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Abstract

Background and Aims Genetic alterations in specific

genes are critical events in carcinogenesis and hepatocel-

lular carcinoma (HCC) progression. However, the genetic

alterations responsible for HCC development, progression,

and survival are unclear.

Methods We investigated the essential difference in

genetic alterations between HCC and adjacent non-HCC

tissues using next-generation sequencing technology.

Results We found recurrent mutations in several genes

such as telomerase reverse transcriptase (TERT; 65 % of the

total 104 HCCs), TP53 (38 %), CTNNB1 (30 %), AXIN1

(2 %), PTEN (2 %), and CDKN2A (2 %). TERT promoter

mutations were associated with older age (p = 0.005),

presence of hepatitis C virus (HCV) infection (p = 0.003),

and absence of hepatitis B virus (HBV) infection

(p\ 0.0001). In hepatitis B surface antigen (HBs Ag)-pos-

itive HCC without TERT promoter mutations, HBV inte-

gration into TERT locus was found in 47 % patients and was

mutually exclusive to TERT promoter mutations. Most

(89 %) HBV integrants were in the HBx region. TP53

mutations were associated with HBV infection (p = 0.0001)

and absence of HCV infection (p = 0.002). CTNNB1

mutations were associated with absence of HBV infection

(p = 0.010). Moreover, TERT promoter mutation was sig-

nificantly associated with shorter disease-free survival

(p = 0.005) and poor overall survival (p = 0.024).

Conclusions Gene alterations in TERT promoter, TP53,

CTNNB1, and HBV integration were closely associated with

HCC development, and mutations in TERT promoter are

related to poor prognosis. These results are useful for under-

standing the underlying mechanism of hepatocarcinogenesis,

diagnosis, and predicting outcomes of patients with HCC.
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HBsAg Hepatitis B surface antigen

PCR Polymerase chain reaction

ISPs Ion sphere particles

COSMIC Catalogue of somatic mutations in cancer

gDNA Genomic DNA

CT Computed tomography

MRI Magnetic resonance imaging

AFP Alpha-fetoprotein

DFS Disease-free survival

OS Overall survival

Anti-HBc Antibody to hepatitis B core antigen

Anti-HBs Antibody to hepatitis B surface antigen

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of

cancer-related deaths worldwide. The major risk factors for

HCC are hepatitis B virus (HBV) and hepatitis C virus (HCV)

infections, alcohol-induced liver damage, and metabolic dis-

eases [1]. Viral infection or metabolic stress can cause liver

damage including fatty change, hepatitis, and cirrhosis. These

factors have also been reported to induce genetic and epige-

netic damage to the host genome [2]. Recent whole-genome

and exome sequencing have identified mutations in TP53,

Wnt-signaling components CTNNB1 and AXIN1, and several

other genes including chromatin regulators ARID1A, ARID2,

and NFE2L2 in patients with HCC [3–6]. More recently, two

independent mutations in the transcriptional regulatory region

of the telomerase reverse transcriptase (TERT) gene were

reported in various cancers including melanoma, glioma, and

HCC [7–10]. These mutations create a novel binding site for

E-twenty six/ternary complex factor transcription factors and

increase promoter activity and TERT transcription.

However, the genetic alterations responsible for the

development and progression of HCC and the relationship

between these mutations and clinicopathological features

and prognosis are still unclear. Moreover, the relationship

between gene mutations and the etiology of HCC, includ-

ing HBV and HCV infections and prior to HBV infection,

is unknown. Therefore, to clarify the relationship between

gene mutations in HCC and its clinicopathological char-

acteristics and patients’ prognosis, we investigated the

molecular diversity in HCC and adjacent non-HCC tissues

using next-generation sequencing technology.

Materials and methods

Patients

One hundred and four patients with HCC who received

locally curative hepatectomy at Tokyo Medical and Dental

University between December 2001 and July 2014 were

included in the present study. Of these patients, 82 were

treated as an initial curative hepatectomy for primary HCC.

Seventy-eight patients had evidence of hepatitis viral

infection (hepatitis B, n = 28; or hepatitis C, n = 50), 12

patients had alcoholic liver injury, and the remaining 14

patients had unknown etiology as a background liver dis-

ease. Characteristics of the patients are shown in Table 1.

Written informed consent was obtained from all patients,

and the Human Ethics Review Committee of Tokyo

Medical and Dental University approved this study, which

was conducted in accordance with the Declaration of

Helsinki.

DNA preparation and preparation of amplicon

libraries

In all 104 patients, tissue samples were immediately

obtained after hepatectomy both from HCC and a sur-

rounding non-HCC lesion. After extraction of DNA from

these samples by the QIAamp DNA Mini Kit (Qiagen,

Valencia, CA, USA), target amplicon libraries were gen-

erated by the Ion AmpliSeq Cancer Panel v2 (Life Tech-

nologies, Carlsbad, CA, USA), as described previously

[11]. In brief, 10 ng of DNA was amplified by polymerase

chain reaction (PCR) using premixed Ion AmpliSeq Cancer

Primer Pools containing 190 primer pairs and the Ampli-

Seq HiFi Master Mix (Ion AmpliSeq Library Kit, Life

Technologies). The 190 multiplexed amplicons were trea-

ted with FuPa Reagent (Life Technologies) for partial

digestion of the primer sequences and phosphorylation.

The amplicons were then ligated to adapters from the Ion

Xpress Barcode Adapters 1–16 Kit or Ion Xpress Barcode

Adapters 81–96 Kit (Life Technologies) according to the

manufacturer’s instructions. After ligation, the amplicons

underwent nick-translation and additional library amplifi-

cation by PCR to complete the linkage between the adap-

ters and amplicons. The BioAnalyzer high-sensitivity DNA

kit (Agilent, Santa Clara, CA, USA) was used to visualize

the size and range and to determine the library

concentrations.

Emulsion PCR and deep sequencing

Multiplexed barcoded libraries were amplified by emulsion

PCR on ion sphere particles (ISPs) using the Ion OneTouch

200 Template Kit v2 (Life Technologies) according to the

manufacturer’s instructions. After the template ISPs were

recovered from the emulsion, the positive template ISPs

were biotinylated during the emulsion process and enriched

with Dynabeads MyOne Streptavidin C1 beads (Life

Technologies). Sequencing was performed on a Personal

Genome Machine Sequencer (Ion PGM, Life
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Technologies) using the Ion PGM 200 Sequencing Kit

(Life Technologies) according to the manufacturer’s

instructions. Because DNA-mutated tumor cells may exist

as minor populations in the samples because of the small

proportion among the whole tumor tissues and/or the

contamination with nontumor cells, deep sequencing

analysis was conducted to detect mutations at a rate as low

as 1 %. Torrent Suite software v.4.0.2 (Life Technologies)

was used to parse the barcoded reads to align reads to the

reference genome and to run metrics, including chip-

loading efficiency and total read counts and quality. Vari-

ants were identified with Variant Caller v2.0 software (Life

Technologies). The quality value of the targeted base was

set at 21, which is equal to 0.79 % of the probability for

error in mutation detection.

Based on the recent report [12], in which the threshold

of the mutation detection ratio was set at 1 %, we set this at

2 % to gain further confidence. The Ion AmpliSeq Cancer

Panel v2 (Life Technologies), which was used in library

amplification, targets 2790 mutation sites of 50 cancer-

related genes that were reported in the Catalogue of

Somatic Mutations in Cancer (COSMIC; hotspot muta-

tions) [13]; these detected hotspot mutations were analyzed

in combination with the clinical variables. The 50 cancer-

related genes are listed in alphabetical order: ABL1, AKT1,

ALK, APC, ATM, BRAF, CDH1, CDKN2A, CSF1R,

CTNNB1, EGFR, ERBB2, ERBB4, EZH2, FBXW7,

FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAQ, GNAS,

HNF1A, HRAS, IDH1, IDH2, JAK2, JAK3, KDR, KIT,

KRAS, MET, MLH1, MPL, NOTCH1, NPM1, NRAS,

PDGFRA, PIK3CA, PTEN, PTPN11, RB1, RET, SMAD4,

SMARCB1, SMO, SRC, STK11, TP53, and VHL.

The custom primer panel targeting the ARID1A, ARID2,

AXIN1, and NFE2L2 genes (coding exons) was designed

using the AmpliSeq Designer. The targeted region was

amplified by 50 amplicons (143–275 bp length); 20 ng of

genomic DNA (gDNA) was amplified to generate the

library using the Ion AmpliSeq Library Kit 2.0.

Nucleotide variants that matched COSMIC and were

detected in tumors but were absent in corresponding non-

tumor tissue were defined as somatic mutations.

Analysis of TERT promoter mutation

TERT promoter mutations were analyzed by direct

sequencing. The DNA samples were amplified by PCR

using the following pairs of primers encompassing the

mutational hotspots (chr5, 1,295,228 C[T and 1,295,250

C[T; hereafter termed C228T and C250T, respectively)

in the TERT promoter: PCR with primers A (forward): 50-
AGCACCTCGCGGTAGTGG-30 and primers B (reverse):

50-CACAGCCTAGGCCGATTC-30 produce an approxi-

mately 500 bp fragment and could then be sequenced with

primer A and using a nested primer C (reverse): 50-
GGGCTCCCAGTGGATTC-30 in the reverse direction.

Design of HBV oligonucleotide probes

To detect the junction point of HBV genome integration

into the host genome, 120-mer HBV oligonucleotide probes

were designed primarily within the conserved regions of

different HBV strains including genotypes Aa, Ae, Ba, Bj,

and C, which represent the most common strains found in

Table 1 Clinical characteristics of the patients included in the pre-

sent study

Characteristics Value

Patients, n 104

Gender, n (%)

Male 77 (74.0)

Female 27 (26.0)

Median age (range), year 70 (40–82)

Etiology, n (%)

HBV 28 (26.9)

HCV 50 (48.1)

Alcohol 12 (11.5)

Unknown 14 (13.5)

Tumor number, n (%)

1 77 (74.0)

C2 27 (26.0)

Median tumor size (range), cm 3.8 (1.3–35)

Non-tumor liver history, n (%)

Normal liver 9 (8.7)

Chronic hepatitis 45 (43.3)

Cirrhosis 50 (48.0)

Child–Pugh class, n (%)

A 95 (91.3)

B 9 (8.7)

Tumor marker

Median AFP (range), ng/ml 10 (0.5–44,432)

Median PIVKA-II (range), mAU/ml 103 (1–338,000)

Tumor stage, n (%)

I 9 (8.7)

II 46 (44.2)

III 26 (25.0)

IV 23 (22.1)

Tumor differentiation, n (%)

Well differentiated 33 (31.7)

Moderately differentiated 51 (49.0)

Poorly differentiated 20 (19.2)

Vascular invasion, n (%)

Microvascular 37 (35.6)

Macrovascular (large vessel) 11 (10.6)

AFP alpha fetoprotein
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Japan. Because we could not totally exclude the possibility

of previous exposure of rare genotype, we designed HBV

oligonucleotide probes including genotype Aa and Ae. A

consensus reference sequence for HBV of each genotype

was generated by aligning 41 HBV sequences obtained

from the National Center of Biotechnology Information

database. To ensure exhaustive coverage of HBV and enrich

for all HBV-related sequences whether intact or deleted, a

total of 15,545 oligonucleotide probes were designed to

span the entire HBV genome at 24 bp apart.

Library preparation and deep sequencing to detect

the HBV junction point

The quality of gDNA was assessed on a Nanodrop spec-

trophotometer (Thermo Fisher Scientific, Wilmington, DE,

USA), Qubit Fluorometer (Life Technologies), and 2200

TapeStation (Agilent Technologies). gDNA for HBV gen-

ome capture and sequencing was prepared using SureS-

electXT2 Target Enrichment System for Illumina

Multiplexed Sequencing (Agilent Technologies, Santa

Clara, CA, USA), according to the manufacturer’s instruc-

tions [protocol version D.3 (October 2014)]. Briefly, 100 ng

of gDNA was sheared on Covaris (Covaris, Woburn, MA,

USA) to a 150–200-bp target size. Sheared fragments were

ligated to Illumina’s adapters and were enriched by eight

cycles of amplification. A total of 1500 ng of amplified

libraries were incubated with Agilent’s custom capture oli-

gos for 24 h at 65 �C. Hybridized fragments were captured

with streptavidin-coated beads, eluted, and amplified by 14

cycles of PCR. Prepared libraries were pooled in batches of

16 and sequenced on a MiSeq (Illumina, San Diego, CA,

USA) instrument generating 300-bp paired-end reads.

Sanger sequencing of HBV–human junction

breakpoints

To verify HBV–human junction breakpoints detected by

above deep sequencing, Sanger sequencing of original

genomic DNA without enrichment was performed in the

randomly selected HBV integration breakpoints with low

junction reads and four representative breakpoints with

HBV-TERT junction breakpoint. Sequencing primers were

designed based on the paired-end reads, in which one pri-

mer was located in the human genome and the other in the

HBV genome.

Real-time detection of quantitative PCR analysis

for HBV integration breakpoints

To further verify the HBV integration into human genome,

copy numbers were measured in the original genomic DNA

using SteponePlus Real-Time PCR systems (Life

Technologies), and a QuantiTect SYBR Green PCR kit

(Qiagen). Copy numbers per cell were normalized to the

quantity of beta-2-microglobulin and porphobilinogen

deaminase, which have no pseudogenes. The sequences of

the primer sets are provided in Supplementary Table 5.

Bioinformatics

After we isolated the paired-end reads, which possibly

contained the signals of HBV integration, paired-end read

assembly was conducted to obtain reconstructed inserted

fragments and to detect HBV integration breakpoints. Low-

quality reads were first trimmed using Trimmomatic v0.32

to obtain clean reads for subsequent analysis. Both of the

paired-end reads were merged into single sequence using

ea-utils fastq-join 1.1.2–537. Merged sequences were

aligned to the reference genome (hg19 and HBV) using bwa

v0.7.10 (by the BWA-MEM algorithm). The resultant

alignment files (SAM format) were converted into BAM

format and sorted by chromosomal coordinates using

samtools v1.1. From that file, junction reads (i.e., soft-

clipped chimeric reads, a part of which was mapped on

hg19 and the rest on the HBV genome, indicating a possible

integration site) were extracted using custom Perl scripts.

After detecting the junction reads, RefSeq genes were

used as the reference database of the human genome. HBV

genotyping was performed according to the sequence of

junction reads in each sample.

Patient follow-up

After hepatectomy, the patients were examined for HCC

recurrence by abdominal ultrasonography, dynamic com-

puted tomography (CT), and/or magnetic resonance imaging

(MRI) every 3–6 months. Serum alanine aminotransferase

and alpha-fetoprotein (AFP) levels were measured every

1–6 months. Surveillance protocols were in accordance with

the standard of care in Japan. If HCC recurrence was sus-

pected on the basis of the screening examination, additional

procedures (e.g., dynamic CT, dynamic MRI, CT during

hepatic arteriography, CT during arterial portography, con-

trast-enhanced ultrasonography, and tumor biopsy) were

used to confirm the diagnosis. HCC diagnosis was confirmed

by needle biopsy, histology of surgically resected specimens,

or characteristic radiological findings. Follow-up was

between the date of hepatectomy and death or the last

medical attendance until October 2014. The mean follow-up

period was 34 months (range, 3–102 months).

Statistical analysis

The Chi-square and Fisher’s exact tests were used to

compare categorical variables between two groups. The
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Kruskal–Wallis test was used to analyze the differences

between different groups of discrete variables. Survival

analyses were performed using Kaplan–Meier’s method.

Univariate survival analysis was performed using log-rank

tests and the Cox’s proportional hazards model. Multi-

variate analyses were conducted using the Cox’s propor-

tional hazards model. As covariates in the multivariate

stepwise Cox model, the factors that reached statistical

significance in univariate survival analyses were included.

Results

Cancer-related mutations in HCC

The cancer-related mutations in the 54 genes were analyzed

using Ion Torrent PGM deep sequencing (Ion AmpliSeq

Cancer Panel v2 and Ion Ampliseq Custom Panel) in HCC

and surrounding non-HCC tissue with an average of 4414

and 2019 reads per amplicon, respectively. The extracted

variants with the list of altered genes, variant frequency, read

depth, and corresponding COSMIC IDs from the deep-se-

quencing data of each case are presented in Supplementary

Tables 1 and 2. Mutations in TP53, CTNNB1, AXIN1,

CDKN2A,PTEN,ARID1A,ARID2,HRAS,PIK3CA, STK11,

GNAS, andNFE2L2were found in 39 (37.5 %), 31 (29.8 %),

2 (1.9 %), 2 (1.9 %), 2 (1.9 %), 1 (1.0 %), 1 (1.0 %), 1

(1.0 %), 1 (1.0 %), 1 (1.0 %), 1 (1.0 %), and 1 (1.0 %) of the

total 104 HCCs, respectively (Fig. 1a; Table 2, and Sup-

plementary Fig. 1), and 62 (59.6 %) of 104 HCCs had

mutations either inCTNNB1 or inTP53. Eight (7.7 %) HCCs

had both CTNNB1 and TP53 gene mutations, although

mutations in these two genes have been reported as a

mutually exclusive event [4].

Direct sequencing indicated TERT promoter mutations

in 68 of 104 HCCs (65.4 %). Of these, 66 (97.0 %)

mutations were C228T, whereas two (3.0 %) mutations

were C250T. The two hot spot mutations, C250T and

C228T, were mutually exclusive, and 66 (97.0 %) were

found in C228T. It should be noted that no mutation was

detected in the surrounding non-HCC tissue. Ninety-three

(89.4 %) of HCC cases had either a mutation in TP53,

CTNNB1, and/or the TERT promoter.

Clinicopathological characteristics of HCC

according to mutation status

The clinicopathological characteristics according to muta-

tion status were shown in Table 3. TERT promoter muta-

tions were associated with older age (p = 0.005), HCV

infection (59 vs. 28 %; p = 0.003), absence of HBV

infection (13 vs. 53 %; p\ 0.0001), and high serum AFP

levels (p = 0.019). CTNNB1 mutations were associated

with absence of HBV infection (10 vs. 34 %; p = 0.010).

In contrast, mutations in TP53 were associated with HBV-

related HCC (49 vs. 14 %; p = 0.0001) and absence of

HCV infection (28 vs. 60 %; p = 0.002). Tumor size,

tumor number, vascular invasion, and tumor differentiation

were not associated with any gene mutations.

Association between HCC gene mutations

and disease-free survival or overall survival

Disease-free survival (DFS) and overall survival (OS) were

assessed in 82 patients with hepatectomy as an initial cura-

tive therapy for primary HCC. During follow-up, there were

a total of 49 recurrences for a median DFS of 18.8 months. A

total of 26 of 82 (31.7 %) patients died, with a mean OS of

67.8 months with a 5-year OS rate of 59.3 % determined by

Kaplan–Meier’s analysis. Presence of TERT promoter

mutations was significantly associated with shorter DFS

(median DFS: 16.0 months vs. not reached; p = 0.005) and

poor OS (median OS: 60.9 months vs. not reached;

p = 0.024) (Fig. 2; Tables 4, 5). Even in patients with HCV

infection, the presence of TERT promoter mutations was also

significantly associated with shorter DFS (median DFS:

12.3 months vs. not reached, p = 0.026) (Supplementary

Fig. 2). A trend toward prolonged DFS (median DFS: 18.8

vs. 16.9 months, p = 0.061) was observed in patients who

were all negative for TERT, TP53, and CTNNB1 but did not

reach statistical significance because of limited power. There

was no significant difference between the presence and

absence of mutations in TP53 (median DFS: 24.5 vs.

16.9 months; p = 0.974, median OS: 61.7 vs. 81.3 months;

p = 0.487) and CTNNB1 (median DFS; 15.1 vs.

18.8 months; p = 0.683, median OS; 81.3 vs. 60.9 months;

p = 0.153) in DFS or OS (Fig. 2).

Univariate analysis for DFS identified older age

(p = 0.025), tumor number (p = 0.002), vascular invasion

(p = 0.001), serum levels of PIVKA-II (p = 0.016), and

presence or absence of TERT promoter mutations

(p = 0.005) as significant predictors. Stepwise multivariate

analysis demonstrated that TERT promoter mutations, older

age, multiple HCC, and vascular invasion were indepen-

dently associated with shorter DFS (Table 4).

By univariate analysis, age (p = 0.027), PIVKA-II

(p = 0.022), and TERT promoter mutations (p = 0.024)

were significantly associated with OS. By stepwise multi-

variate analysis, PIVKA-II (p = 0.046) and TERT pro-

moter mutations (p = 0.024) were identified as

independent factors associated with poor OS (Table 5).

Breakpoints of HBV integration

Because TERT promoter mutations were significantly asso-

ciated with absence of HBV infection, we further
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Fig. 1 Overview of somatic mutations in 104 hepatocellular carci-

nomas (HCCs) and hepatitis B virus (HBV) breakpoints distribution

in hepatitis B surface antigen (HBs Ag)-positive HCCs (n = 28) and

HBsAg-negative/antibody to hepatitis B core antigen (anti-HBc)-

positive and/or antibody to hepatitis B surface antigen (anti-HBs)-

positive HCCs (n = 21). a Individual mutations are depicted and

color coded by type of mutation. The major clinical features for each

tumor are shown with purple boxes. b Number of integration

breakpoints at different sites in the HBV genome. c HBV integration

breakpoints at a locus in the human genome (hg19) in HBsAg-

positive HCCs. Each bar represents the number of HBV integration

breakpoints. d Overview of HBV integration, telomerase reverse

transcriptase (TERT) promoter mutations, CTNNB1, and TP53

mutations in HBsAg-positive HCC. HBV genome integration into

the TERT locus and TERT promoter mutations are mutual exclusive.

One patient whose gDNA library was not available is shown with a

grey box. e Correlation between the number of HBV integrants and

age in HBsAg-positive patients with HCC. f Overview of HBV

integration, TERT promoter mutations, CTNNB1, and TP53 mutations

in HBsAg-negative/anti-HBc-positive and/or anti-HBs-positive HCC
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investigated HBV integration in a subgroup of all 49 patients

with chronic persistent or prior HBV infection: 28 HBsAg-

positive patients and 21 HBsAg-negative and antibody to

hepatitis B core antigen (anti-HBc)-positive and/or antibody

to hepatitis B surface antigen (anti-HBs)-positive patients.

Using paired-end reads mapped to the HBV viral and human

genomes, respectively, we obtained an average of 1150 reads

supporting HBV integration breakpoints for each sample. In

patients HBsAg-positive, a total of 78 HBV integration

breakpoints were detected in 25/27 (92.6 %) patients,

whereas no HBV integration was observed in two patients.

The average integration site in HCC tissues was 2.93 ± 2.5

(mean ± SD) (Supplementary Tables 3, 4). The majority of

the patients were integrated with HBV of genotype C

(n = 24 patients), whereas one patient was infected with

HBV of genotype Bj (Supplementary Table 4).

In patients with prior HBV infection, 16 HBV integra-

tion breakpoints were detected only in 3/21 (14.3 %)

Table 2 Mutated genes in 104 HCCs

Gene Total number No. of patients No. of sites Non-silent mutations Synonymous mutations SNP INDEL

TERT 68 68 2 0 68 68

TP53 45 39 30 42 3 45

CTNNB1 32 31 7 32 0 32

AXIN1 3 2 3 1 2 2 1

CDKN2A 2 2 1 2 0 2

PTEN 2 2 2 1 1 1 1

ARID1A 1 1 1 1 0 1

ARID2 1 1 1 0 1 1

HRAS 1 1 1 1 0 1

STK11 1 1 1 0 1 1

PIK3CA 1 1 1 1 0 1

GNAS 1 1 1 1 0 1

NFE2L2 1 1 1 1 0 1

SNP single-nucleotide polymorphism, INDEL insertion-deletion

Fig. 1 continued
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patients, and all of three patients were negative for anti-

body to hepatitis C virus (anti-HCV). All patients were

integrated with HBV genotype C (n = 3 patients).

Characteristics of HBV integration breakpoints

To investigate the distribution pattern of integration sites in

the human genome, we examined the HBV integration

breakpoints in 94 nonrepetitive integration sites including

95 in human genome and 120 different loci in the HBV

genome. In HBsAg-positive patients, 21 of 78 (37.2 %)

sites were located in gene-coding regions (including exons

and introns). Within the HBV genome, 34 of 78 (43.6 %)

were observed in a 550 bp region from 1300 to 1850 bp,

where the HBx gene and the initiation site of viral repli-

cation and transcription are located [14–16] (Fig. 1b). HBV

integration was frequently found in particular genes

including TERT (n = 9), KMT2B (MLL4; n = 2), and

MYO7A (n = 2) (Fig. 1c). Seven (77.8 %) of TERT locus

breakpoints were paired with HBx gene, all at the 30-end of

HBx gene. Eight of TERT locus breakpoints were found to

reside-55 and 2214 upstream of TERT TSS, whereas 1

TERT locus was located in an intron. HBV genome inte-

gration in the TERT locus was mutually exclusive with

TERT promoter mutation in HBsAg-positive samples

(Fig. 1d). We also examined the association between

clinical parameters and the number of HBV integrations

per tumor. The HBV integration number was significantly

associated with HCC at younger age (Spearman’s rank

order correlation, rs = -0.5342, p\ 0.01) (Fig. 1e).

In 21 patients with prior HBV infection, a total of 16

integration sites were detected. Eight of 16 (50.0 %) sites

were located in gene-coding regions (including exons and

introns). Breakpoints were randomly distributed through

the HBV genome, and only two of 16 (12.5 %) were found

in the HBx gene (Fig. 1b). In one patient, the HBV genome

was integrated into the TERT gene, which event was also

mutually exclusive with TERT promoter mutation (Fig. 1f).

Confirmation of HBV integration into human

genome

Integration of HBV into the human genome was confirmed

by Sanger sequence in original genomic DNA in ten HBV

integration breakpoints with low junction reads and four

representative breakpoints with HBV-TERT junction

(Supplementary Fig. 3). Copy numbers of HBV-human

chimeric DNA were successfully quantified in three of four

representative patients with HBV integration breakpoints

in TERT locus. As a result, percentages of threshold cycles

of HBV-TERT chimeric DNA normalized by control genes

were 26.9–56.7 %. Since HBV integration into human host

chromosomes usually occurs in one allele, these resultsT
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Fig. 2 a, b Disease-free survival (DFS) curves and overall survival

(OS) curves according to telomerase reverse transcriptase promoter

mutation status evaluated by Kaplan–Meier method. c, d DFS and OS

curves according to TP53 mutation status evaluated by Kaplan–Meier

method. e, f DFS and OS curves according to CTNNB1 mutation

status evaluated by Kaplan–Meier method. The number of patients at

risk at each time point is shown below the graphs
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Table 4 Predictors of disease-free survival

Median DFS (months; 95 % CI) Univariate analysis Multivariate analysis

HR (95 % CI) p value HR (95 % CI) p value

TERT

Non-mutated Not reached 1

Mutated 16.0 (11.5–20.6) 0.33 (0.15–0.71) 0.005 0.46 (0.21–0.99) 0.049

TP53

Non-mutated 16.9 (12.3–21.5) 1

Mutated 24.5 (16.0–32.9) 1.00 (0.55–1.85) 0.97

CTNNB1

Non-mutated 18.8 (8.3–29.4) 1

Mutated 15.1 (4.3–25.8) 0.88 (0.49–1.56) 0.68

Gender

Female 21.2 (13.0–29.3) 1

Male 18.8 (12.6–25.1) 0.94 (0.46–1.94) 0.85

Age 1.04 (1.00–1.07) 0.025 1.04 (1.00–1.07) 0.029

Tumor number

Single 25.5 (15.1–35.8) 1

Multiple 9.1 (5.3–12.8) 0.37 (0.20–0.70) 0.002 0.66 (0.47–0.93) 0.017

Tumor size 1.03 (0.98–1.07) 0.26

HBV

Negative 16.4 (11.9–20.9) 1

Positive 25.9 (0.0–53.0) 1.81 (0.81–4.05) 0.15

HCV

Negative 25.9 (13.6–38.2) 1

Positive 15.1 (10.7–19.4) 0.70 (0.39–1.23) 0.21

Tumor differentiation

Well 35.2 (10.5–59.9) 1

Moderately 17.7 (12.4–22.9) 1.59 (0.773.29) 0.21

Poorly 12.4 (4.6–20.1) 2.31 (0.98–5.45) 0.057

Vascular invasion

Negative 44.6 (7.4–81.8) 1

Positive 12.4 (6.6–18.2) 0.36 (0.20–0.64) 0.001 0.68 (0.50–0.93) 0.014

Non-tumor liver

Normal liver 14.6 (4.6–24.7) 1

Chronic hepatitis 25.4 (10.6–40.3) 0.90 (0.34–2.39) 0.84

Cirrhosis 18.8 (15.4–22.3) 0.96 (0.36–2.55) 0.93

Stage

I 44.6 (0.0–98.2) 3.33 (0.75–14.28) 0.11

II 35.2 (0.0–72.1) 3.44 (1.67–7.14) 0.001

III 16.0 (10.0–22.0) 1.51 (0.74–3.03) 0.25

IV 7.4 (4.7–10.0) 1

AFP 1.01 (1.00–1.00) 0.96

PIVKA-II 1.00 (1.00–1.00) 0.016 0.28

HR hazard ratio by Cox’s proportional hazards model
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suggest copy numbers of HBV-TERT chimeric DNAs are

approximately one copy per cell. Taken together, HBV

integration into the TERT locus detected by deep

sequencing is unlikely to be an artificial one.

Discussion

In the present study, we comprehensively analyzed the

mutation status in 104 paired HCC and non-HCC tissue

using next-generation sequencing. We identified the

mutation frequency of TP53 (38 %), CTNNB1 (35 %),

AXIN1 (2 %), PTEN (2 %), CDKN2A (2 %), and TERT

promoter mutation (65 %). TERT, TP53, and CTNNB1

were the most frequently altered genes and almost 90 % of

104 HCCs had mutations in the TERT promoter, TP53, or

CTNNB1.

We also found that these genes were closely associated

with the etiology of HCC. Consistent with recent studies

[8, 17], we further confirmed the following associations:

TERT promoter mutations were associated with the pres-

ence of HCV infection and absence of HBV infection;

TP53 mutations were associated with HBV infections and

absence of HCV infection; and CTNNB1 mutations were

associated with absence of HBV infection. These results

suggest that genomic features and the underlying pathway

responsible for hepatocarcinogenesis, which may influence

the treatment strategy, were substantially different between

HBV-related and HCV-related HCC. Moreover, we

demonstrated for the first time that the TERT promoter

mutation itself is closely associated with a poor prognosis

in both DFS and OS, which was independent from tumor

characteristics such as tumor differentiation and vascular

invasion. Because most HCC recurrence observed was

estimated as a multicentric occurrence and no TERT pro-

moter mutations were found in the corresponding non-HCC

tissue, patients with some status of the background liver, in

which new TERT mutations tend to easily occur, may cause

earlier de novo HCC recurrence. Because TERT mutations

are thought to be an early event in hepatocarcinogenesis

[18], such status of the background liver may responsible

for poor prognosis. Although further investigation is nee-

ded to prove this hypothesis, our data, which addresses the

association between gene mutation and prognosis, are

useful in making a decision for postoperative surveillance

strategies or the timing of liver transplantation in individual

patients.

We also found that HCC with TERT promoter mutations

were closely associated with older age. Because chronic

HBV infection is mostly caused by vertical or horizontal

transmission during infancy in Japan, the average age of

patients with HBV-related HCC is lower than that in

patients with HCV-related HCC [19–22], which is one of

the possible reasons for the association of TERT promoter

mutations with older age. However, because the poor

prognosis of HCC with TERT promoter mutations was also

found even in HCV-related HCC, and our multivariate

analysis demonstrated that TERT promoter mutation was

identified as an independent factor that was associated with

poor prognosis, it is unlikely that poor prognosis related to

TERT promoter mutation was a surrogate of age or etiology

of HCC.

We investigated HBV integration using paired-end deep

sequencing to address whether the lower rate of TERT

promoter mutation in HBV-related HCC could be

explained by the preference of HBV integration in the

TERT promoter region, which was known to induce tran-

scriptional activation of TERT [15, 23]. We found HBV

integration in 92.6 % (25 of 27) of the HBsAg-positive

patients, and 47 % (eight of 19) of them without TERT

promoter mutations were found in the TERT locus. Inter-

estingly, HBV genome integrations in the TERT locus were

mutually exclusive with TERT promoter mutations. Either

hotspot TERT promoter mutations or viral integration

occurs in more than 64 % of the HBsAg-positive patients,

suggesting TERT as an important role of hepatocarcino-

genesis. We also characterized the integrated HBV genome

in patients with HCC. The preferential site within the HBV

genome that integrates into the human genome was found

to reside around 1300–1850 bp, where the viral enhancer,

X gene, and core gene are located. In addition, we dis-

closed the frequent integration at the 30 end of HBx in the

TERT gene and TERT locus breakpoints located in pro-

moter were found to reside -55 and 2214 upstream of the

TERT TSS. Because the expression of the TERT gene

correlates with the distance of integration sites from the

TSS and only when the site of integration is at the 30 end of

HBx are chimeric transcripts observed [24], HBx integra-

tion to the TERT locus is likely responsible for hepato-

carcinogenesis in patients with HCC without TERT

promoter mutations. Moreover, because we also found that

the number of HBV integrants was associated with younger

age, it is likely that the number of integrations may have a

role in early events in hepatocarcinogenesis.

In contrast, HBV integration was detected in only three

of 21 (14.3 %) patients with prior HBV infection (HBsAg-

negative and anti-HBc- and/or anti-HBs-positive patients),

and only one breakpoint was located in TERT gene.

Although a contribution of HBV infection to the develop-

ment of HCC is likely in this particular patient, lower rate

of HBV integration events and the different integration

pattern on the HBV genome in patients with prior HBV

infection suggests that mechanism responsible for hepato-

carcinogenesis could be different between patients with

chronic HBV infection and prior infection. Because TERT

promoter mutation was found in 71 % (15/21) of the
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patients with prior HBV infection, the mechanism for the

development of HCC in patients with prior HBV infection

could be similar to that in patients without any evidence for

HBV infection.

This study has a limitation. As presented in Supple-

mentary Tables 1 and 2, 52 mutations were found in genes

such as TP53, PTEN, and APC in both of HCC and non-

HCC tissue using COSMIC as a reference. Hence, these

Table 5 Predictors of overall survival

Median OS (months; 95 % CI) Univariate analysis Multivariate analysis

HR (95 % CI) p value HR (95 % CI) p value

TERT

Non-mutated Not reached 1

Mutated 60.9 (44.2–77.5) 0.50 (0.27–0.91) 0.024 0.25 (0.07–0.83) 0.024

TP53

Non-mutated 81.3 (41.9–120.8) 1

Mutated 61.7 (39.6–83.9) 0.87 (0.58–1.30) 0.49

CTNNB1

Non-mutated 60.9 (45.2–76.5) 1

Mutated 81.3 (55.2–107.5) 1.37 (0.88–2.13) 0.15

Gender

Female Not reached 1

Male 81.3 (52.4–110.2) 1.36 (0.87–2.11) 0.17

Age 1.06 (1.01–1.11) 0.027 0.074

Tumor number

Single 81.3 (53.3–109.4) 1

Multiple 81.3 (51.8–110.9) 0.75 (0.48–1.16) 0.19

Tumor size 1.03 (0.96–1.10) 0.44

HBV

Negative 63.1 (48.5–77.8) 1

Positive Not reached 1.14 (0.67–1.96) 0.63

HCV

Negative Not reached 1

Positive 63.1 (35.6–90.7) 0.84 (0.56–1.25) 0.39

Tumor differentiation

Well 81.3 (30.5–132.1) 1

Moderately 63.1 (20.5–105.8) 1.07 (0.61–1.87) 0.81

Poorly 60.9 (41.1–80.7) 1.16 (0.58–2.31) 0.68

Vascular invasion

Negative 81.3 (54.3–108.4) 1

Positive Not reached 0.75 (0.34–1.68) 0.49

Non-tumor liver

Normal liver Not reached 1

Chronic hepatitis Not reached 0.61 (0.13–2.84) 0.53

Cirrhosis 61.7 (37.2–86.2) 1.01 (0.23–4.53) 0.98

Stage

I Not reached N/A 0.98

II 63.1 (49.8–76.4) 2.00 (0.79–5.00) 0.14

III Not reached 3.33 (1.05–10.00) 0.04

IV 47.0 (25.3–68.8) 1

AFP 1.00 (1.00–1.00) 0.52

PIVKA-II 1.00 (1.00–1.00) 0.022 1.00 (1.00–1.00) 0.046

HR hazard ratio by Cox’s proportional hazards model, N/A not available due to no censor deaths
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mutations could be associated with hepatocarcinogenesis at

an early stage of HCC, and may underestimate the influ-

ence of existing important mutations, because buffy coat

was not used as a reference. However, as most gene

mutations in both of HCC and non-HCC tissue were

common among patients and variant frequencies of these

gene mutations were often multiples of ‘‘25’’ or ‘‘33’’,

these could be single-nucleotide polymorphisms in

Japanese.

In conclusion, gene alterations in TERT promoter, TP53,

and CTNNB1 are closely associated with HCC develop-

ment, and mutations in TERT promoter are related to poor

prognosis. TERT promoter mutations and HBV integration

into TERT locus are independently associated with hepa-

tocarcinogenesis in HBsAg-positive patients. The present

results provide useful information for understanding the

mechanism of hepatocarcinogenesis and have potentially

important clinical implications that may influence diag-

nostic decisions and treatment strategies in individual

patients.
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