP13 promoters in vivo.

To correlate the expression levels of eight HCC signature
genes with that of the OCT4 gene (POU5F1) in tumor tissues
versus APTs, we first examined the OCT4 mRNA levels in
HCC tumors (T) and APTs (P) by qRT-PCR using primers
specifically amplifying a fragment of the OCT4A transcript
[14]. Our results revealed higher levels of the OCT4A transcript
in HCC tumors than in their paired APTs (Fig. S6). The RNA-
seq data from Huang et al. [10], however, indicated no correla-
tion or a slight negative correlation between OCT4 and the
HCC signature gene mRNA levels (Table S6). Nevertheless,
we found that the mRNA levels of TK1, TRIP13 and
POU5F1 in a cohort of 384 HCC samples from TCGA data-
base were all negatively correlated with patient overall survival
(OS), relapse-free survival (RFS) and progression-free survival
(PFS) (Fig. 4a), strengthening the HCC biomarker status of
TK1 and TRIP13 on the one hand, and implicating their asso-
c ia t ion wi th OCT4 on the o the r hand . Fur the r

�Fig. 4 TK1 and TRIP13 expression correlates with OCT4 expression in
HCC. a High TK1, TRIP13 and POU5F1 mRNA levels were associated
with poor survival rates of HCC patients. Kaplan-Meier survival curves
were analyzed as described in the Materials and methods section. The p-
values of the TK1 mRNA levels associated with overall survival (OS),
relapse-free survival (RFS) and progression-free survival (PFS) were
0.025, 0.00075 and 0.0034, respectively. The p-values of the TRIP13
mRNA levels associated with OS, RFS and PFS were 0.00000053,
0.000051 and 0.000022, respectively. The p-values of POU5F1 mRNA
levels associated with OS, RFS and PFS were 0.21, 0.023 and 0.0094,
respectively. b IHC detection of OCT4, TK1 and TRIP13 in paired APT
(P) and HCC (T) tissue samples from HCC patient #1521. OCT4
antibody: ab-109,183, diluted 1:500; TK1 antibody: ab-76,495, diluted
1:100; TRIP13 antibody: ab-204,331, diluted 1:100. Bars, 100 μm. c
Western blotting of OCT4, TK1 and TRIP13 proteins in paired HCC
(T) and APT (P) tissue samples from 12 individual HCC patients.
GAPDH was used as a loading control
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clinicopathological characterization of the 384 HCC samples
(Table S2) revealed that, in general, high mRNA levels of most
HCC signature genes correlated with the Ragnum Hypoxia
Score (hypoxic ≥ 0.5), and that low mRNA levels of most
HCC signature genes correlated with the Aneuploidy Score (=
0). High mRNA levels of TK1, TRIP13 and POU5F1 correlat-
ed with T3/T4 tumor stage. No overt correlations between the
HCC signature gene mRNA levels and other clinicopathologi-
cal parameters (such as Mutation Count, Cancer Metastasis
Stage Code, Cancer Publication Version Type, Sex, Diagnosis
Age, Neoplasm Histologic Grade) were noted.

Since mRNA levels may be discordant with protein levels
for genes expressed in the context of HCC [19], we next took
TK1 and TRIP13 as representatives for the eight HCC signa-
ture genes and also examined their protein levels relative to
OCT4 protein levels by immunohistochemistry and Western
blotting. First, we compared the protein expression levels and
the localization of OCT4 in HCC tumor tissues versus APTs.
Using immunohistochemistry, we found that OCT4 was
expressed in both the cytoplasm and nucleus of the liver cells
in HCC tissues but not in APTs (Fig. 4b). The cytoplasmic
staining of OCT4 was relatively even among most HCC cells,
while the nuclear staining was mainly confined to a few cells.
A similar heterogeneous expression and predominant cyto-
plasmic staining pattern was also seen with TK1 and
TRIP13 in tumor tissues, but not in APTs (Fig. 4b). Higher
protein levels of OCT4, TK1 and TRIP13 in HCC tumor
tissues over APTs were confirmed in 12 pairs of matched
samples byWestern blotting (Fig. 4c). Overall, the correlation
betweenOCT4 protein level and TK1 protein level was higher
than that between OCT4 and TRIP13. Collectively, the con-
current higher expression of OCT4, TK1 and TRIP13 in HCC
tumor tissues compared to APTs not only supports roles of
TK1 and TRIP13 as novel HCC biomarkers, but also under-
scores the hypothesis that OCT4 may be a common transcrip-
tion factor for TK1 and TRIP13 in the context of HCC.

3.4 Validation of a crucial role of OCT4 in HCC
tumorigenesis

To conclusively determine whether OCT4 serves as a common
transcription factor for the newly-identified HCC signature/
biomarker genes, and whether it is required for the tumorigen-
esis of HCC cells, the POU5F1 gene was knocked out (KO) in
Hep3B and Huh7 cells through CRISPR/Cas9-mediated gene
editing (Fig. 5a) as previously reported [14]. Successful KO
was demonstrated by cleavage of OCT4 PCR products span-
ning the Cas9 target site using Surveyor nuclease (Fig. 5b).
Next, we compared the binding of endogenous OCT4 to the
TK1/TRIP13 promoters in NTC versus OCT4-KO Huh7 cells.
Using EMSA,we observed a significant reduction inmonomer-
ic OCT4-bound TK1 promoter fragments (Fig. 5c, arrow) and
complexed OCT4-bound TRIP13 promoter fragments (Fig. 5d,

arrowheads) in OCT4-KO cells, which were consistent and
corroborated by ChIP data (Fig. 5e). Accordingly, transcription
of the TK1 gene was found to be reduced in OCT4-KO Huh7
cells and of both genes in OCT4-KO Hep3B cells (Fig. 5f).
Taken together, our results indicate that OCT4 in HCC cells
acts as a common transcription factor for several novel HCC
signature genes identified in this study.

To examine the effect of OCT4 KO on the tumorigenicity
of HCC cells in an in vivo setting, equal numbers of OCT4-
KO or NTC Huh7 cells were inoculated subcutaneously into
nude mice, after which the volumes of the xenografted tumors
were recorded every 3 days. The weights of the tumors were
measured after 18 days when the mice were sacrificed. It was
evident that the xenografted tumors grew rapidly and steadily
in the NTC group, but significantly slower in the OCT4-KO
group (Fig. 6a). At day 18 post inoculation, the differences in
tumor volumes (Fig. 6b, c) and tumor weights (Fig. 6d) be-
tween the two groups were prominent, substantiating a crucial
role of OCT4 in the tumorigenesis of HCC cells.

4 Discussion

HCC represents > 90% of primary liver cancers and is a major
health problem due to its poor prognosis [8, 20]. A number of
risk factors for the development of HCC has been identified,
and over 50% of HCC cases are attributable to persistent HBV

Fig. 5 OCT4 KO reduces promoter occupancy and transcriptional
activation of the TK1 and TRIP13 genes by OCT4. a Schematic
representation of OCT4 knockout (KO) mediated by CRISPR/Cas9. b
Surveyor assays with the OCT4 KO cell lines and NTC cell line showing
obvious cleavage of OCT4 PCR products spanning the Cas9 target site,
indicating a high probability of DNA indel formation and, thus, KO.
Arrows indicate surveyor nuclease cleaved DNA fragments. c, d
EMSA of biotinylated TK1 (c) or TRIP13 (d) probes incubated with
nuclear lysates of NTC or OCT4-KO Huh7 cells and, as a positive
control, EMSA of biotinylated NANOG probes incubated with
recombinant human OCT4 proteins. The arrows indicate complexes
formed between the biotinylated probes and monomeric OCT4 proteins,
while the arrowheads indicate the biotinylated probes bound with larger
protein complexes includingOCT4. The data shown are from one of three
independent experiments which yielded similar results. e NTC or OCT4-
KO Huh7 DNAs were chemically cross-linked, sonicated and
immunoprecipitation with 5 μg rabbit anti-OCT4 (ab 19,857) and
100 μl protein A/G agarose beads (Pierce 20,421), with normal rabbit
IgG serving as negative control. Anti-OCT4 precipitated DNA fragments
corresponding to the TK1 or TRIP13 genes were quantified using qPCR
and expressed as fold enrichment over anti-rabbit IgG precipitated DNA
fragments (Control IgG). The data are expressed as mean ± S.D. of
triplicate measurements from one of three independent experiments,
which yielded similar results. *p < 0.05, **p < 0.01. f Lentivirus-
infected NTC or OCT4-KO Huh7/Hep3B cells were selected in
puromycin for 7 days, expanded for another 7 days and harvested. TK1
and TRIP13 transcription was quantified by qRT-PCR with B2M as
internal control. The data are expressed as mean ± SD. *p < 0.05,
***p < 0.001

b

290 Ye et al.



infections [5]. The incidence of HCC is growing worldwide,
especially in less developed regions, which suffer from more
HBV infections [21]. HBV-mediated hepatocarcinogenesis is
a multistep process that involves complex interactions be-
tween viral components, host genetic and environmental fac-
tors [5, 21]. To improve the prognosis of HBV-related HCC, it
is important to identify molecular biomarkers and signature
genes that act at different stages of HCC development.

RNA-seq is a recently-developed approach based on deep-
sequencing technologies that can be utilized for genome-wide
transcriptome profiling. It provides a more precise measure-
ment of gene transcript levels and their isoforms than other
available methods [22]. Here, we identified 164 DEGs in
HCC tumor tissues compared to their matched APTs.
Confirmation of the RNA-seq data for 14 selected DEGs
using qRT-PCR revealed a high correlation between the two
measurements. Moreover, the eight HCC signature gene
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RNA-seq measurements in our study highly correlated with
those reported by Huang et al. [10], although the identified
DEGs were not further filtered and ranked in the latter study.
Such a high correlation indicates a high robustness and repro-
ducibility of the experimental systems used in both studies.

Some of the eight newly-identified HCC signature genes
have previously been related to the development of various
human cancers including HCC. First, overexpression of
CTTN (cortactin) has been closely associated with a poor
prognosis in HCC resulting from an increased cell motility
and metastasis [23, 24]. Second, upregulation of FTH1 (ferri-
tin heavy chain 1) in HCC cells by TNF-α has been found to
attenuate starvation-induced apoptosis [25]. Third, TK1

(thymidine kinase-1) has been associated with the early devel-
opment of breast, lung, heart, esophageal and gallbladder can-
cer [26–29]. A clinical investigation showed that serum TK1
levels > 2.0 pmol/L may indicate an increased risk for the
development of malignancies later in life [30]. The TK1 serum
levels in patients with HCC were significantly higher than
those in patients with benign hepatic diseases, placing serum
TK1 as a complementary biomarker for the diagnosis of HCC
[31]. Fourth, systematic analysis of data from the Gene
Expression Omnibus (GEO) database revealed that TRIP13
(thyroid hormone receptor interactor 13) was upregulated in
12 human cancers, and that a high TRIP13 expression indicat-
ed a poor prognosis for patients with liver, breast, gastric and
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Fig. 6 OCT4 KO effectively suppresses HCC tumor growth in nude
mice. a Tumor growth curve: the mice were randomly divided after
which OCT4-KO or NTC Huh7 cells (2 × 106) were inoculated
subcutaneously into each mouse. The diameters of the tumors were
measured every three days using precision calipers. The tumor mass
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lung cancer [32]. TRIP13 gene copy numbers have been found
to be increased in early-stage non-small-cell-lung cancer [33],
and increased TRIP13 transcript and protein levels have been
correlated with prostate cancer progression [34].
Overexpression of TRIP13 in non-malignant fibroblasts re-
sulted in malignant transformation, and high expression of
TRIP13 in head and neck cancer cells led to aggressive,
treatment-resistant tumors and enhanced DNA damage repair
via nonhomologous end joining [35]. Fifth, the expression of
AMBP has been found to be down-regulated in both HCC
tissues and cell lines [36], a finding consistent with our current
results. As yet, the involvement of the remaining three genes
(CEP72, FLAD1, CHRM2) in hepatocarcinogenesis requires
further validation.

Our data indicate that OCT4 may serve as a potential com-
mon transcription factor for all the eight HCC signature genes
identified in this study. OCT4, encoded by the POU5F1 gene,
is a member of the POU family of transcription factors that is
abundantly expressed in pluripotent stem cells (such as em-
bryonic stem cells, embryonal carcinoma cells, induced plu-
ripotent stem cells) and plays an essential role in the early
development of mammalian embryos. The POU domains of
the OCT4 protein can independently and flexibly bind half-
sites of the characteristic octamer motif (ATGCA/TAAT)
through which OCT4 recognizes enhancer or promoter re-
gions of hundreds target genes [37]. This flexibility allows
OCT4 to form heterodimers with other transcription factors
such as SOX2, cooperatively activating pluripotency and self-
renewal-associated genes while simultaneously repressing
genes that promote differentiation [38]. Similar to, but distinct
from its well characterized roles in pluripotent stem cells,
OCT4 is generally considered to promote the self-renewal,
survival, metastasis and drug resistance of cancer stem cells
(CSCs) [39–41].

Conditions within the microenvironment of HBV-infected
cells may play an important role in the programming of liver
cells towards cancer stem cells (CSCs) and the divergence of
multiple HBV-induced pathways towards epithelial-
mesenchymal transition (EMT) or stemness [42]. IL-6 is se-
creted by inflammatory and stromal cells during liver regen-
eration and is known to support the conversion of non-CSCs
to CSCs [43]. Chang et al. [44] found that HBV-related HCC
patients had a higher serum level of IL-6, leading to increased
expression of autocrine insulin-like growth factor I (IGF-I)
and IGF-I receptor (IGF-IR), which subsequently promote
the expression of OCT4 and NANOG in a STAT3-
dependent manner. They further found that inflammation-
conditioned medium generated by lipopolysaccharide-
stimulated U937 human leukemia cells significantly up-
regulated the expression of OCT4/NANOG, IGF-I/IGF-IR
and activated IGF-IR/AKT signaling in HBV-active (HBV +
HBsAg+) HCC cells [45]. The close association between IL-
6/IGF-1R signaling and HBV-related HCC progression

suggests that HBV and proinflammatory cytokines are both
required for and collaboratively involved in pluripotency fac-
tor induction and CSC formation, but the exact mechanism
inducing OCT4 re-expression remains to be elucidated.

HBx of the HBV viral component is a multifunctional
protein that activates many viral and cellular genes, mod-
ulating multiple cellular signaling pathways and regulating
host cell proliferation, apoptosis and invasion [5]. HBx
does not bind DNA directly but regulates gene expression
by transactivating multiple transcription factors. So far,
there is no evidence that HBx can directly interact with
the OCT4 protein, but there are several reports showing
that it can up-regulate OCT4 expression in HCC cells via
various routes. Arzumanyan et al. [46] reported that over-
expression of HBx in HepG2 cells may be associated with
enhanced expression of the pluripotency factors OCT4,
NANOG and KLF4, and the stemness-associated markers
EpCAM and β-catenin. Another study showed that HBV
viral components including HBx may induce regulated
intramembrane proteolysis (RIP) of EpCAM in HCC cells,
and cleavage of the EpCAM/β -catenin complex
translocated to the nucleus leading to activation of canon-
ical Wnt signaling that is accompanied with up-regulated
OCT4 expression [47]. There is evidence that β-catenin
can bind specifically and directly to the promoter of
OCT4 in mouse embryonic stem cells [48], but such a
direct regulation has not been demonstrated in CSCs.
Recently, HBx has been shown to stimulate AFP expres-
sion prior to up-regulation of pluripotency factors such as
OCT4, leading to partial reprogramming of liver cells to-
ward HCC progenitor/stem cells [49]. Furthermore, HBx
can activate FOXM1 expression in HCC cells via the ERK/
CREB pathway [50], and FOXM1 has been reported to
directly bind to and activate the OCT4 promoter in P19
embryonal carcinoma cells [51]. Independently, HBV
PreS1 has been found to stimulate the expression of mul-
tiple pluripotency factors including OCT4 and the self-
renewal of liver CSCs [52]. However, none of the above
studies has definitively identified factors/mechanisms di-
rectly linking HBx to up-regulated OCT4 expression in the
context of HBV-related HCC. In a study aimed at identify-
ing differentially-expressed transcription factors between
CSCs and non-CSCs from HCC cell lines, ZIC2 was found
to be highly expressed in CSCs [16]. Additional studies
demonstrated that it acts as a direct transcription factor
for OCT4. It remains to be established, however, whether
this also holds in the context of HBV-related HCC and
whether/how HBV viral components play a role.
Interestingly, the extent of increase in OCT4 mRNA levels
in HCC tumor tissues was found to be significantly lower
than that in OCT4 protein levels, consistent with what we
found in this study.
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Taken together, we identified multiple HCC signature
genes that may serve as biomarkers for HBV-related HCC
diagnosis and prognosis. Their common transcriptional regu-
lation by OCT4 implicates a key regulatory role of OCT4 in
the occurrence and development of HCC, and thus positions it
as a potential drug target for HCC.
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