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Abstract 

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the second leading cause of 
cancer-related mortality because of its poor prognosis. Therefore, identifying targetable genetic 
mutations and mutational signatures associated with prognosis and treatment strategies are needed. 
Ultra-deep sequencing of 409 cancer genes using formalin-fixed paraffin-embedded tissue from 33 
male patients with hepatitis B virus-associated HCC was performed to identify mutational 
signatures associated with the prognosis of HCC. A total of 47 genes were found to be mutated in 
more than 10% of patients. Chromatin remodeling genes were overrepresented in the mutation 
profile. We found patient survival was associated with mutations in NOTCH1 and the nucleotide 
excision repair genes which have not been described previously in HCC. From the mutation profile, 
six patients were eligible for Sorafenib treatment. Among the remaining patients, 7 patients had 
mutations in genes that are targets for other cancer drugs and 16 patients had mutations in 
potentially targetable genes. Only one patient carried no potential drug target. We identified 
mutational signatures associated with the patient survival of HCC. The findings may facilitate 
identifying subgroups of patients with a poor prognosis as well as potential drug targets for use in 
personalized strategies for HCC treatment. 

Key words: hepatocellular carcinoma, hepatitis B virus, mutation, prognosis, high-throughput nucleotide 
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Introduction 
Hepatocellular carcinoma (HCC) is the fifth most 

common cancer and the second leading cause of 
cancer-related mortality [1]. Chemotherapy and 
radiotherapy are ineffective treatments for HCC. 
Surgical procedures offer the most effective means to 
cure HCC; however, most patients who receive a 

diagnosis of HCC are ineligible for surgery [2]. For 
targeted therapy, Sorafenib, a multi target 
tyrosine-kinase receptor inhibitor, is the only 
FDA-approved first-line drug for HCC treatment [3]. 
Therefore, new markers for prognosis and treatment 
strategies are urgently needed. 
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Hepatitis B virus (HBV) infection is the 
predominant risk factor in Asian countries, excluding 
Japan; 63%–77% of all HCC patients have HBV 
infection [4]. Chronic HBV infection may progress to 
cirrhosis and genetic alteration, leading to HCC. 
HBV-associated HCC has a higher rate of 
chromosomal alteration, which is caused by hepatitis 
B x (HBx) protein expression, genome integration and 
subsequent hepatitis-induced DNA damage [5]. 
Compared with tumors associated with other risk 
factors, HBV-associated HCC has a higher rate of 
chromosomal abnormalities, such as a higher 
frequency of TP53 mutation; lower frequencies of 
CTNNB1 and TERT promoter mutations; 
amplification of CCND1, FGF19, and TERT; and HBV 
integrations in TERT, KMT2B and KMT2D [6-12]. 
Several studies have described the mutational 
landscape of HBV-associated HCC [8, 11-14]. 
Mutations of TP53 are the most prominent 
characteristics of HBV-associated HCC; these 
mutations occur in 27%–40% of cases [8, 12, 14-16]. 
The major mutation sites include the WNT/β-catenin 
pathway genes (CTNNB1[11%–16%] [8, 12, 15-17], 

AXIN1[8%–17%] [8, 12, 16], and APC[1%–3%] [8, 12]), 
SWI/SNF chromosome remodeling complex genes 
(ARID1A[7%–13%] [8, 12, 14, 16] and ARID2[2%–6%] 
[8, 12, 15, 16]), and histone methyl transferases 
(KMT2A[4%], KMT2C[8%], and KMT2D[5%] [8]). 
However, only a few somatic mutations associated 
with prognosis have been reported. TP53 mutation 
has been found to be associated with poor prognosis 
in patients with HBV-associated HCC [18]. RB1 
mutation was also found to be associated with the 
survival of patients with HCC [8]. Further research is 
still required to discover more markers associated 
with the prognosis of HCC. 

Although the exome sequencing and 
whole-genome sequencing approach can provide a 
complete mutational landscape, the detection 
sensitivity might be limited by the low sequencing 
depth of those approaches. The ultra-deep targeted 
sequencing of candidate genes has been shown to 
provide greater detection sensitivity for mutated 
genes. The use of formalin-fixed paraffin-embedded 
(FFPE) samples with deep sequencing of target genes 
provides a dependable method for identifying 
potential druggable targets for patients who are 
ineligible for surgery. Because Sorafenib is the only 
approved drug for HCC systemic therapy, identifying 
additional targetable genes for future targeted 
therapy would be useful. In this study, we explored 
the relationship between the mutations of 409 known 
cancer genes and the clinicopathological 
characteristics of HCC through ultra-deep sequencing 

FFPE tissues from 33 male patients with 
HBV-associated HCC. We identified previously 
unknown prognosis-related gene and pathway. The 
mutation profile of each patient was used to predict 
potentially druggable targets that might be applicable 
in personalized HCC treatment. 

Materials and Methods 
Patients and tissue samples 

We retrospectively analyzed tumor samples 
from 33 male patients with HBV-associated HCC, 
who received surgical resection and treatment at 
Chang Gung Memorial Hospital between 2006 and 
2008. The patients had not been previously treated 
and had no proven metastatic disease at the time of 
diagnosis. The study protocol was approved by the 
Institutional Review Broad of Chang Gung Memorial 
Hospital (CGMH 99-3817B and 100-3409C). FFPE 
tumor specimens were obtained from the Tissue Bank, 
Chang Gung Memorial Hospital, Linkou. Signed 
consent for research use of resected tissue was 
obtained from each patient before tissue collection. 
All samples used for DNA extraction must contained 
a minimum of 15% DNA derived from tumor cells. 
For each tumor, one roll of a 10-µm FFPE section was 
used for genomic DNA extraction and library 
preparation.  

Sequencing and mutation detection 
Eighty nanograms of genomic DNA was 

amplified using four pools of 15,992 primer pairs (Ion 
AmpliSeq Comprehensive Cancer Panel, Life 
Technologies) to target all coding exons of 409 most 
frequently mutated cancer related genes selected from 
Wellcome Trust Sanger Institute Cancer Gene Census. 
Sequencing was performed using an Ion Proton 
sequencer equipped with an Ion PI chip (Life 
Technologies) following the manufacturer’s protocol. 
Raw reads generated by the sequencer were mapped 
to the hg19 reference genome. In this study, only 
tumor tissues were analyzed without comparing to 
paired non-tumor tissue. The data was filtered using 
dbSNP and 1000 genome project data to remove 
possible germline mutations. Variant Effect Predictor 
(v.74) was used to annotate every variant. Variant 
coverage lower than 25 or variant frequencies lower 
than 5% were excluded from the subsequent analysis. 
Druggable genes were selected by searching 
drug–gene interactions in the Drug Gene Interaction 
Database (DGIdb, http://dgidb.genome.wustl.edu/) 
[19]. Mutator phenotype were defined as 1) >1,000 
mutations per tumor, 2) a higher number of frameshift 
mutations, and 3) mutations in DNA mismatch repair 
genes according to the feature of cancer mutator [20] 
and microsatellite instability (MSI) phenotype [21]. 
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The Cancer Genome Atlas data  
The Cancer Genome Atlas Liver Hepatocellular 

Carcinoma (TCGA-LIHC) data were downloaded 
from cBioPortal [22, 23]. HCC mutation data of 75 
HBV-positive Asian patients and their survival data 
were obtained from TCGA-LIHC for statistical 
analysis.  

Statistical analysis 
Only non-synonymous mutations identified 

were included for statistical analysis. Samples 
classified as unknown for any variable were excluded. 
Overall survival was determined using the 
Kaplan–Meier method, and the survival curves were 
compared using the log-rank test. Independent 
variables were first analyzed by univariate methods. 
A multivariate analysis of different clinical 
pathological variables was performed using the Cox 
proportional hazard model. The primary endpoint, 
overall survival, was defined as the period in months 
from the date of surgery to the date of death from any 
causes or the date of the last follow-up. The hazard 
ratio (HR) along with 95% confidence interval (CI), 
were assessed for each factor. All tests were two-sided 
and p < 0.05 was considered statistically significant. 
Statistical analyses were performed using IBM SPSS 
Statistics version 1.0.0.355 (IBM Corp.) and GraphPad 
Prism 6.07 statistical software (GraphPad Software, 
Inc.). 

Results 
Clinical characteristics of HCC specimens 

In this study, we included 33 patients with 
histology proven HCC who received tumor resection 
between 2006 and 2008. Complete clinical data for all 
33 tumor samples are listed in Table 1. All patients 
were Han Chinese males with chronic HBV infection. 
The median follow-up of participants was 97.0 
months (range 13.5–120.6). 

Spectrum of mutations in mutator phenotype 
In the 33 HBV-positive HCC cases, we searched 

for mutations by deep sequencing of all coding exons 
of 409 cancer-related genes (Supplementary Table S1). 
In total, we discovered 14,957 polymorphisms and 
19,869 mutations with an average depth of 820.35 time 
per locus in total samples (Supplementary Table S2). 
Of the 33 samples, three were classified as mutator 
phenotype because they exhibited higher mutation 
counts (>1,000 mutations per tumor) (Supplementary 
Figure S1), a higher number of frameshift mutations 
(Supplementary Figure S2), and mutations in DNA 
mismatch repair genes (Supplementary Figure S3A) 
than the other samples did. Although it is not 

statistically significant, patients with the mutator 
phenotype had better prognosis than the 
non-mutators (Table 1 and Figure 1). Mutator cases 
were excluded from further mutation analysis 
because of their distinctive mutation patterns. Among 
the 30 patients with the non-mutator phenotype, we 
found a total of 579 nonsynonymous mutations with 
an average depth of 895.69 and an average variant 
frequency of 21.78%. On average, 16.17 nonsynony-
mous mutated genes were found in each non-mutator 
patient (Supplementary Table S2) and most of them 
(78%, 452/579) was deleterious or COSMID mutations 
(Supplementary Table S3).  

Mutation profile of HBV-associated HCC from 
TCGA 

The gene mutation profiles of 75 HBV-positive 
Asian patients were obtained from TCGA-LIHC 
dataset. There are no mutator phenotype patients in 
TCGA dataset. Among 175 genes with 
nonsynonymous mutations, only TP53 (26/75, 35%) 
and CYP2C19 (20/75, 27%) had nonsynonymous 
mutations greater than 10% in total series. There were 
no significant associations were found between 
mutations and overall survival in the TCGA series. 

 

Table 1. Clinical characteristics of patients included in the 
present study 

Characteristics Mutator Non-mutator Total 
Patients  3 30 33 
Age at surgery (Median, Range ) 53 (49-81) 55 (28-79) 54 (28-81) 
  <50 years 1 (33%) 9 (30%) 10 (30%) 
  >=50 years 2 (67%) 21 (70%) 23 (70%) 
Tumor size (Median, Range) 4.8 (1.1-5.0) 3.5 (1.6-13.0) 3.5 (1.1-13.0) 
  <5cm 2 (67%) 21 (70%) 23 (70%) 
  >=5cm 1 (33%) 9 (30%) 10 (30%) 
Vascular invasion    
  Yes 0 (0%) 8 (27%) 8 (24%) 
  No 3 (100%) 22(73%) 25 (76%) 
AFP level (Median, Range) 3.6 (3-118) 7.5 (2-10000) 7(2-10000) 
  <10 2 (67%) 16 (53%) 18 (55%) 
  >=10 1 (33%) 14 (47%) 15 (45%) 
Cirrhosis    
  Yes 1 (33%) 13 (43%) 14 (42%) 
  No 2 (67%) 17 (57%) 19 (58%) 
Edmondson-Steiner grade    
  1, 2 3 (100%) 14 (47%) 17 (52%) 
  3, 4 0 (0%) 16 (53%) 16 (48%) 
UICC Stage    
  I 3 (100%) 22 (73%) 25 (76%) 
  II, III 0 (0%) 8 (27%) 8 (24%) 
Tumor number    
  Single 3 (100%) 28 (93%) 31 (94%) 
  Multiple 0 (0%) 2 (7%) 2 (6%) 
Metastasis    
  Yes 1 (33%) 4 (13%) 5 (15%) 
  No 2 (67%) 26(87%) 28 (85%) 
Recurrence    
  Yes 0 (0%) 4 (13%) 4 (12%) 
  No 3 (100%) 26 (87%) 29 (88%) 
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Figure 1. Recurrent mutations discovered in patients with HBV-associated HCC. Individual mutations in patient samples, color-coded according to the type of 
mutation. If more than one mutation types were detected in the one gene from the same patient sample, the mutation type will be described as “multiple mutation types”. 
Mortality, meta+recurrent, cirrhosis and AFP > 10ng/mL are represented in dark purple. UICC stages I, II, and III are represented using light, medium, and dark purple. For 
Edmondson-Steiner grade 1, 2, 3, and 4 are represented using light purple, medium purple, dark purple, and black, respectively. Numbers (#) and percentages (%) represent the 
fraction of 30 non-mutator tumors with at least 10% mutation in the specified gene. Mutation percentages of 75 Asian patients with HBV-associated HCC from the TCGA-LIHC 
dataset are also listed. 

 

Mutated genes in the HCC cohort 
Mutation screening in the rest of 30 non- 

mutators revealed 47 genes with nonsynonymous 
mutations in more than 10% of the patients with HCC 
(Figure 1). The mutation rates were higher than those 
reported in previous studies and the TCGA data of 
HBV-associated HCC in the Asian population.  

The most frequently mutated gene observed in 
this study was the well-known tumor suppressor 
gene TP53 (47%; Figure 1). TP53 mutations have been 
linked to HBV-associated HCC [24]. Among the 16 
nonsynonymous TP53 mutations identified in 14 
patients of this study, only one aflatoxin B 
exposure-related R249W mutation was found. The 
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lower mutation rate of CTNNB1 (17%) in this study is 
consistent with the fact that this gene is less frequently 
mutated in HBV-associated HCC [17]. 

In addition to known HCC mutations, mutations 
in several histone modification genes, particularly 
histone lysine methyltransferases that target histone 
H3 to activate gene expression were discovered. Four 
histone lysine methyltransferases, namely SETD2, 
KMT2D, KMT2C, and KMT2A, were respectively 
ranked as the second (27%), fourth (27%), fifth (23%), 
and tenth (20%) most frequently mutated genes in this 
study (Figure 1). In total, 20 of the 30 patients (67%) 
carried at least one of these mutations. NOTCH1 
mutations were found in 4 patients (13%). Other 
major mutation sites include the SWI/SNF 
chromosome remodeling complex genes (ARID1A: 
6/30, 20%), ARID2 (5/30, 17%) and APC (3/30, 10%) 
are common mutation genes in this study. 

Mutations associated with patient survival in 
the HCC  

Kaplan–Meier analysis indicated that mutations 
in NOTCH1 were associated with significantly shorter 
overall survival (log-rank test; P = 0.0003) (Figure 2A). 
Cases with mutations in nucleotide excision repair 

genes had poor overall survival (log-rank test; P 
=0.0024) (Figure 2B). However, both associations did 
not remain significant after multiple testing 
corrections (P < 0.00023 for 205 mutated genes and 10 
pathways tested). The larger tumor size as well as 
mutations in NOTCH1 and nucleotide excision repair 
genes were also significantly associated with short 
survival period using univariate analysis (Table 2). In 
multivariate analysis, the NOTCH1 and nucleotide 
excision repair genes mutations were also 
independently associated with an increased risk of 
mortality (Table 2).  

Mutations in potential targetable genes 
For the only FDA-approved HCC target-therapy 

drug, Sorafenib, 6 of the 30 patients carried its 
potential target genes (KIT, PDGFRA, and PDGFRB). 
Among the remaining 24 patients, 7 of them had 
potential target genes of FDA-approved drugs for 
cancers other than HCC, and 16 of them had potential 
targetable genes, which were obtained by searching 
Drug–Gene Interaction Database (DGIdb). On 
average, 7.24 targetable genes were found in 29 of the 
30 patients (Table 3). 

 

 
Figure 2. Overall survival associated with gene or pathway mutations. (A) NOTCH1 mutations are significantly associated with reduced overall survival. (B) mutations 
in nucleotide excision repair genes are significantly associated with reduced overall survival. 

 

Table 2. Univariate and multivariate analysis for the selected mutations and clinical features of HCC 

 Univariate analysis  Multivariate analysis 
     NOTCH1  Nucleotide excision repair 
 HR 95% CI P-valuea  HR 95% CI P-valueb  HR 95% CI P-valueb 
NOTCH1 8.20 (2.11 - 31.74) 0.002  12.3 (1.27 - 113.22) 0.030      
            
Nucleotide excision repair 6.00 (1.60 - 22.54) 0.008      11.10 (1.40 - 88.17) 0.023  
            
Age  1.04 (0.99 - 1.10) 0.151  1.07 (0.99 - 1.15) 0.066  1.11 (1.02 - 1.21) 0.014  
Tumor size 3.79 (1.01 - 14.22) 0.049  4.95 (0.67 - 36.78) 0.118  11.42 (1.23 - 106.34) 0.032  
Cirrhosis 3.17 (0.79 - 12.74) 0.105  1.08 (0.11 - 11.03) 0.943  4.38 (0.53 - 36.47) 0.172  
AFP 0.97 (0.26 - 3.62) 0.965  1.23 (0.16 - 9.64) 0.843  3.13 (0.35 - 28.34) 0.311  
UICC Stage 1.67 (0.42 - 6.70) 0.469  4.48 (0.02 - 971.49) 0.585  1.52 (0.00 - 7669.56) 0.924  
E-S stage 0.74 (0.20 - 2.76) 0.657  0.65 (0.05 - 8.07) 0.738  2.65 (0.15 - 47.60) 0.509  
Vascular invasion 1.67 (0.42 - 6.70) 0.469  1.19 (0.00 - 340.44) 0.951  0.20 (0.00 - 1271.86) 0.712  

P-values obtained from univariatea and multivariateb Cox proportional hazards model are shown 
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Table 3. Patients with mutations of potential drug target genes 

Patient Druggable genesa (drug example) Tragetable genesb Variant frequenciesc 
B00088 PDGFRA (Sorafenib) PDGFRA, KDR, NOTCH2, NTRK1, PRKDC 5.9% - 56.2% 
B00099 PDGFRA (Sorafenib) PDGFRA, GRM8, KDR, MAP3K7, NLRP1, PTCH1, SDHB 5.0% - 38.7% 
B00120 PDGFRB (Sorafenib), 

ROS1(Entrectinib) 
PDGFRB, ROS1, APC, GNAS, GUCY1A2, MYC, PIK3C2B, PTCH1, RUNX1, TP53 42.3% - 93.0% 

B00101 KIT (Sorafenib) KIT, CTNNB1, HSP90AA1, PTCH1, TP53 13.8% - 77.8% 
B00118 KIT (Sorafenib), 

RET(Regorafenib) 
KIT, RET, AURKB, CTNNB1, IKBKB, RUNX1, TP53 21.3% - 62.6% 

B00093 KIT (Sorafenib),  
BTK (Ibrutinib),  
ERBB2 (Trastuzumab), FGFR1 
(Ponatinib),  
FGFR2 (Ponatinib),  
FLT3 (Sunitinib),  
RET (Regorafenib),  
ROS1 (Entrectinib) 

KIT, BTK, ERBB2, FGFR1, FGFR2, FLT3, RET, ROS1, APC, ATM, ATR, BCR, BIRC2, 
CBL, CCNE1, CDH2, CDH5, CDK12, COL1A1, CRBN, CTNNB1, EP300, EPHB4, ERBB4, 
FLT1, FLT4, IGF2R, IKBKB, IL7R, ITGB3, JAK1, JAK2, JAK3, KDM5C, KDR, LCK, 
LRP1B, MMP2, MPL, NLRP1, NOTCH1, NTRK1, NTRK3, PIK3R2, PPP2R1A, PRKDC, 
PTPRD, SYK, TNK2, TP53 

5.0% - 58.8% 

B00091 FGFR3 (Ponatinib) FGFR3, KDR, TP53 17.4% - 38.7% 
B00095 FGFR1 (Ponatinib) FGFR1, COL1A1, TNK2 25.7% - 36.1% 
B00098 EGFR (Gefitinib) EGFR, COL1A1, CREBBP, NLRP1, PIK3CG 24.3% - 49.0% 
B00105 ERBB2 (Trastuzumab) ERBB2, COL1A1, FLT1, JAK3, NFKB2, NLRP1, NOTCH2, NTRK3, PIK3R1, TP53 5.6% - 60.6% 
B00106 FGFR2 (Ponatinib) FGFR2, APC, AR, CREBBP, DNMT3A, DPYD, ESR1, GRM8, IGF2R, MAP2K1, MTR, 

NCOA1, PARP1, PIK3CB, PPP2R1A, PTCH1, RRM1, SRC, UGT1A1 
5.0% - 17.3% 

B00121 ROS1 (Entrectinib) ROS1, CYP2D6, JAK1, LRP1B, MPL, NF2 5.1% - 52.5% 
B00126 ALK (Ibrutinib) ALK, CTNNB1, NOTCH1, TP53 8.1% - 47.2% 
B00090  CTNNB1, ERBB4, LRP1B, PIK3CA, TSC1 13.4% - 49.5% 
B00092  FLT4 53.6% 
B00096  ERCC2, NOTCH1, PRKDC 5.4% - 61.3% 
B00097  HSP90AB1, PDGFB, TP53 9.8% - 47.7% 
B00100  ATM, ERBB4, IGF1R, MTRR, NOTCH1, PIK3CG, SMARCA4, UGT1A1 22.6% - 50.4% 
B00102  COL1A1, KEAP1, PIK3CA 5.1% - 49.5% 
B00103  NF1, TP53 15.6% - 22.9% 
B00107  PIK3C2B 47.7% 
B00108  CSF1R, ERCC5, LRP1B, TP53 21.2% - 59.7% 
B00109  CRBN, PRKDC, TP53 47.4% - 57.6% 
B00112  KDR, LRP1B, TP53 7.9% - 61.0% 
B00119  CREBBP, GNAS, KDM5C, LRP1B, NOTCH2, RUNX1, SDHB, TNK2, TP53 5.4% - 53.9% 
B00122  CDKN2A, EZH2, PARP1, TP53 9.4% - 45.2% 
B00123  BIRC2, KEAP1 7.5% - 8.7% 
B00124  AR, MAP2K2, PDGFB, PIK3C2B, PIK3CG, TSC1 5.2% - 52.5% 
B00125  HSP90AA1 7.5% 
a. Target genes of FDA approved drugs. b. Target genes from searching drug-gene interactions in The Drug Gene Interaction Database (DGIdb, 
http://dgidb.genome.wustl.edu/). c. Variant frequency was calculated by dividing the number of variant reads by the total number of sequence reads at a given position. 

 

Discussion 
To investigate potential prognosis markers for 

HBV-associated HCC, we performed ultra-deep 
sequencing in 409 potential cancer genes from FFPE 
samples. We found that mutations in NOTCH1 and 
nucleotide excision repair genes in HBV-associated 
HCC. 

TP53 was reported to be the most frequently 
mutated tumor suppressor gene (27-40%) in previous 
studies [8, 10, 12, 15, 18]. The mutation rate of TP53 in 
this study (47%) was higher than that in the TCGA 
dataset (35%) and previous study (32%) [8] in 
HBV-associated HCC. Other major mutation sites 
include the WNT/β-catenin pathway genes 
(CTNNB1,17%), APC (10%), SWI/SNF chromosome 
remodeling complex genes (ARID1A,20%, ARID2, 
17%) and histone lysine methyl transferases (KMT2A, 
20% ) are generally higher in this study than others [8, 
10, 12, 15, 17, 18]) This study was done with 
ultra-deep sequencing. Therefore, the percentages of 
mutated genes were considerably higher than those 
reported in previous studies.  

SETD2 was highly mutated (27% (8/30) in this 
study (Figure 1). This gene has not been extensive 
studied in HCC. Mutations in SETD2 are uncommon 
in other cancers. A low SETD2 mutation frequency 
was found in patients with HCC (3%) [8, 24] and 
HBV-associated HCC in the TCGA dataset (5%) [22]. 
SETD2 can activate expression of other genes through 
methylation in lysine-36 of histone H3 [25]. Depletion 
of SETD2 promotes DNA double-strand breaks and 
tumorigenesis [26]. SETD2 can interact with TP53 and 
selectively regulate its downstream genes [27]. 
Inactivating mutations of SETD2 in the SET catalytic 
domain and SRI interaction domain are critical events 
in the cancer progression of clear cell renal cell 
carcinomas [28]. SETD2 deletion may impair STAT1 
interferon mediated immunity and enhance HBV 
replication [29]. The prolong HBV replication will 
increase risk of hepatocarcinogenesis. 

Mutations in CSMD3 were found in 27% (8/30) 
in this series. A high mutation rate and low 
expression level of CSMD3 have been associated with 
lung cancer and has been proposed to have a tumor 
suppressor function [30]. CSMD3 has also been 
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associated with the HBV pre-S/S gene in transgenic 
mice. CSMD3 mutation has only been described in 
HBV-associated HCC. Based on the findings of the 
CSMD3 mutation in our study and a previous 
Exome-Seq study (4%) [10] in HBV-associated HCC, 
CSMD3 mutations might be specific to 
HBV-associated HCC. 

Mutations in NOTCH1 and nucleotide excision 
repair genes were associated with patient survival. 
These associations have not previously highlighted in 
HCC. Notch signaling is critical for cell proliferation, 
differentiation, and development [31]. Compared 
with the 13% (4/30) NOTCH1 mutation rate in our 
study (Figure 1), the mutation rate of NOTCH1 is 
relatively low (<5%) in the TCGA-LIHC dataset. The 
Notch pathway can be tumor suppressive or 
protooncogenetic in hepatic tumorigenesis. The tumor 
suppressor role of NOTCH1 in HCC is generally 
through crosstalk with other signaling pathways [32, 
33]. Patients with HCC with higher expression levels 
of NOTCH1 gene are associated with better survival 
[33]. NOTCH1 could be oncogenic through the 
activation of the EMT pathway and could promote 
HCC progression [34]. The association of NOTCH1 
mutation with poor prognosis in our study (Figure 2A 
and Table 2) could have resulted from disrupting the 
tumor suppressor role of NOTCH1. Because all the 
NOTCH1 mutations found in our study were located 
in the extracellular domain, those mutations could 
possibly be the gain-of-function mutations of 
NOTCH1, which activate NOTCH1 function by 
disrupting the formation of NOTCH1 heterodimers 
[35].  

Present study show that mutations in nucleotide 
excision repair genes (DDB2, ERCC2, ERCC4, and 
ERCC5), are significantly correlated with poor 
survival in patients with HBV-associated HCC 
(Figure 2B and Table 2). DNA repair genes are 
responsible for protection against genomic instability 
and are considered to behave similar to tumor 
suppressor genes [36]. Their functions can be lost 
through somatic mutation and epigenetic silencing 
during the course of tumor progression [36, 37]. The 
nucleotide excision repair genes constitute the main 
DNA repair system responsible for defense against 
lesions due to radiation, alkylating agents, and 
viruses. The accumulation of mutations caused by 
defective DNA repair can lead to hepatic 
carcinogenesis and contribute to HCC progression 
[38]. Although the DNA repair genes are rarely 
mutated in HCC, polymorphism and expression 
alteration of DNA repair genes have been associated 
with hepatocarcinogenesis [38]. DNA repair gene 
expression levels are associated with HCC overall 
survival in the TCGA dataset [39]. Polymorphisms in 

XRCC1 and ERCC2 are also significantly associated 
with patient survival in HCC [40, 41]. Multivariate 
analysis also indicated that SNPs on XRCC1, ERCC5, 
and XRCC4 have a significant effect on the survival of 
patients with HBV-associated HCC [42]. By contrast, 
numerous studies has correlated the polymorphisms 
of nucleotide excision repair genes with 
chemotherapy resistance, because the nucleotide 
excision repair process is responsible for the 
elimination of DNA damage caused by carcinogens 
[38]. Further research on the prediction value of 
mutations in DNA repair genes in HCC prognosis or 
chemotherapy resistance is warranted. 

In this study, three patients (10%) were 
identified as having the mutator phenotype and were 
excluded from the mutation profile analysis. The 
mutator phenotype could be associated with the MSI 
phenotype, frequently found in cirrhosis-associated 
HBV infection [38]. MSI has been implicated in the 
pathogenesis of several gastroinstestinal cancers [43] 
and could be a target for immunotherapy [44]. 
However, studies have indicated that the MSI 
phenotype is rarely observed in Chinese HCC tumors 
[45]. Further investigation is necessary to elucidate the 
relationship between mutator and MSI phenotypes in 
HBV-associated HCC. 

From our study, six patients who carried 
RAF/MET/ERK signaling pathway mutations might 
benefit from Sorafenib treatment (Table 3). Another 7 
patients carried mutations in target genes of FDA 
approved drugs against other cancers. Among the 
remaining patients, 16 patients carried mutations in 
potentially targetable genes in the DGIdb, leaving 
only one patient without any potential target genes. 
Although most of the drugs were not applicable to 
HCC treatment, the technology used here has 
potential for applications aimed at discovering new 
therapies for HCC. 

The non-synonymous mutations identified in 
this study were identified in the absence of their 
corresponding normal tissue controls and therefore 
could be a mixture of somatic and germline 
mutations. Polymorphisms and synonymous 
mutations were excluded from statistical analysis. For 
all the non-synonymous mutations identified, only 
2.3% (309/13,131) were with variant frequency >40% 
which could be an indication of germline mutations. 
Therefore, the higher mutation rates discovered might 
mostly due to the higher sequencing depth used in the 
present study. Both germline and somatic non-synon-
ymous mutations were considered with deleterious 
effect to the biological functions of mutated gene. The 
association between non-synonymous mutations and 
clinicopathological features could still be valid, 
regardless of somatic or germline origin. 
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In conclusion, this study provides a 
comprehensive analysis of gene mutations and 
clinicopathological features in patients with 
HBV-associated HCC. Our data suggest that poor 
survival is associated with mutations in NOTCH1 and 
the nucleotide excision repair genes. Since NOTCH1 
can be tumor suppressive or oncogenic in 
hepatocarcinogenesis, further exploration of the 
function of NOTCH1 mutations in HCC could be 
important. On the other hand, several studies have 
suggested that polymorphisms in nucleotide excision 
repair genes could be prediction markers for 
chemotherapy resistance in many cancers. Therefore, 
further exploration of the association between 
mutations in nucleotide excision repair genes and 
chemotherapy resistance in HCC is necessary. 
Although statistically significant results were 
obtained in our study, our findings are based on 
relatively small numbers and are limited by the small 
number of patients included in this study. Studies 
with a larger sample size are required.  
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