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Abstract 

Background In regions with a high prevalence of chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infec‑
tions, coinfected patients face a heightened risk of developing hepatocellular carcinoma (HCC), termed HBV/HCV‑
related HCC (HBCV‑HCC). We aimed to investigate the contribution of preexisting chronic hepatitis B (CHB) and subse‑
quent chronic hepatitis C (CHC) to the development of HBCV‑HCC.

Methods We examined HBV’s involvement in 93 HBCV‑HCC cases by analyzing HBV DNA integration as an indicator 
of HCC originating from HBV‑infected hepatocytes, compared with 164 HBV‑HCCs and 56 HCV‑HCCs as controls.

Results Next generation sequencing revealed that 55% of HBCV‑HCCs exhibited clonal HBV integration, which falls 
between the rates observed in HBV‑HCCs (88%) and HCV‑HCCs (7%), with similar integration patterns to HBV‑HCCs. 
Common HCC somatic mutation analysis indicated HCV superinfection in HBCV‑HCCs correlated with increased 
mutation rates in the telomerase reverse transcriptase (TERT) promoter and beta‑catenin genes. Transcriptome 
analysis showed a prevalence of replicating HCV over HBV in HBCV‑HCCs, with preexisting HBV exerting a prolifera‑
tive role. The comparison of clinical characteristics revealed similarities between HBCV‑HCC and HCV‑HCC patients, 
including later onset for HBCV‑HCC, possibly due to HCV superinfection slowing carcinogenesis. Notably, HBCV‑HCCs 
with the same driver mutation, HBV integration at the TERT promoter, tended to develop later and showed a better 
prognosis post‑tumor resection than HBV‑HCCs.

Conclusions Our findings shed light on the interplay between preexisting CHB and subsequent CHC in elevating 
the risk of HBCV‑HCC. These insights are crucial for understanding viral etiology‑specific carcinogenesis and guiding 
surveillance policies for HBCV‑HCC post‑antiviral therapy.

Keywords Hepatocellular carcinoma, Hepatitis B virus, Hepatitis C virus

*Correspondence:
Pei‑Jer Chen
peijerchen@ntu.edu.tw
Shiou‑Hwei Yeh
shyeh@ntu.edu.tw
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-024-01094-7&domain=pdf
http://orcid.org/0000-0001-8316-3785


Page 2 of 12Li et al. Journal of Biomedical Science            (2025) 32:2 

Background
Chronic infection with hepatitis B virus (HBV) and hepa-
titis C virus (HCV) constitutes a major pathogenic factor 
for liver diseases, cirrhosis, and the development of hepa-
tocellular carcinoma (HCC) on a global scale. In regions 
where chronic HBV and HCV infections are endemic, a 
distinct patient subgroup is coinfected by both viruses. In 
Taiwan, the seroprevalence of hepatitis B surface antigen 
(HBsAg) is 15–20% among unvaccinated individuals, a 
rate approximately 3  times greater than the global aver-
age [1]. On the other hand, the HCV carrier rate among 
individuals over 20 years old is around 4%, again surpass-
ing the global HCV prevalence rate by 2–3  times [2]. 
HBV and HCV dual infection occurs in approximately 1% 
of the population between the ages of 30 and 65 years in 
Taiwan [3]. It is primarily attributed to the superinfection 
of HCV in individuals already infected with HBV.

Clinical investigations have consistently demonstrated 
a greater risk of severe liver disease in dual-infected 
patients than in mono-infected patients [3–5]; thus, treat-
ing these dual-infected patients has become an urgent 
concern. In dual-infected patients, active replicating 
HCV is more common than HBV [6]. Therefore, initial 
antiviral treatment strategies primarily focus on achiev-
ing HCV eradication. Pegylated interferon combined 
with ribavirin therapy effectively achieves a sustained 
virological response (SVR) and cures HCV infection 
in 70% of dual-infected patients [7]. SVR substantially 
reduces the long-term risk of cirrhosis and HCC [8]. 
Direct-acting antiviral (DAA) treatment for dual-infected 
patients has become even more efficacious, with a nearly 
95% cure rate for HCV [9–11]. However, DAA therapy 
frequently triggers HBV reactivation, indicating that 
residual HBV may surge once HCV is eliminated from 
the liver [12, 13]. In line with this, follow-up studies after 
curative HCV treatment have reported a higher haz-
ard ratio of 1.64 for HCC in HBV/HCV-dual-infected 
patients than in HCV-monoinfected individuals [14]. 
These findings underscore the role of preexisting HBV 
infection in potentiating HCC in dual-infected patients. 
However, the role of the interaction between HBV and 
HCV and the resulting oncogenic mechanisms of HBV/
HCV-related HCC (HBCV-HCC) remain elusive, making 
it a relevant topic to explore.

In most cases, HCC originates from individual hepato-
cytes. These cells undergo clonal expansion in the inflam-
matory microenvironment and accumulate genetic 
aberrations over decades in the setting of chronic hepati-
tis, ultimately culminating in HCC. Before HCV superin-
fection, the liver of HBV carriers contains two groups of 
hepatocytes: one group infected with HBV and another 
free of HBV. Both cell groups are susceptible to HCV 
infection and can support HCV replication. Following 

HCV superinfection, hepatocytes segregate into two cat-
egories: one group becomes dual infected by both HBV 
and HCV, and the other remains mono-infected with 
either HCV or HBV.

Is HCV superinfection of hepatocytes already infected 
by HBV more prone to HCC than infection of hepato-
cytes without coexisting HBV exposure? Additionally, 
does HCC originating from these two groups of hepato-
cytes exhibit distinct behaviors? To address these ques-
tions, it is essential to document previous HBV infections 
in HBCV-HCC patients. However, most HCCs, even 
those caused by HBV infection alone, lack or possess very 
low levels of episomal HBV DNA [15, 16]. Fortunately, a 
biomarker, HBV DNA integration, can document previ-
ous HBV infection. HBV DNA integration is a nonobliga-
tory event during HBV infection of hepatocytes early in 
HBV infection [17]. In addition, HBV clonal integration 
is observed within the chromosomes of infected hepato-
cytes in the liver of childhood or teenage HBV carriers 
[18]. Thus, the integrated DNA can be a genetic marker 
for HCC patients with previous HBV exposure. In this 
study, we hypothesized that HBV DNA integration could 
indicate HCC originating from hepatocytes infected or 
primed with HBV in HBV/HCV-dual infected patients. 
Determining the origin of HCC might elucidate the 
underlying carcinogenic mechanisms and contribute to 
the management of dual-infected hepatitis patients for 
antiviral therapy or HCC surveillance.

Methods
Sample and clinical data collection
Three hundred thirteen virus-related frozen HCC tumor 
tissues or genomic DNA and RNA samples were collected 
from National Taiwan University Hospital and Taiwan 
Liver Cancer Network. The etiology of HCC was deter-
mined through serological testing for HBsAg, anti-HCV, 
and viral titers. HBsAg(+), anti-HCV(–) patients were 
classified as HBV-HCC; HBsAg(–), anti-HCV(+) and/
or HCV viral titer(+) patients were classified as HCV-
HCC; HBsAg(+), anti-HCV(+) and/or HCV viral titer(+) 
HCC patients were classified as HBCV-HCC. Clinical 
information, including sex, age, tumor size, tumor grade, 
cirrhosis status, microvascular invasion status, alpha-
fetoprotein (AFP) level, and outcome after tumor resec-
tion, was collected for analysis when available.

Capture‑next generation sequencing (NGS)
Capture-NGS was performed as described in our pre-
vious study [19]. Tumor genomic DNA libraries were 
prepared using the TruSeq Nano DNA library prepara-
tion kit (Illumina Inc, San Diego, CA, USA). To enrich 
targeted DNA, the genomic DNA library was hybridized 
with customized probes (Integrated DNA Technologies, 
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Coralville, IA, USA) targeting HBV genomes, including 
genotypes B and C, as well as human genes including 
the promoter of telomerase reverse transcriptase (TERT, 
Gene ID 7015) [20], exon 3 of beta-catenin (CTNNB1, 
Gene ID 1499), and exon 2–11 of tumor protein p53 
(TP53, Gene ID 7157). The DNA probes were designed to 
provide 2 × tiling coverage across the targeted sequences 
and were labeled with biotin to facilitate enrichment 
[21]. The probe sequences were listed in Supplementary 
Table 1. After captured by HBV or targeted gene probes, 
the enriched HBV-containing DNA, the TERT, CTNNB1, 
and TP53 sequences were processed for NGS analy-
sis and subjected to mutation calling. The HBV-human 
chimera DNA sequence was analyzed to determine 
the breakpoint and clonality of HBV DNA integration. 
The junction breakpoints in HBV were illustrated using 
NC_003977 as the reference [22]. The integration site of 
HBV in the human genome was determined by align-
ing the human sequence in the HBV-human junction 
reads to the human genome [23]. Junction breakpoints 
in hotspot-integrated genes were illustrated based on the 
genome structure of TERT and lysine methyltransferase 
2B (MLL4, Gene ID 9757) [24]. The clonality of integra-
tion was defined as the ratio of the detected junction 
sequencing depth to the sequencing depth of the glyc-
eraldehyde-3-phosphate dehydrogenase or TP53 region. 
The assembly and frequencies of basal core promoter 
(BCP) and precore (PC) mutations in integrated HBV 
DNA were analyzed using only full HBV reads.

Transcriptome analysis
Tumor RNA was prepared as a library using a TruSeq 
Stranded mRNA Preparation Kit (Illumina) and 
sequenced with the Illumina NovaSeq 6000 platform. 
Quality assessment of the raw reads was performed using 
FastQC (v0.11.9) (https:// www. bioin forma tics. babra 
ham. ac. uk/ proje cts/ fastqc/), and adapter sequences were 
trimmed using Cutadapt (v3.0) [25]. Alignment of the 
qualified reads to the human reference genome GRCh38 
and quantification of gene-based expression, based on 
the annotation of GENCODE (https:// www. genco degen 
es. org/), were performed using STAR (v.2.7.2) [26]. The 
VirTect pipeline  was used to detect viral transcripts 
[27]. Differential expression analysis followed the pro-
cedures implemented in the R package limma [28]. Ini-
tially, raw count data were transformed into log2-counts 
per million values using the ‘voom’ function, which also 
estimates the mean–variance relationship in the data to 
facilitate linear modeling. After transformation, a linear 
model was fitted to the data for each gene, accounting for 
the experimental design, and empirical Bayes smooth-
ing was applied to the standard errors to improve the 
reliability of the statistical inferences. The contrasts of 

interest were then specified, and differential expression 
was assessed using moderated t-statistics. A gene with a 
p-value < 0.05 was considered a differentially expressed 
gene (DEG). Principal components analysis (PCA) was 
conducted using the ’prcomp’ function. Preranked gene 
set enrichment analysis (GSEA) was performed on gene 
sets from MSigDB (v7.4) [29] using the R package clus-
terProfiler [30]. Genes were ranked based on a score cal-
culated as sign(logFC)*-log10(p value), where logFC and 
p-value were obtained from differential expression analy-
sis conducted with limma. Treatment benefit scores for 
sorafenib and regorafenib and Sia’s immune scores and 
analysis of immune cell composition were calculated as 
described [31, 32].

Statistical analysis
Differences in mutation rates and categorical charac-
teristics between groups were calculated using the chi-
square or Fisher’s exact tests. Age was compared using a 
t-test or ANOVA, depending on the comparison group. 
For the comparison of clinical characteristics, samples 
were excluded if data were missing. Recurrence-free sur-
vival (RFS) or overall survival (OS) was analyzed using 
Kaplan‒Meier analysis.

Results
HCV superinfection in chronic hepatitis B (CHB) may 
delay tumor development with characteristics similar 
to HCV‑HCC
Clinical information of 313 virus-related HCCs, includ-
ing 164 HBV-HCC, 56 HCV-HCC, and 93 HBCV-HCC, 
was compared to characterize the difference between 
mono-infected HCC and dual-infected HCC patients 
(Table 1). Compared to other HCC patients, HBV-HCC 
patients had an earlier age of tumor diagnosis (median 
age, 55.5  years vs. 59  years, P < 0.001***), larger tumor 
size (> 5  cm, 40% vs. 29%, P = 0.0452*), lower cirrhosis 
rate (37% vs. 51%, P = 0.0158*) and higher AFP levels 
(> = 100  ng/mL, 47% vs. 29%, P < 0.001***). Conversely, 
patients with HCV-HCC were older at HCC diagnosis 
(median age, 67 vs. 58 years, P < 0.0001***) and had higher 
tumor grades (grades 3–4, 52% vs. 35%, P = 0.0184*) than 
other HCC patients.

HBCV-HCC patients exhibited lower tumor grade 
(grade 3–4: 29% vs. 42%, P = 0.0345*) and lower AFP 
level (≥ 100  ng/mL: 27% vs. 43%, P = 0.0061**) than 
mono-infected HCC patients. Regarding the similarity to 
HBV-HCC or HCV-HCC patients, HBCV-HCC patients 
had characteristics that were more similar to those of 
HCV-HCC patients, including smaller tumor size, higher 
cirrhosis rate, and lower AFP. Most intriguingly, HBCV-
HCC patients had an intermediate age at HCC diagnosis 
between those of patients with HBV-HCC and those with 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.gencodegenes.org/
https://www.gencodegenes.org/
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HCV-HCC (median age, HBV-HCC vs. HBCV-HCC, 
55.5  years vs. 63  years, P < 0.001***; HBCV-HCC vs. 
HCV-HCC, 63 years vs. 67 years, P = 0.0162*). Although 
the patients were not followed to learn the exact time 
of their HBV or HCV infection, epidemiological stud-
ies corresponding to the age of the patients suggest 
they were likely infected with HBV before their 20 s and 
exposed to HCV in their 20–40  s [33, 34]. Thus, these 
results indicate that HCV superinfection may delay HBV-
induced carcinogenesis and lead to tumor characteristics 
more akin to those of HCV-HCC.

Approximately half of HBCV‑HCCs harbor HBV DNA 
integration, with an integration pattern and timing similar 
to that of HBV‑HCCs
To evaluate the involvement of HBV infection in the car-
cinogenesis of HBCV-HCC, we performed capture-NGS 
to identify HBV DNA integration in the tumor genome 
of the 313 HCCs. Capture-NGS analysis detected 
HBV clonal integrations in 88% of HBV-HCCs, 55% of 

HBCV-HCCs, and 7% of HCV-HCCs (Fig.  1A), indi-
cating at least 55% of HBCV-HCC derived from HBV-
infected hepatocytes. There was no significant difference 
in the number of junctions (median of junction num-
ber, integration-positive (Int(+)) HBV-HCC vs. int(+) 
HBCV-HCC, 4 ± 3 vs. 2 ± 4, P = 0.6300), and the distribu-
tion of junction breakpoints in HBV genome was simi-
lar between int(+) HBV-HCC and int(+) HBCV-HCC 
(Fig.  1B). HBV integration promotes HBV-HCC via 
insertional mutagenesis, cis-regulating the transcrip-
tion of host genes flanking the breakpoints of viral inser-
tion with well-reproduced hotspot genes such as TERT, 
MLL4, and cyclin E1 (CCNE1) [35]. The integration 
hotspot genes in int(+) HBV-HCCs were also identified 
in int(+) HBCV-HCCs (Fig.  1C), with similar detection 
rates and breakpoint distribution patterns, as illustrated 
in Fig. 1D for TERT (29% vs. 31%, P = 0.7460) and Fig. 1E 
for MLL4 (11% vs. 6%, P = 0.4112) (Integration in CCNE1 
is not illustrated due to the low detection rates of 3.4% 
(5 of 145) and 2.0% (1 of 51) in int(+) HBV-HCCs and 

Table 1 Demographic and characteristics of viral HCCs (N = 313)

ns, no significant difference
* , P < 0.05; **, P < 0.01; ***, P < 0.001
# P < 0.0167; ##, P < 0.0033; ###, P < 0.00033 in pairwise comparison by Chi-square test

Characteristics HBV‑HCC (N = 164) HBCV‑HCC (N = 93) HCV‑HCC (N = 56) P‑value

Male 109 (66%) 61 (66%) 31 (55%) ns

Age (Median (range)) 55.5 (17–84) 63.0 (32–82) 67.0 (45–78) HBV vs HCV, P < 0.001##

HBV vs HBCV, P < 0.001##

HCV vs HBCV, P = 0.0162#

HBV vs Others, P < 0.001***
HCV vs Others, P < 0.001***
HBCV vs Others, P = 0.0052**

Tumor size > 5 cm 65 (40%) 26 (28%) 17 (30%) HBV vs Others, P = 0.0452*

Cirrhosis 61 (37%) 48 (52%) 28 (50%) HBV vs Others, P = 0.0158*

Tumor grade 3–4 62 (38%) 27 (29%) 29 (52%) HCV vs HBCV, P = 0.0055#

HCV vs Others, P = 0.0184*
HBCV vs Others, P = 0.0345*

Microvascular invasion 73 (48%) 35 (38%) 25 (45%) ns

AFP >  = 100 ng/mL 75 (47%) 25 (27%) 18 (32%) HBV vs HBCV, P = 0.0013##

HBV vs Others, P < 0.001***
HBCV vs Others, P = 0.0061**

(See figure on next page.)
Fig. 1 Most HBV DNA integration occurs before HBeAg seroconversion and contributes to carcinogenesis in half of HBCV‑HCC cases 
through similar insertional mutagenesis mechanisms as in HBV‑HCC. A Detection rate of clonal HBV DNA integration in virus‑related HCCs. B 
Distribution of HBV breakpoints of integrated HBV in int(+) HBV‑HCCs and int(+) HBCV‑HCCs. The height of the bar indicates the frequency 
of junction breakpoint detected at each nucleotide in the HBV genome. C Distribution of HBV‑human junction in the human chromosome 
in int(+) HBV‑HCCs and int(+) HBCV‑HCCs. The height of the bar indicates the frequency of junction detected in the window of  106 nucleotides 
in the human genome. D, E Detection rates of (D) HBV‑TERT and (E) HBV‑MLL4 in int(+) HBV‑HCCs and int(+) HBCV‑HCCs (left panel) 
and the distribution of junction breakpoints within the indicated genes (right panel). The X‑axis represents the gene position, with exon regions 
shaded in gray. F, G (F) The PC mutation rate and (G) BCP mutation rate for integrated HBV in int(+) HBV‑HCCs and int(+) HBCV‑HCCs. (***, P < 0.001; 
ns, no significant difference.)
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int(+) HBCV-HCCs, P = 1.0000). No novel integration 
hotspot specific to int(+) HBCV-HCCs was identified. 
Collectively, given that HBV-HCC tumors had an HBV 
clonal integration rate of approximately 90%, the detec-
tion of integration in 55% of HBCV-HCC cases suggests 
that around 60% of HBCV-HCC originated from hepat-
ocytes previously exposed to HBV. Most clonal integra-
tions in int(+) HBCV-HCC contribute to carcinogenesis 
through mechanisms similar to those in HBV-HCC, pri-
marily through insertional mutagenesis.

We then investigated whether the timing of integration 
events in hepatocytes undergoing HCC transformation 
is similar in int(+) HBV-HCC and int(+) HBCV-HCC. 
HBV spontaneous nucleotide substitution rate decreases 
significantly once HBV is integrated since it becomes a 
part of the human genome [36, 37]. Therefore, the muta-
tion of common HBV variants, PC and BCP, within inte-
grated HBV reflects the mutation of the virion at the time 
of integration and can serve as markers for the timing 
of HBV DNA integration. The PC mutation rates were 
20% and 9% (Fig. 1F, P = 0.2014), and the BCP mutation 
rates were 19% and 24% (Fig.  1G, P = 0.5059) for int(+) 
HBV-HCC and int(+) HBCV-HCC, respectively. The 
results indicate that the timing of integration events in 
hepatocytes transforming into HCC is similar in int(+) 

HBV-HCC and int(+) HBCV-HCC tumors. It is known 
that the presence of PC and BCP mutation in virion asso-
ciated with hepatitis B e antigen (HBeAg) seroconversion 
in chronic hepatitis  B  (CHB) patients [38], the low PC/
BCP mutation rate in clonal integrations suggest that 
HBV integrations in tumors mainly occur before HBeAg 
seroconversion.

HCV superinfection increases TERT promoter and CTNNB1 
mutation rates in HBCV‑HCC regardless of HBV integration
To further characterize the genetic difference in virus-
related HCCs, we investigated the rate of the most com-
mon HCC somatic mutations, including mutations in 
the TERT promoter (G(−124/−146)A), CTNNB1 (exon 
3), and TP53 (coding sequence), in HBCV-HCC by cap-
ture-NGS, taking HBV-HCC and HCV-HCC as reference 
(Fig.  2). Between HBV-HCCs and HCV-HCCs, HCV-
HCCs had a significantly higher percentage of muta-
tions in the TERT promoter (71% vs. 26%, P < 0.0001***) 
and CTNNB1 (30% vs. 13%, P = 0.0027**). In compari-
son, no significant difference was detected in the TP53 
gene (45% vs. 38%, P = 0.4114) between HCV-HCCs and 
HBV-HCCs.

Compared to HBV-HCCs, HBCV-HCCs had sig-
nificantly higher rates of TERT promoter (43% vs. 26%, 
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Fig. 2 Differences in somatic mutation rates of commonly mutated genes in HCC, including the TERT promoter, CTNNB1, and TP53 in virus‑related 
HCCs. Heatmap illustrating HBV integration and common somatic mutations detected by capture‑NGS in HBV‑HCCs, HBCV‑HCCs, and HCV‑HCCs. 
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P = 0.0040**) and CTNNB1 mutation (35% vs. 13%, 
P < 0.0001***) but a lower rate of TP53 mutation (25% vs. 
38%, P = 0.0255) than HBV-HCCs. In contrast, HBCV-
HCCs had significantly lower rates of TERT promoter 
(43% vs. 71%, P = 0.0008**) and TP53 mutation (25% 
vs. 45%, P = 0.0118*), while there was no significant dif-
ference in the CTNNB1 mutation rate (35% vs. 30%, 
P = 0.5209) when compared to HCV-HCCs. Further 
stratification of HBCV-HCC by the presence or absence 
of integrated HBV DNA did not reveal significant differ-
ences in mutation rates in the TERT promoter (41% vs. 
45%, P = 0.6938), CTNNB1 (37% vs. 33%, P = 0.6941), and 
TP53 (29% vs. 19%, P = 0.2490). The data suggests that 
pre-existing HBV infection does not affect the incidence 
of these somatic mutations in HBCV-HCC. As a result, 
the elevation of mutation rate in the TERT promoter and 
CTNNB1 is more likely the result of HCV infection.

RNA‑sequencing (RNA‑seq) results show a predominance 
of replicating HCV over HBV in HBCV‑HCC, with preexisting 
HBV playing a proliferative role
To elucidate the mechanism by which CHB contributes 
to the carcinogenesis of HBCV-HCC, we conducted 
RNA-seq analysis to profile the transcriptomes of 20 
HBCV-HCC tumors, including 10 int(+) and 10 integra-
tion-negative (Int(–)) HBCV-HCC tumors. HCV RNA 
transcripts were identified in all (20 of 20) HBCV-HCCs, 
supporting the contribution of HCV to HBCV-HCC. In 
contrast, HBV RNA transcripts were detected in only 
40% (8 of 20) of HBCV-HCCs, which was significantly 
lower than the detection rate of HCV transcripts (100% 
vs. 40%, P < 0.0001***) and more commonly identified 
in int(+) than int(–) HBCV-HCC (Fig. 3A, 70% vs. 10%, 
P = 0.0198*). The detection of HBV transcripts in 10% 
of int(–) HBCV-HCC is consistent with the absence of 
clonal integration in approximately 10% of HBV-HCC 
cases. Taken together, the presence of viral transcript 
supports the involvement of HCV in the carcinogen-
esis of both int(+) and int(–) HBCV-HCC, and HBV’s 
contribution is more common in int(+) than int(–) 
HBCV-HCC.

Expression profiles of int(+) and int(–) HBCV-HCCs 
were compared to clarify the contribution of HBV to 
HBCV-HCC. Differential expression analysis revealed 
that 370 and 369 genes were significantly upregulated 
in int(+) and int(-) HBCV-HCC samples, respectively 
(Fig.  3B). PCA was conducted on these DEGs between 
the int(+) and int(–) HBCV-HCC samples (Fig.  3C). 
GSEA suggested that proliferative hallmark gene sets, 
including E2F targets, G2M checkpoints, and mitotic 
spindles, were enriched in int(+) HBCV-HCCs (Fig. 3D), 
indicating that preexisting HBV confers a growth advan-
tage to infected hepatocytes, possibly through integrated 

HBV DNA. Given the similarity between int(+) and 
int(–) HBCV-HCC in terms of common somatic muta-
tions and clinical characteristics (Supplementary 
Table 2), and considering that HBCV-HCC is more simi-
lar to HCV-HCC than HBV-HCC in terms of clinical fea-
tures and mutations, integration may provide a growth 
advantage as the basis for oncogenicity, and chronic hep-
atitis C (CHC) appears to be the primary driving force for 
carcinogenesis in the dual-infected liver due to the domi-
nance of infection.

HCV superinfection may delay progression of HBV‑HCC 
and ameliorate outcomes after tumor resection
To explore clinical implications, we investigated the 
possible differential response to current targeted thera-
pies for HCC of different etiology using transcriptomic 
analysis. Treatment benefit scores for the kinase inhibi-
tors sorafenib [39] and regorafenib [40] were evaluated; 
however, no significant differences were found between 
HCCs (Supplementary Fig. 1A, B). In addition, gene sets 
related to immuno-oncology response and immune cell 
composition showed no significant differences between 
different HCC etiologies and the presence of HBV inte-
gration (Supplementary Fig.  1C, D). These preliminary 
results suggest no difference in tumor response to cur-
rently available systematic therapies in virus-related 
HCCs.

Regarding the prognosis of patients with HCC after 
tumor resection, there were no notable differences in RFS 
or OS among patients with virus-related HCC, either 
with or without HBV integration (Fig.  4A, B). Never-
theless, to elucidate the effect of HCV superinfection in 
HCC, we specifically compared the clinical characteris-
tics and prognosis between 42 HBV-HCC patients and 
16 HBCV-HCC patients, all of whom use the same driver 
mutation, HBV-TERT, to reduce tumor heterogeneity 
between HBV-HCC and HBCV-HCC. Despite sharing 
the same driver mutation, HBCV-HCC patients had older 
age at tumor diagnosis (median age, 62.5 vs. 57  years, 
P = 0.1507), lower tumor grade (grade 3–4 tumors: 25% 
vs. 45%, P = 0.1594), and lower AFP levels (> = 100  ng/
mL: 13% vs. 34%, P = 0.1879) than did HBV-HCC patients 
(Supplementary Table  3), showing the same trend as in 
Table 1. In addition, HBCV-HCC patients had better RFS 
(Fig. 4C, P = 0.1011) and OS (Fig. 4D, P = 0.1729) follow-
ing tumor resection. RNA-seq showed an association of 
HCV superinfection with lower CTNNB1 downstream 
signaling (Fig.  4E) and lower stemness profiling pattern 
(Fig.  4F), which supports the better prognosis observed 
in HBV-TERT(+) HBCV-HCC patients. These findings 
suggest that HCV superinfection within the context of 
HBV infection might delay carcinogenesis, resulting in 
less advanced HCC and improved outcomes. However, 
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statistical significance could not be achieved due to the 
limited sample size, highlighting the need for further 
investigation.

Discussion
This study assesses the contributions of HBV and HCV 
to HCC in dual-infected individuals by analysis of 
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Fig. 3 RNA‑seq analysis reveals the influence of HCV and the proliferative effect of HBV on HBCV‑HCC carcinogenesis. A Detection rate of viral 
transcripts in ten int(+) and ten int(–) HBCV‑HCC cases. B DEGs between int(+) and int(–) HBCV‑HCCs. C PCA of int(+) and int(–) HBCV‑HCCs based 
on the DEGs in (B). D Hallmark gene sets enriched in int(+) HBCV‑HCCs compared to int(–) HBCV‑HCCs.

Fig. 4 The tumor characteristics and prognosis of patients with HBV‑TERT(+) HCCs tend to be mitigated by HCV superinfection. A, B Comparison 
of RFS (A) and OS (B) between int(+) HBV‑HCCs (green line), int(–) HCV‑HCCs (magenta line), int(+) HBCV‑HCCs (orange line), and int(–) HBCV‑HCCs 
(gray line) patients by Kaplan‒Meier analysis. C, D Comparison of RFS (C) and OS (D) of HBV‑TERT (+) HBCV‑HCCs (red line) and HBV‑TERT (+) 
HBV‑HCCs (blue line) patients by Kaplan‒Meier analysis. E, F GSEA plots of gene sets related to (E) CTNNB1 downstream signaling and (F) cell 
stemness between HBV‑TERT(+) HBCV‑HCCs (n = 3) and HBV‑TERT(+) HBV‑HCCs (N = 15).

(See figure on next page.)
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virus-specific clinical characteristics, genetic altera-
tions, and transcription. HCV superinfection generally 
suppresses preexisting HBV replication in dual-infected 
patients, disrupting HBV-induced carcinogenic mecha-
nisms, including oncogenic HBV proteins and the micro-
environment generated during CHB. Consequently, only 
irreversible genetic changes, such as HBV DNA integra-
tion, persist after HCV superinfection. The dominance of 
HCV shifts HBCV-HCC towards HCV-HCC in terms of 
somatic mutations and clinical characteristics.

The intriguing discovery of delayed tumor diagnosis 
in dual-infected patients relative to HBV mono-infected 
patients suggests that dual infection does not simply 
promote carcinogenesis synergistically, which is also 
observed in the previous study [3]. While suppressing 
CHB-induced carcinogenesis by inhibiting HBV replica-
tion, CHC creates its own inflammatory environment. In 
addition to the carcinogenesis of HCV-infected hepato-
cytes, it also fuels the clonal expansion of HBV-infected 
hepatocytes, which may have already acquired growth 
advantage during CHB before HCV superinfection. The 
findings explain the increased incidence of HCC in dual-
infected individuals compared to mono-infected individ-
uals. Meanwhile, the similarities in clinical characteristics 
and genetic mutations in int(+) and int(–) HBCV-HCC 
are consistent with the idea that the malignant transfor-
mation of hepatocytes in the dual-infected liver is mainly 
driven by CHC.

We further addressed the possible contribution of 
HCV superinfection by comparing HBV-HCC and 
HBCV-HCC with the same driver integration. HCV 
superinfection was associated with later tumor diagnosis, 
smaller tumor size, lower tumor grade, and even better 
outcomes. Together, dual infection increased the risk of 
HCC more than HBV mono-infection but delayed HCC 
onset and might ameliorate tumor characteristics. How-
ever, the sample size was limited, and further validation 
of this observation is warranted.

Notably, our study revealed the presence of clonal HBV 
integration in 7% of the HCV-HCC patients in Taiwan 
(Fig.  1A), possibly a result of resolved HBV infection. 
Consistently, no clonal HBV integration was detected 
in HCC from 12 HCV patients who had resolved HBV 
infection and developed HCC after achieving HCV-SVR 
through early DAA treatment in another cohort. The low 
detection rate of clonal junctions in HCV-HCC patients 
can be attributed to the rapid clearance of acute HBV 
infection and the natural elimination of int(+) hepato-
cytes without chronic inflammation. Nevertheless, clonal 
HBV integration in HCV-HCC may not merely be a 
remnant of previous HBV infection, as HBV-TERT was 
detected in one of the four int(+) HCV-HCC cases in the 
current study. This observation suggests that resolved 

HBV may contribute to carcinogenesis through residual 
HBV DNA integration. In view of this, early antiviral 
treatment after both HBV and HCV infection is crucial 
for reducing HBV integration events, alleviating chronic 
infection-induced selective environments, and collec-
tively mitigating the risk of HCC in HBV/HCV-endemic 
regions.

Our previous study found that the viral-host chimera 
DNA (Vh-DNA) generated by HBV integration can serve 
as a unique circulating DNA biomarker for ~ 90% of 
HBV-HCC patients [41]. Therefore, clonal expansion of 
HBV-integrated hepatocytes in dual-infected patients or 
hepatitis B core antibody-positive HCV-infected patients 
after DAA treatment can be monitored by detecting cir-
culating vh-DNA, which can help guide early therapy for 
preventing tumor development.

Conclusions
This study elucidates the complex relationship between 
HBV and HCV infections and their distinct contributions 
to hepatocarcinogenesis of HBCV-HCC. It explains the 
pivotal role of HBV integration in tumor development 
and the influence of HCV superinfection on carcino-
genesis. Our findings raise the importance of treating or 
closely monitoring chronic dual-infected patients after 
curative treatment, as they represent a high-risk group 
for HCC development.
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