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Implications of driver genes associated with a high tumor
mutation burden identified using next-generation sequencing
on immunotherapy in hepatocellular carcinoma
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Abstract. Immune checkpoint blockade (ICB) therapy is
a treatment strategy for hepatocellular carcinoma (HCC);
however, its clinical efficacy is limited to a select subset of
patients. Next-generation sequencing has identified the value
of tumor mutation burden (TMB) as a predictor for ICB effi-
cacy in multiple types of tumor, including HCC. Specific driver
gene mutations may be indicative of a high TMB (TMB-H) and
analysis of such mutations may provide novel insights into the
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underlying mechanisms of TMB-H and potential therapeutic
strategies. In the present study, a hybridization-capture method
was used to target 1.45 Mb of the genomic sequence (coding
sequence, 1 Mb), analyzing the somatic mutation landscape of
81 HCC tumor samples. Mutations in five genes were signifi-
cantly associated with TMB-H, including mutations in tumor
protein 53 (TP53), Catenin®1 (CTNNBI), AT-rich interactive
domain-containing protein 1A (ARID1A), myeloid/lymphoid
or mixed-lineage leukemia (MLL) and nuclear receptor
co-repressor 1 (NCORI). Further analysis using The Cancer
Genome Atlas Liver Hepatocellular Carcinoma database
showed that TP53, CTNNBI1 and MLL mutations were
positively correlated with TMB-H. Meanwhile, mutations in
ARIDIA, TP53 and MLL were associated with poor overall
survival of patients with HCC. Overall, TMB-H and associ-
ated driver gene mutations may have potential as predictive
biomarkers of ICB therapy efficacy for treatment of patients
with HCC.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent
type of cancer and the second leading cause of cancer-asso-
ciated death worldwide, accounting for ~75% of the primary
liver cancer cases due to rapid disease progression and poor
prognosis (1). HCC is typically diagnosed at an advanced
stage, and as such, treatment options are limited and the 5-year
overall survival (OS) rate is only 3-5% (2).

Advances in cancer immunotherapy, particularly the devel-
opment of immune checkpoint blockades (ICBs), have shown
clinical benefit and success in the treatment of several types
of cancer, including melanoma, lung cancer and HCC (3-5).
However, the clinical efficacy of ICB treatment is limited to
a subset of patients, due to high rates of drug resistance (6,7).
Efforts are being made to elucidate the underlying mechanisms
of drug efficacy and resistance to ICB treatment, which may
help provide individualized treatment and improved thera-
peutic strategies. Programmed cell death ligand 1 (PD-L1) is
the most commonly used biomarker in anti-programmed death
protein 1 (PD-1) therapy (7,8), but has several limitations, for
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example immunohistochemistry analysis of PD-L1 expres-
sion lacks a standardized format. Biological and technical
challenges, such as heterogeneity of PD-L1 expression and
variation in the affinities of different anti-PD-L1 antibodies,
further complicate PD-L1 expression level testing (8).

Advances in next-generation sequencing (NGS) has iden-
tified tumor mutation burden (TMB) as a potential biomarker
for predicting the response of patients with multiple tumors
to ICB therapy (9,10). The underlying mechanisms of
ICB therapy involves the synthesis of large quantities of
neoantigens required for activating anti-tumor immune
responses (11,12). A recent study evaluated the efficacy of
anti-PD-1 antibody treatment combined with anti-angiogen-
esis therapy for patients with advanced stage HCC, showing
that the TMB of individuals who responded favorably was
significantly higher compared with patients who showed a
less favorable response. In addition, the combined treatment
strategy significantly improved the survival of patients with
HCC with a higher TMB (13). Therefore, TMB may be a
potentially novel predictor of survival for patients with HCC
undergoing ICB therapy. High TMB (TMB-H) is frequently
observed in patients with mismatch repair deficiency ({(MMR)
and high microsatellite instability (MSI-H) (11,14,15).
TMB-H has also been identified in patients harboring driver
gene mutations associated with different types of cancer with
a TMB-H, including breast cancer antigen 2 in melanoma (16)
and human epidermal growth factor receptor (HER)-2 and
HER3 in urological cancer (17). These findings have provided
novel insight into therapeutic strategies, such as combined
therapy consisting of ICBs and targeted molecular drugs.
In the present study, NGS was performed on a group of HCC
tumor samples and matching normal plasma samples were
used to identify recurrent mutations associated with TMB-H
in patients with HCC.

Materials and methods

Patients and tissue samples. The present study was approved
by The Institutional Review Board of Peking University
International Hospital (Xi'an, China; approval no. 2016-045).
A total of 81 patients with HCC from Peking University
International Hospital were enrolled into the study between
January 2015 and June 2018 and written informed consent
was obtained from all patients. The median age of patients
was 57 years (range, 30-85 years) and 30/81 patients (37.04%)
were over 60 years old. The majority of patients were male
(71 males and 10 females) and clinical characteristics of
patients are shown in Table I. Patients had not received ICB
therapy at the time of specimen collection. HCC tissue and
paired plasma samples were collected to perform NGS (18).
HCC formalin fixed paraffin embedded (FFPE) samples
were stored at room temperature, and were processed within
72 h of collection. Peripheral blood was collected in EDTA
Vacutainer tubes (BD Diagnostics; Becton, Dickinson and
Company) at room temperature and processed within 4 h.
Peripheral blood lymphocytes (PBLs) and other blood cells
were stored at -80°C.

DNA extraction from HCC samples. FFPE slides were stored at
room temperature. Plasma samples were centrifuged at 1,600 x g
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at 4°C for 10 min, then transferred to new microcentrifuge tubes
and centrifuged at 16,000 x g at 4°C for 10 min to remove the
remaining cell debris. Germline genomic DNA was extracted
from PBLs using a DNeasy Blood and Tissue kit according to
the manufacturer's protocol (Qiagen GmbH). Genomic DNA
was extracted from FFPE samples using a Maxwell® RSC DNA
FFPE kit according to the manufacturer's protocol (Promega
Corporation). DNA concentration was estimated using a Qubit
fluorometer and a Qubit double stranded DNA high sensitivity
analysis kit according to the manufacturer's protocol (Invitrogen;
Thermo Fisher Scientific, Inc.).

NGS of HCC DNA. HCC tumor samples were analyzed using
target capture and NGS (18). Genomic DNA libraries were
constructed using a KAPA DNA Library kit (Kapa Biosystem:s;
Roche Diagnostics). The capture probe design was based on
~1.45 Mb genomic regions of 1,021 genes frequently mutated
in solid tumors (coding sequence, 1 Mb). DNA sequencing
was performed using HiSeq 3000 instrument according to
the manufacturer's protocol (Illumina, Inc.). Germline DNA
extracted from PBLs was used as the non-cancer associated
component. Germline mutations of HCC tissues were filtered
out using the paired PBLs DNA from the same patient.

Sequencing data analysis. If the proportion of indeterminate
bases in a read accounted for >50%, or if the proportion of
bases with BaseQ <5 was >50%, then this was considered a
low-quality read. Terminal adaptor sequences and low-quality
data were removed from the raw data. Clean reads were mapped
onto the human genome build GRCh37 using Burrows-Wheeler
Aligner (version 0.7.12-r1039) (19). Picard (version 1.98) was
used to mark polymerase chain reaction (PCR) duplicates
(http://broadinstitute.github.io/picard/). Single nucleotide vari-
ants (SN'Vs) and insertions or deletions (indels) were identified
using MutTect2 (version 3.4-46-gbc02625 (20). Somatic copy
number variations (CN'Vs) were detected using CONTRA
(version 2.0.8) (21). Structure variations (SVs) were identi-
fied using split-read and discordant read-pair using in-house
methods (22). Capture baits for SVs were designed according
to selected exons and introns of the RET, ALK, ROSI and
neurotrophic tyrosine kinase receptor type 1 (NTRKI1)
oncogenes based on reported SVs (22).

Calculation of tissue TMB (tTMB). tTMB was calculated after
comprehensive genomic profiling of tissue samples using the
1,021 gene panel on 1 Mb of genomic coding region. The
numbers of somatic, coding, SN'Vs and short indels detected
at a frequency of =3% were calculated as tTMB, not including
synonymous mutations. Patients harboring =7 mutations/Mb
(the top quartile of tTMB distribution) were classified as the
high tTMB (tTMB-H) group and all others were classified
as low tTMB (tTMB-L) patients. The Cancer Genome Atlas
Liver Hepatocellular Carcinoma (TCGA-LIHC) database was
used as the validation set to verify the correlation between
TMB and driver genes and the value of predicting the clinical
benefit. The data was downloaded from the cBioPortal website
(http://www.cbioportal.org/).

Statistical analysis. All statistical analyses were performed
using GraphPad Prism version 6.01 (GraphPad Software, Inc.).
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Table I. Clinical characteristics of 81 patients with hepatocel-
lular carcinoma.

Characteristic Patients, n (%)
Age
<60 years 48 (59.26)
=60 years 30 (37.04)
Unknown 3(3.70)
Sex
Male 71 (87.65)
Female 10 (12.35)

A ¥ or Fisher's exact test (n<5) were used to compare the
mutation status of frequently mutated genes in the patients
classed as tTMB-H and tTMB-L. A Mann-Whitney U test
was performed to analyze the difference in tTMB between
wild-type samples and mutation samples of frequently
mutated genes. Kaplan-Meier curves were plotted to assess
survival outcomes. Overall survival (OS) and recurrence-free
survival (RFS) were accessed using a log-rank test in subgroups
classified according to gene mutation. P<0.05 was considered
to indicate a statistically significant difference.

Results

Significantly altered genes in HCC. A total of 81 HCC tumor
samples were analyzed using a 1,021-gene panel at 1,200 x
average sequencing depth. Somatic mutations included SN'Vs,
short indels, CN'Vs and SVs. Overall, 506 SNVs and 38 CNVs
were found in the HCC tumor samples (Fig. 1). The most
commonly mutated genes were: Tumor protein 53 (TP53);
telomerase reverse transcriptase (TERT); Catenin beta 1
(CTNNBI); RB transcriptional co-repressor 1 (RB1); AT-rich
interactive domain-containing protein (ARID)IA; axis
inhibition protein 1 (AXIN1); ARID2; cyclin D1 (CCND1);
and adenomatous polyposis coli (APC). The TP53 tumor
suppressor gene was the most frequently mutated (55.6% of
samples) of all the highly mutated genes in the cohort and
RBI1 gene was mutated in 9.9% of the samples. Inactivation
of the TP53-RB pathway was frequently observed in the HCC
samples. TERT, a crucial unit of the telomerase complex (23),
showed somatic mutations in its promoter region 33.3%.
CTNNBI1, AXIN1 and APC, which are important compo-
nents of the wingless-type MMTYV integration site family
(WNT) signaling pathway (23), showed alteration frequencies
of 18.5, 12.4 and 7.4%, respectively. ATP-dependent nucleo-
some remodelers, ARIDIA and ARID2, were mutated in
14.8 and 8.6% of tumors, respectively. CNV mutations were
also commonly found in HCC tumors samples and the most
frequent CNV was a CCNDI1 amplification (6.17%). CCNDI1
encodes cyclin DI, the major downstream target factor of
the WNT signaling pathway (23). CCNDI amplification was
exclusively mutated in the crucial components of the WNT
signaling pathway, including CTNNBI1, AXINI and APC.
Another CNV identified was an amplification of NTRKI1 in
3.7% of samples.
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Distribution of tTMB in HCC samples. Calculation of tTMB
was performed using a hybridization-capture method and
targeted ~1.45 Mb of the genomic sequence (coding sequence,
1 Mb). tTMB was defined as the number of somatic coding
SNVs and indels occurring at a frequency of =3%/1x10° bases
in the 1,021 gene panel. The median tTMB of the HCC cohort
was 5 mutations/megabase (muts/Mb). The top quartile
(7 muts/Mb) of TMB distribution was used as the cutoff value
to define TMB-H (Fig. 2). The maximum of tTMB distribu-
tion was 18 muts per Mb. There were 26 patients with HCC
and high tumor mutation burden. Subsequently, the influenced
factors of tTMB-H were analyzed.

Age and TMB distribution in HCC. HCC specimens were
stratified according to age, in order to analyze the differences
in TMB distribution. From the age of 30-70, there was an
increasing trend of tTMB, however this was not statistical
significance. A slight decrease in tTMB was observed in
patients >70 years (Fig. S1). These results are consistent with
a previous study by Podolskiy et al (24) which demonstrated a
similar relationship between human aging and the development
of tumor mutations.

Sex and TMB distribution in HCC. Stratification by sex showed
that the median tTMB values of male and female patients with
HCC were 5 muts/Mb and 4 muts/Mb, respectively. The top
quartile of tTMB in the male cohort (7 muts/Mb) was higher
compared with the female cohort (6.5 muts/Mb). No signifi-
cant difference in TMB distribution was observed between
male and female HCC cohorts (P=0.6917; Fig. S2); however,
this may be due to the lower number of HCC specimens from
females.

Frequently mutated genes in the TMB-H cohort. To identify
recurrently mutated genes in the TMB-H cohort, HCC patients
were classified into two groups: tTMB-H (=7 Muts/Mb) and
low tTMB (tTMB-L; <7 Muts/Mb). The results showed that
mutations in ARID1A, CTNNB1 and NCOR1 were more
frequently detected in HCC samples in the tTMB-H group
compared with tTMB-L group (P=0.0013, 0.0152 and 0.0347,
respectively; Table II).

Association between gene mutations and TMB distribution in
HCC. To further analyze the association between gene muta-
tions and TMB-H status in HCC, the tTMB distribution in HCC
samples was compared between the wild-type and mutated
genotypes. Frequently mutated genes, which were detected
in >5 HCC tumor cases were analyzed for TMB distribution.
Median tTMB values and the top quartile values of tTMB
were compared in 18 genes. A total of five genes were shown
to be significantly different in tTMB distribution between the
wild-type and mutated genotypes: TP53; CTNNBI; ARIDIA;
MLL; and NCOR1 (P=0.0439, 0.0196, 0.0023, 0.0247 and
0.0076, respectively; Fig. 3). tTMB distribution is shown in
Fig. S3.

TMB distribution based on gene mutation status in The Cancer
Genome Atlas Liver Hepatocellular Carcinoma database
(TCGA-LIHC). A retrospective analysis was performed using
HCC data obtained from the TCGA-LIHC database. A total
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Figure 1. Mutation landscape of 81 hepatocellular carcinoma tumor samples. Central matrix shows somatic mutations with colors indicating different types of
mutations and genes mutated at high frequency are represented in the right colored bar. The top bar plot shows the number of gene mutations in each sample
and the mutation rate of significantly mutated genes is displayed on the left. CNV, copy number variant.
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Figure 2. Distribution of tTMB in 81 HCC tumor tissue samples. Density of
tTMB represents the percentage of HCC samples at various tTMB levels.
tTMB, tissue tumor mutation burden; HCC, hepatocellular carcinoma;
muts/Mb, mutations/Mb; MAX, maximum.

of 363 HCC tumor samples were included in the cohort and
the data were obtained from cBioPortal (cbioportal.org/). It
was found that mutations in TP53, CTNNBI1 and MLL were
positively correlated with higher TMB (P=0.0009, 0.0016 and
0.0013, respectively; Fig. 4).

Frequently mutated genes predict overall survival and
RFS of HCC in TCGA-LIHC. Kaplan-Meier analysis of OS

demonstrated that the ARIDIA mutation was significantly
correlated with poor survival outcome in the TCGA HCC
cohort [median OS (mOS), 27.57 vs. 71.03 months, ARIDIA
mutations vs. wild-type; mOS ratio, 0.3881, 95% confidence
interval (CI), 0.2139-0.7040; log-rank test, P=0.0372; Fig. 5].
Mutations in TP53 predicted a trend towards poor outcome
(mOS 46.57 vs. 71.03 months, TP53 mutations vs. wild-type;
log-rank test, P=0.0567). No statistically significant differ-
ences in survival outcome were observed for CTNNB1, MLL
and NCOR1 mutations compared with the wild-type genotypes
in the TCGA HCC cohort (Fig. S4). Kaplan-Meier analysis
of RFS demonstrated that MLL mutations were significantly
correlated with poorer RFS compared with the wild-type
genotype (mRFS, 8.93 vs. 29.73 months; mRFS ratio, 0.3004,
95% CI, 0.1470-0.6140; log-rank test, P=0.069, Fig. 5).

Microsatellite instability status in HCC. Only 1/81 HCC tumor
samples (HCCO057) in the present study showed MSI-H. This
sample also had TMB-H with a tTMB value of 9 muts/Mb,
and one TP53 mutation and one ARID1A mutation (data not
shown).

Mutational status of genes that may predict efficacy of
ICB therapy in HCC. A total of 2/81 HCC patients (2.47%)
possessed mutations in POLE (R1324H and 1478M; Table SI).
The tTMB values of the R1324H and 1478 M mutations were
8 muts/Mb and 4 muts/Mb, respectively (Fig. 6). Overall,
2 mutations were observed in PTEN and 1 mutation was
observed in DNMT3A. No mutations were detected in MLH1,
MLH2,PMS2, MSH6, POLDI1,JAK1,JAK2,B2M and STK11.
Mutations in POLE and PTEN occurred in the primary clonal
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Table II. Gene mutation rates in a total of 81 patients with
hepatocellular carcinoma, including 26 samples with tTMB-H
and 55 samples with tTMB-L.

Gene tTMB-H, % tTMB-L, % P-value
TP53 65.38 5091 0.2419
TERT 4231 29.09 0.3135
ARIDIA 34.62 5.45 0.0013°
CTNNBI1 34.62 1091 0.0152*
AXIN1 11.54 12.73 1
MLL2 11.54 9.09 0.7071
LRP1B 11.54 7.27 0.6749
RB1 7.69 1091 1
ARID2 15.38 5.45 0.2031
APC 11.54 5.45 0.3798
MLL 15.38 3.64 0.0803
ATRX 7.69 545 0.6539
PTEN 7.69 545 0.6539
PBRMI1 11.54 3.64 0.3211
KRAS 3.85 7.27 1
ATM 385 7.27 1
NCOR1 15.38 1.82 0.0347*

P<0.05, "P<0.01. tTMB-L, low tumor tissue mutation burden;
tTMB-H, high tumor tissue mutation burden.

mutation and the inactivating mutation in DNMT3A occurred
in the sub-clonal mutation.

Discussion

HCC is an aggressive disease and previous genetic character-
ization of this disease has revealed significant heterogeneity
among tumors; even within a single tumor lesion, the allelic
frequency can be as low as 13% (25). Previous studies have
identified several signaling pathways, which are disrupted
in HCC, including the WNT, hypoxia-inducible factor 1,
mechanistic target of rapamycin, and several metabolic
related pathways (26,27). Actionable target genes found in
other tumors, especially lung adenocarcinoma, such as those
encoding protein kinases and other crucial enzymes are not
significantly mutated in HCC (26-29). It has been reported
that no single protein kinase is mutated at a frequency >5% in
HCC (28,29). The majority of targeted therapy (tyrosine
kinase inhibitors or monoclonal antibodies) for HCC has
demonstrated minimal or no clinical efficacy (30).

HCC typically manifests in patients with previous liver
damage, commonly caused by chronic hepatitis infec-
tion (31). Chronic hepatitis and subsequent inflammation are
reported to induce immune evasion via prolonged activation
of the interferon vy signaling pathway (32,33). The immune
system serves an important role in the development of HCC.
Research has demonstrated that ICB therapy may be an
effective treatment strategy, which results in effective and
long-lasting responses in patients with HCC. For example, in
phase I/II of the CheckMate 040 trial evaluating the safety
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and efficacy of nivolumab as a monotherapy in patients with
advanced HCC, the response rate was 20% and the disease
control rate was 64% (34). Although the CheckMate 040 trial
was non-randomized, it led to the approval of nivolumab by
the Food and Drug Administration (FDA) for the treatment
of HCC. Despite advances in ICB therapy, the clinical effi-
cacy of this treatment is limited due to drug resistance (6,7).
Even for melanoma, one of the tumors most sensitive to ICB,
~60% of patients display primary resistance and ~50% of indi-
viduals who respond favorably are likely to develop acquired
resistance after 3 years of treatment (6,7). To provide individu-
alized treatment, improve current treatment modalities and to
investigate potentially novel treatment strategies, researchers
have been trying to identify factors that predict drug efficacy.
Previous studies have reported tumor cell mutations associated
with drug efficacy observed in patients undergoing ICB-based
immunotherapy and that these mutations may have value as
biomarkers (35,36). Mutations in MLH1, MLH2, PMS2 and
MSHE6 are associated with dMMR and result in MSI (37). The
FDA approved MSI status as a biomarker for immunotherapy
of pan-cancerous species (38). Mutations in POLE and POLDI1
are associated with extremely high TMB (39), and inactivation
mutations in JAK1,JAK2, B2M and PTEN are associated with
immunotherapy resistance (35,40). Meanwhile, mutations in
DNMTS3A are associated with hyper-progression in immu-
notherapy (36). In the present study, the somatic mutation
landscape of HCC tumors was characterized, with a particular
focus on mutations associated with TMB status, to improve
our understanding of the role of the tumor cell intrinsic factors
on the efficacy of immunotherapy for HCC.

The genetic alterations identified in the present study
are consistent with previously published studies (23,41,42).
The results of the present study showed that most genes
were mutated in <20% of the samples analyzed, supporting
the genetic heterogeneity of HCC. Regarding tumor intrinsic
genetic aberrations which may be associated with the clinical
efficacy of ICB therapy, 2 (2.47%) mutations in POLE, 2 muta-
tions (2.47%) in PTEN, 1 mutation (1.23%) in DNMT3A were
detected as well as only 1 sample with MSI-H. No evidence of
dMMR was observed in any of the samples. It is possible that
none of the factors investigated in the present study, which have
been studied in other tumor types (43,44), are suitable targets
for anti-HCC therapy. The underlying mechanisms of immune
evasion in HCC may be different compared with other types of
cancer. Overall, potential predictors of clinical efficacy of ICB
therapy in patients with HCC needs to be further explored.

The association between TMB and patient response to
ICB therapy was originally indicated by melanoma studies
and ICB-sensitive melanomas were found to comprise tumors
with the highest mutation burden (11,14). The association
between TMB and ICB efficacy was subsequently confirmed
in colorectal cancer (CRC). Only hyper-mutated CRCs with
dMMR or MSI-H tend to respond to ICB therapy (15). A
recently published study evaluated the efficacy of SHR-1210
anti-PD-1 antibody combined with the anti-angiogenesis
agent, apatinib, for patients with advanced stages of tumors
including adenocarcinoma of the stomach and gastroesopha-
geal function, and HCC (13). Among the 18 patients with
HCC enrolled in this study, the TMB of individuals who
responded favorably was significantly higher compared with
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Number of Number of
Gene wild-type mutation P-value
samples samples
TP53 36 45 0.0439
CTNNB1 66 15 0.0196
ARID1A 69 12 0.0023
MLL 75 6 0.0247
NCOR1 76 5 0.0076
TERT 54 27 0.1670
AXIN1 71 10 0.8663
MLLZ2 73 8 0.1349
RB1 73 8 0.6863
ARID2 74 7 0.1122
LRP1B 74 7 0.1967
APC 75 6 0.1177
PTEN 76 5 0.6432
PBRM1 76 5 0.0547
ATM 76 5 0.4094
ATRX 76 5 0.5448
KRAS 76 5 0.7004
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Figure 3. Association between gene mutation and median tTMB and top quartile tTMB values. Ratio of median tTMB values and the ratio of top quartile
values of tTMB in mutated and wild-type samples are indicated by red and blue lines, respectively. A total of 18 genes were mutated in at least 5 samples.

tTMB, tissue tumor mutation burden.

those who did not respond favorably, and this treatment
significantly improved the survival outcomes of patients
with HCC who possessed a large number of mutations (13).
Therefore, TMB is a potentially novel predictor of the efficacy
of ICB therapy for patients with HCC. This may be due to an
increased number of tumor-associated antigens or neoantigens
expressed by cancer cells with high TMB, which are critical
for the activation of anti-tumor immune responses. Increased
numbers of neoantigens are known to increase recruitment of
various types of T cells, particularly CD8+ T lymphocytes.
Tumor neoantigens that are generated by mutations, espe-
cially frameshift-mutation-derived peptides have the highest
immunogenicity (45,46).

The DNA damage response (DDR) system is essential
for preserving genomic integrity by repairing damaged
DNA (47). Dysfunction in this system may induce MSI-H or
hyper-mutational phenotypes and DDR deficiency is consid-
ered to be a primary cause of TMB-H and MSI-H (47.48).
There are 8 pathways included in the DDR system, of which
mismatch repair (MMR) has been extensively studied and is
a commonly used predictor in a clinical setting (48,49). The
present study did not detect dMMR in any of the 81 samples

that were analyzed, including the sample that harbored the
highest TMB (18 muts/Mb); however, five genes, including
TP53, CTNNBI1, ARID1A, MLL and NCORI1, were found
to be significantly associated with TMB-H. In addition, only
1/81 HCC samples showed MSI-H and TMB-H (9 muts/Mb).
This sample also harbored a TP53 mutation and an ARIDIA
mutation.

TP53 is one of the most frequently mutated genes in
HCC (23,42). It is a transcription factor controlling the
expression of genes involved in cell cycle arrest, apoptosis
and senescence in response to hypoxic stress, DNA damage
and oncogenic activation. TP53 is also a tumor suppressor
gene, functioning in the preservation of genomic integ-
rity during hypoxia, which is a common phenomenon in
HCC (50,51). ARIDI1A is also frequently mutated in HCC,
as demonstrated in the present study. ARID1A binds to other
subunits such as BRGI/BRM, forming a switch/sucrose
non-fermentable chromatin remodeling complex. This
complex uses energy from ATP to mobilize nucleosomes
and to regulate DNA accessibility to various cellular
machinery, including DNA replication and DNA-damage
repair machinery (52). In a proteomic screen, Shen et al (53)
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Figure 6. Mutations in genes that predict efficacy of ICB therapy in hepatocel-
lular carcinoma. Each dot represents a patient and immunotherapy-associated
variants were detected in four colored patients. Two variants, POLE 1478M
and PTEN T319, were detected simultaneously in the light blue patient.

found that ARIDIA interacts with MMR protein MSH2,
recruiting MSH2 to chromatin during DNA replication

and promoting MMR. Conversely, ARIDIA inactivation
compromised MMR and increased mutagenesis. ARIDIA
deficiency was associated with an MSI genomic signature, a
predominant C>T mutation pattern and increased mutation
load across several types of cancer. Tumors formed using
an ARIDI1A-deficient ovarian cancer cell line in syngeneic
mice displayed increased mutation load (53). MLL belongs to
the family of histone H3 lysine 4 methyltransferases and is
a chromatin regulatory enzyme (25). NCORI also serves an
important role in regulating a variety of nuclear factors and
in chromatin remodeling (54). CTNNBI encodes [-catenin,
a subunit of the cadherin protein complex which functions
as a signaling molecule in the WNT signaling pathway and
regulates cellular proliferation (55). It is possible that factors
which influence genetic stability, facilitate DNA error
generation or regulate cell proliferation may all contribute to
TMB-H. Further studies are required to elucidate the under-
lying mechanisms contributing to TMB-H development. The
result of the present study showing no association between
ARIDIA and NCOR1 with TMB in TCGA cohort may be
due to biased sampling from regional differences.
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PD-L1 is the most commonly used clinical biomarker
for ICBs, but it has several limitations (8). The ability of
NGS to reveal the TMB status of patients provides another
potential predictor of ICB-therapy efficacy, as shown in
clinical trials investigating other tumor types (11,13-15).
Therefore, TMB-H may also serve as biomarker comple-
mentary to PD-L1. However, several key questions need to
be answered: How many genes (the whole genome, targeted
panel, or only expressed mutations) should be included
to define TMB status? What is the optimal threshold
for TMB-H? Is there a consensus between the different
diagnostic assays? Whether crucial driver gene mutations
associated with high mutation load could serve as potential
predictive biomarkers in patients with HCC treated with
ICB therapy? Further studies are required to establish
uniform diagnostic standards.

The present study has several limitations. First, there
was no cohort treated with ICB therapy. Second, it was only
demonstrated that gene mutations associated with TMB-H are
present in patients with HCC, but the underlying mechanisms
of this association remains to be investigated in vitro and
in vivo. In addition, the majority of patients enrolled in the
present study were male, accounting for 87.65% of the entire
cohort. This was higher compared with the sex distribution of
patients shown in a different study on HCC (56).

The present study provides novel insight into gene signatures,
which may predict the clinical efficacy of ICB therapy in patients
with HCC. The five genes identified showed recurrent mutations
which were significantly correlated with high mutation load:
TP53; CTNNBI; ARIDIA; MLL; and NCORI. These findings
may provide a novel understanding of the underlying mecha-
nisms of HCC to aid the development of therapeutic strategies,
such as combined therapy with ICBs and molecule-targeted
drugs. Limitations of the present study include the use of a
small study cohort and the retrospective nature of the analysis.
Further investigation is required to evaluate the association of
TMB-H and crucial driver gene with high mutation load and the
potential of these genes as predictive biomarkers of ICB therapy
treatment in patients with HCC.
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