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Abstract: Circulating tumor DNA (ctDNA) is a promising noninvasive biomarker for hepatocellular carcinoma (HCC).
In this study, we aimed to assess the diagnostic and prognostic value of ctDNA in HCC. Twenty-six operable HCC, 10
hepatitis and 10 cirrhosis patients were enrolled in this study. Treatment-naive blood samples were collected from
all patients, nevertheless resected tissue and postoperative blood samples were only collected from HCC patients.
A custom-designed sequencing panel covering 354 genes was used to identify somatic mutations. Collectively, we
identified 139 somatic mutations from 25 HCC baseline plasma samples (96.2%). TP53 (50.00%) was the most
common mutant gene, and R249S was the most recurrent mutation (19.2%). Twenty-three patients (88.5%) carried
at least one ctDNA mutation validated in matched tissue, and the driver mutations exhibited an advanced concor-
dance than non-driver mutations (67.6% vs. 33.8%, P = 0.0002). For HCC patients, the number of mutations in ctD-
NA (R?=0.1682, P = 0.0375), maximal variant allele frequency (VAF) in ctDNA (R? = 0.4974, P < 0.0001) and ctDNA
concentration (R?2 = 0.2676, P = 0.0068) were linearly correlated with tumor size. Multiple circulating cell-free DNA
(cfDNA) parameters could be used in differentiating malignant lesions from benign lesions, and the performance
was no less than blood alpha-fetoprotein (AFP). HCC patients with detectable mutation in postoperative plasma had
a poor DFS than those without (17.5 months vs. 6.7 months, HR = 7.655, P < 0.0001), and postoperative cfDNA
status (HR = 10.293, P < 0.0001) was an independent risk factors for recurrence. In conclusion, ctDNA profiling is
potentially valuable in differential diagnosis and prognostic evaluation of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most
common pathological subtype of primary liver
cancer. It continues to be associated with a
high mortality rate, at least partly because
diagnosis usually occurs at advanced stage
[1]. In 2012, 782,500 new cases and 745,500
deaths from liver cancer were reported world-
wide, and approximately 50% of these cases
and deaths occurred in China [2]. National

Central Cancer Registry of China estimated
that approximately 466,100 new cases and
422,100 deaths occurred throughout 2015 in
China [3]. In current clinical practice, blood
alpha-fetoprotein (AFP) level is widely used for
tumor assessment during diagnosis, therapeu-
tic evaluation, and surveillance. However, the
sensitivity is far from satisfactory [4, 5]. His-
tological biopsy is the most powerful tool for
diagnosis, but procedural risks and tumor het-
erogeneity have limited its applicability. Highly
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sensitive, specific, and comprehensive meth-
ods are thereby required to optimize diagnosis
and prognosis determination in HCC patients.
Hepatitis and cirrhosis are the most common
precancerous lesions of HCC and have been
regarded as important risk factors of carcino-
genesis [1, 6-9]. Revealing genomic discrepan-
cy between precancerous lesions and HCC
may provide molecular evidence to direct early
intervention.

Circulating tumor DNA (ctDNA), which is derived
from necrosis or apoptosis of vivo-cells, have
been explored in the plasma of most solid
tumors, including HCC [10]. ctDNA can contain
tumor-specific genetic alterations and over-
come the limitations of biopsies resulting from
tumor heterogeneity [11-13]. The development
of next generation sequencing (NGS) has facili-
tated the identification of genetic variants in
various tumors and enables the detection and
quantification of ctDNA. Noninvasive ctDNA
sequencing via the NGS platform is a promising
tool for genetic profiling of various tumors,
which is potentially valuable for diagnosis and
determining prognosis [14-16].

In this study, we examined tumor tissue and
pre-/postoperative blood samples from 26 pa-
tients with HCC undergoing radical surgery, as
well as blood samples from 10 patients with
hepatitis and 10 with cirrhosis. Hybrid capture
and panel-based sequencing were performed
on all samples. Using integrated profiling, we
evaluated the diagnostic and prognostic value
of ctDNA in HCC patients.

Materials and methods
Clinical cohort

Twenty-six HCC, 10 hepatitis and 10 cirrhosis
patients were enrolled in this study. All pati-
ents were treated at Shenzhen People’s Hos-
pital between August 22, 2013 and April 16,
2014. Clinicopathological data about demo-
graphy and tumor histopathological results,
such as TNM staging and cellular differentia-
tion grade, were collected from each patient.
This study was approved under the institut-
ional review board of Shenzhen People’s Hos-
pital. All subjects provided informed, written
consent before undergoing any study-related
procedures. This study was performed in ac-
cordance with the Declaration of Helsinki.

6463

Sample processing and DNA extraction

HCC tissue samples were collected during sur-
gical resection. At least 10 ml of peripheral
blood (PB) was collected using Streck tubes for
all patients before they received any medical
treatment, and for HCC patients except PO09,
further 10 ml of PB was collected after surgery
(within 1 to 4 weeks). Within 72 h after collec-
tion, PB samples were centrifuged at 1,600 g
for 10 min, then transferred to microcentrifuge
tubes and centrifuged at 16,000 g for 10 min to
remove cellular debris. PB lymphocytes (PBLSs)
located in the cell pellet generated during the
first centrifugation were also separated and
stored. Tissue, plasma, and PBLs were stored
at -80°C prior to DNA extraction. PBL DNA and
tissue DNA were extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany),
whereas circulating cell-free DNA (cfDNA) was
isolated from 0.6-1.8 mL plasma using QIA-
amp Circulating Nucleic Acid Kit (Qiagen). The
Qubit fluorometer (Invitrogen, Carlsbad, CA,
USA) dsDNA HS kit was used to determine the
DNA concentration, and the size of cfDNA frag-
ments was assessed using the Agilent 2100
BioAnalyzer and DNA HS kit (Agilent Techno-
logies, Santa Clara, CA, USA).

Sequencing library construction and target
enrichment

Before library construction, 1 ug of tissue DNA
and PBL DNA were cut into 200-250 bp frag-
ments with a Covaris S2 instrument (Woburn,
MA, USA). Indexed lllumina NGS libraries were
prepared from tissue, PBL germline, and circu-
lating DNA using the KAPA Library Preparation
Kit (Kapa Biosystems, Boston, MA, USA). For
cfDNA, after end repairing and A-tailing, well-
designed adapters with unique identifiers were
ligated to both ends of the double-stranded
cfDNA fragments, in order for the cluster and
error correction. A custom SeqCap EZ Library
(Roche NimbleGen, Madison, WI, USA) was us-
ed during the process of target enrichment.
PCR cycles were performed to generate en-
ough quantity of fragments prior to hybridiza-
tion. Capture hybridization was performed with
a specific gene panel, according to the manu-
facturer’s protocol. Amplification of the cap-
tured DNA fragments was conducted after
hybrid selection and then pooled to several
multiplexed libraries. Additional detailed infor-
mation regarding library preparation and tar-
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get enrichment was described in a previous
article [17].

Capture panel design

Considering the known genomic heterogeneity
of HCC, a comprehensive capture probe was
designed based on cancer genomic data from
COSMIC (http://cancer.sanger.ac.uk/cosmic).
Among 719 genes registered in the COSMIC
database (v84), we first eliminated those
altered solely in hematological malignancies.
We then screened frequently variable genomic
regions presenting in not only HCC but also in
other common malignancies to generate the
prototype of our capture panel. Entire exons of
certain notable oncogenes and suppressor
genes, such as TP53, RAS, and EGFR, were
then added. Data from our own sequencing and
TCGA (https://cancergenome.nih.gov/) were
also taken into consideration. From the above
efforts, we ultimately generated a specific cap-
ture panel covering 354 genes (Table S1).

Next generation sequencing

Sequencing was performed by Illumina 2 x
75 bp paired-end sequencing using lllumina
HiSeq 3000 and NextSeq 500 instruments
(Mlumina, San Diego, CA, USA). The TruSeq PE
Cluster Generation Kit V3 and TruSeq SBS Kit
V3 (lllumina, San Diego, CA, USA) were used
according to the manufacturer’s recommenda-
tions. The preset amount of data was 1, 2, or
15 Gb for PBL DNA, tissue DNA, or cfDNA,
respectively. Additional detailed information
about NGS was described in a previous article
[a71.

Raw data processing

After adaptor sequences, sequences with more
than 50% low-quality base reads, or those with
more than 50% N bases, together with their
mate pairs were removed, remaining reads
were mapped to the reference human genome
(hgl19) using the Burrows-Wheel Aligner (http://
bio-bwa.sourceforge.net/) with default param-
eters. Picard’s Mark Duplicates tool (https://
software.broadinstitute.org/gatk/documenta-
tion/tooldocs/4.0.3.0/picard_sam_markdupli-
cates_MarkDuplicates.php) was used to iden-
tify and mark duplicate reads for tumor and
germline DNA data and clustered cfDNA reads
according to UID and position of the template
fragments. The average depth was 724.3
180.1 x for 26 tissue samples, and 1899

+ I+
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417.1 x for 71 plasma samples (Table S2). Mis-
takes introduced by PCR or sequencing proce-
dures were corrected according to clustered
reads. Local realignment and base quality re-
calibration were performed using The Gene
Analysis Toolkit (https://www.broadinstitute.
org/gatk/).

Sequence data analysis

Somatic single-nucleotide variations (SNVs)
and insertions or deletions of small fragments
(Indels) were called by MuTect algorithm (https:
//software.broadinstitute.org/gatk/documenta-
tion/tooldocs/3.8-0/org_broadinstitute_gatk_
tools_walkers_cancer_m2_MuTect2.php). PBL
sequencing data were used to filter out germ-
line mutations. The filter criteria included: (1)
variants supported by fewer than five high-qual-
ity reads (base quality > 30, mapping quality >
30) were filtered ; (2) variants were filtered as
cross-contamination if present in > 1% sam-
ples in custom single nucleotide polymorph-
ism (SNP) databases (dbsnp, https://www.ncbi.
nim.nih.gov/projects/SNP/; 1000G, https://
www.1000genomes.org/; ESP6500, https://
evs.gs.washington.edu/; EXAC, http://exac.
broadinstitute.org/) and self-built SNP data-
base; (3) synonymous mutations; (4) variants
detected in matched blood lymphocytes. The
variant allele frequency (VAF) indicated the per-
centage of mutant reads in total reads. An
online tool WebGestalt (http://www.webgestalt.
org) were used for gene enrichment analysis.

ctDNA quantification and quantitative variation
of ¢cfDNA or ctDNA concentration

The calculation of ctDNA concentration: ctDNA
concentration (ng/ml) = Maximal VAF x cfDNA
concentration (ng/ml).

The calculation of quantitative variation: [Post-
operative DNA concentration (ng/ml) - Baseline
DNA concentration (ng/ml)]/Baseline DNA con-
centration (ng/ml).

Statistical analysis

Mann-Whitney U-test was used to estimate dif-
ferences between two groups, and one-way
ANOVA was utilized to assess significant differ-
ences among three or more groups. The differ-
ence between proportions of two groups was
assessed using Chi-square test. These tests,
as well as descriptive statistics, were perform-
ed using SPSS 22.0 (IBM, Armonk, NY, USA).
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Table 1. The association between clinicopathologic characteristics and cfDNA parameters

N (%) Mutgtion number Maximal VAF cfDNA concentration Mutant- cfDNA
Characteristics - in cfDNA in cfDNA (%) (ng/ml) concentration (ng/ml)
Total =26 Mean + SD p Mean + SD p Mean + SD p Mean + SD p
Age, years
<50 12 (46.2%) 4.7+4.6 0.437 3.6+5.0 0.453 39.3+35.7 0.595 11+15 0.296
> 50 14 (53.8%) 59+35 6.2 +10.9 525+ 78.1 24+4.4
Gender
Male 23 (88.5%) 53+4.2 0.887 53+9.2 0.596 49.6 £64.8 0.483 20+3.6 0.511
Female 3 (11.5%) 57+25 2417 224+25 0.6+0.4
HBV infection
Positive 25 (96.2%) 53+4.1 0.872 51+8.8 0.777 46.9+62.7 0.865 1.8+3.5 0.794
Negative 1(3.8%) 6.0 2.5 35.9 0.9
AFP
<400 ng/ml 16 (61.5%) 4.8+3.5  0.350 44+96 0677 539+ 770 0.448 1.4 +3.0 0.506
> 400 ng/ml 10 (38.5%) 6.3+4.8 59+74 34.6 £ 19.0 24+4.1
Clinical stage
| 20 (76.9%) 48+32 0.357 42 +88 0.402 47.8 £ 67.6 0.844 1.3+27 0.164
17all] 6 (23.1%) 7.3+6.1 76+9.2 42.0+21.4 35+51
Edmondson grade
Al 21 (80.8%) 56+4.2 0.490 49+9.1 0.908 48.8+68.1 0.696 1.8+3.7 0.932
1] 5 (19.2%) 42+31 54+70 36.5+16.4 1.7+22
PVTT
Positive 3(11.5%) 2.7+29 0.228 76 +9.0 0.587 29.6+23 0.624 23+28 0.773
Negative 23 (88.5%) 57+4.1 4.6+8.8 48.6 + 65.2 1.7+3.5
Associated with cirrhosis
Positive 19 (73.1%) 4.6+3.0 0.254 43+6.6 0.552 51.0+71.0 0.540 1.7+3.2 0.800
Negative 7 (26.9%) 74 +5.8 6.7 +13.3 33.9+19.3 21+4.2
Largest tumor diameter
<5cm 16 (61.5%) 41+3.2 0.048* 2.7+5.2 0.085 29.4+142 0.072 1.2+3.2 0.245
>5cm 10 (38.5%) 7.3+4.6 8.7+11.8 73.7+93.8 2.8+3.6
Focal
Single 22(84.6%) 4.4+32 0.003* 4.0+8.2 0.199 59.0+87.7 0.816 6.0 £ 24.5 0.930
Multiple 4(15.4%) 10.5+4.7 10.2 +10.5 485 +24.3 49+6.0

Abbreviations: AFP, alpha fetal protein; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; PVTT, portal vein tumor thrombus. *Statistical significance.

Receiver operating characteristic (ROC) analy-
sis was performed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). We also
used Spearman correlation analysis to assess
correlations between experimental parameters
using GraphPad Prism 7 (GraphPad Software).
Kaplan-Meier and COX survival analysis (SPSS
22.0, IBM) was used to compare DFS between
subgroups. Results were considered statisti-
cally significant when the p value was less than
0.05.

Results

Description of study cohort

The median diagnostic age of enrolled HCC
patients was 51 (ranged from 27-86). Male

subjects accounted for the majority (23/26,
88.5%). Almost all (25/26, 96.2%) had a his-
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tory of hepatitis B virus (HBV) infection, and
none had ever been infected with hepatitis C
virus (HCV). Twenty patients (76.9%) had clini-
cal stage | disease, whereas 15.4% (4/26) and
7.7% (2/26) had stage Il and Il disease, respec-
tively. According to Edmondson grade system,
the majority (21/26, 80.8%) was identified as
grade /Il cellular differentiation. Portal vein
tumor thrombus (PVTT) was detected in three
patients (11.5%). Meanwhile concomitant cir-
rhosis existed in 19 patients (73.1%). The larg-
est tumor diameter (LTD) was less than or equal
to 5 cm in 61.5% (16/26) of patients with HCC.
Only four patients (15.4%) had multiple malig-
nant foci. Abnormal elevation of AFP (> 400 ng/
ml) was seen in 10 patients (38.5%) (Table 1).

As a contrast, the median diagnostic ages of
hepatitis and cirrhosis patients were 32 (rang-
ed from 18-50) and 48.5 (ranged from 31-76),
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respectively. Most of hepatitis (7/10, 70%) and
all of cirrhosis patients were male. Only two cir-
rhosis patients were not infected with HBV.
None was in AFP > 400 ng/ml, and the range
was 2.9-89.5 ng/ml and 1.5-46.9 ng/ml for
hepatitis and cirrhosis patients (Table S3).

Genomic landscape revealed by ctDNA profil-
ing and mutational validation via matched
tumor tissue sequencing

A total of 139 somatic mutations involving 93
genes were detected in 25 baseline (preopera-
tive) plasma samples (96.2%), with a median
of 5 (ranged from O to 17) per sample. TP53
(13/26, 50.00%) was the most common mu-
tant gene. Besides, AXIN1 (3/26, 11.54%), BC-
OR (3/26, 11.54%), CTNNB1 (3/26, 11.54%),
FANCE (3/26, 11.54%), FANCM (3/26, 11.54%),
and NCOR1 (3/26, 11.54%) were mutated in
over two plasma samples (Figure 1A).

Subsequently, these mutations detected in
plasma ctDNA were explored in matched tu-
mor tissue. Within 139 mutations detected in
CctDNA, 69 (49.6%) could be validated in paired
tumor DNA (tDNA), and the other 70 mutations
(50.4%) were private in plasma samples (O to
15 for each patient). In addition, 28 mutations
were private in tDNA (Figures 1B, S1, S2). At
least one overlapping mutation could be dete-
cted in 23 patients (88.5%). Furthermore, all
ctDNA mutations could be validated in match-
ed tDNA for seven patients (26.9%) (Figure S2).

Next, we selected nine presumptive driver ge-
nes for HCC, including TP53, AXIN1, CTNNB1,
CDKN2A, ARIN1A, ARID2, SMARCA4, KEAP1
and NFE2L2 [18] and further explored their
concordance between ctDNA and tDNA. A to-
tal of 37 driver events were identified in 23
patients (88.5%), and three patients (11.5%)
lacked conventional driver events in both ct-
DNA and tDNA. Within these driver events, 25
(67.6%) were shared in paired ctDNA and tDNA,
whereas three (8.1%) were plasma-private and
nine (24.3%) were tissue-private (Figure 1C).
Interestingly, the driver mutations exhibited an
advanced concordance than non-driver muta-
tions (25/37, 67.6% versus 44/130, 33.8%,
Chi-square p value = 0.0002), indicating that it
was more possible to trace driver than non-
driver mutations in ctDNA (Figure S3).

Mutant TP53 was detected in 69.23% (18/26)
patients with HCC in either ctDNA or tDNA
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(Figure S1), and R249S could be detected in
five (19.2%) ctDNA and six (23.1%) tDNA (Figure
S4A). For comparison, within 373 profiled HCC
tissue from TCGA, 115 (30.83%) samples had a
TP53 mutation, of which 11 (2.9%) contained
R249S (Figure S4B). This variant was the most
recurrent in both TCGA and our cohort, but the
population frequency in our cohort was much
higher than that in TCGA (23.1% versus 2.9%,
Chi-square p value = 0.0001).

Correlation between clinicopathologic factors
and ctDNA mutations

In this section, we compared several cfDNA
parameters, including number of mutations,
maximal VAF, cfDNA concentration and ctDNA
concentration, between patients grouped by
different clinicopathologic factors. The results
presented that most of these factors were not
related to cfDNA parameters. However, the
number of mutations in ctDNA was significantly
higher in patients with the LTD > 5 c¢cm or multi-
ple malignant focuses than in those with LTD <
5 cm (P = 0.048) or single focuses (P = 0.003)
(Table 1). Besides, we found that although the
discrepancy of other parameters between two
groups with LTD > or <5 cm did not reach sta-
tistical significance, the patients with LTD > 5
cm tended to suggest higher parameters than
those with LTD < 5 cm (Table 1). Therefore we
next performed a linear regression analysis to
further explore the correlation between these
parameters and LTD. Results showed that the
number of mutation (R? = 0.1682, P = 0.0375),
maximal VAF (R? = 0.4974, P < 0.0001) and
ctDNA concentration (R? = 0.2676, P = 0.0068)
presented modest but significant linear depen-
dence with LTD (Figure 2). AFP was also asse-
ssed, but no linear correlation with LTD was
found (R? = 0.0121, P = 0.5927, Table 1).

Molecular differentiation between hepatitis/
cirrhosis and HCC via quantitative analysis of
cfDNA

In order to assess the capacity of ¢cfDNA in
differential diagnosis between malignant and
benign classification, we performed the same
sequencing and analysis strategies for plasma
c¢fDNA from 10 hepatitis and 10 cirrhosis pa-
tients. Overall, we identified 21 somatic muta-
tions from two hepatitis and six cirrhosis pati-
ents. Most notably, both ARID1B and ARID2
mutations were identified in two cirrhosis pa-
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Figure 1. Genomic landscape of cfDNA from patients with hepatocellular carcinoma. A. Heatmap illustrating aro-
matic mutations detected in baseline plasma. Only genes that were mutated over two samples are shown. The lower
bar charts present the clinicopathologic characteristics of patients, and the upper bar charts represent the number
of mutations in each patient. The left bars show the frequencies of specific altered genes in the total cohort. B. Venn
diagram providing an overview of detectable mutations in tumor tissue and baseline plasma. C. Concordance of
presumptive driver genes of HCC. The subcellular localization of each transcript is shown. The size of circle indicates
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tations in different genes are represented by the orange, blue and grey parts, respectively.
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atitis/cirrhosis and HCC mutations, respectively. Only top 10 pathways are

shown and ranked in order of enrichment ratio.

= 0.0249) of HCC patients were significantly
higher than those of hepatitis/cirrhosis pati-
ents (Figure 3A, 3B). The number of mutations,
maximal VAF and ctDNA concentration of HCC
patients also tended to exceed those of hepati-
tis/cirrhosis patients, but the discrepancy did
not reach significance level partly due to the
small population of hepatitis/cirrhosis pati-
ents with somatic mutations in cfDNA (Figure
3C-E). Thus, we further explored the differenti-
ating capacity of cfDNA using ROC analysis,
and results showed that all cfDNA parameters
performed equally to or better than AFP in dif-
ferential diagnosis (Figure 3F).

Pathway enrichment was executed for cfDNA
mutations in hepatitis/cirrhosis or HCC plasma.
Based on the enrichment ratio, the pathways
that hepatitis/cirrhosis mutations most signifi-
cantly enriched in were Staphylococcus aureus
infection, Phagosome, Spliceosome and Inosi-
tol phosphate metabolism. However, Wnt and
Notch signaling pathways were most signifi-
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the others as the mutational
residual cohort. All of pati-
ents in the mutational residu-
al cohort (12/12) experien-
ced in-situ or distant recur-
rence postoperatively, while
only 30.8% (4/13) of patients in the total clear-
ance cohort experienced recurrence events
(Chi-square P = 0.0005) (Table 2). According to
Kaplan-Meier survival analysis, the mutational
residual cohort had a significantly poor DFS
than the total clearance cohort (median: 8.3
months versus unreached, log-rank HR =
7.655, P < 0.0001, Figure 5B). Even in the mu-
tational residual cohort, if we grouped these
patients based on the median of quantitative
variation, those with high clearance rates
(-59.3% to -98.5%) suggested an improved DFS
than the others (265.4% to -42.2%) (median:
17.5 months versus 6.7 months, log-rank HR =
3.164, P = 0.0195, Figure 5C). However, only
PVTT among involved clinicopathologic factors
was significantly associated with DFS (median:
8.2 months versus 25.2 months, log-rank HR =
4.036, P =0.0413, Figure S6).

Next, we enrolled clinicopathologic factors with
log-rank HR > 2, as well as ctDNA status, to
perform multivariable COX regression analysis.
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Figure 5. Prognostic evaluation of postoperative cfDNA status. A. The quanti-
tative variation of cfDNA and ctDNA concentration between baseline plasma
and postoperative plasma. The adjacent blue and red bars represent the
change of cfDNA and ctDNA concentration for the same patient. The calcula-
tion of ctDNA (mutant cfDNA) concentration: ctDNA concentration (ng/ml) =
Maximal VAF x cfDNA concentration (ng/ml). The calculation of quantitative
variation: [Postoperative DNA concentration (ng/ml) - Baseline DNA concen-
tration (ng/ml)]/Baseline DNA concentration (ng/ml). The asterisks indicate
patients without detectable mutation in postoperative blood. B. Patients with
and without detectable mutation in postoperative blood demonstrate differ-
entiated disease-free survival. C. Patients with high and low clearance rate
of ctDNA concentration demonstrate differentiated disease-free survival.
The high and low clearance rate is determined by the median. Kaplan-Meier
analysis is used to evaluate the survival differences.

mutations which could be
validated in matched tumor
tissue, and there was a mod-
est linear correlation between
cfDNA parameters and clini-
cal tumor burden measured
by LTD. Besides, ctDNA profil-
ing might be useful in differ-
ential diagnosis of benign and
malignant liver lesions, and
the postoperative status of
cfDNA was associated with
postoperative DFS for HCC
patients.

AFP is the routine screening
and diagnostic biomarker for
HCC. However, AFP level also
elevates in many physiologi-
cal and pathological phenom-
ena, suggesting it not a spe-
cific biomarker for HCC [20,
21]. Thus, diagnostic biomark-
ers with high sensitivity and
specificity are urgently need-
ed. As shown in this stu-
dy, several cfDNA parameters
were quite different between
hepatitis/cirrhosis and HCC,
and the differential perfor-
mance was equal to or exce-
ed that of AFP. Furthermore,
the molecular functions influ-
enced by HCC mutations ap-
peared to be diverse from
those influenced by hepatitis/
cirrhosis mutations, and for
HCC plasma, the Wnt and
Notch signaling pathways we-
re most significantly enriched
in. However, these markers

Results showed that the postoperative clear-
ance of ctDNA (HR = 10.293, P < 0.0001) and
PVTT status (HR = 6.930, P = 0.030) were the
independent factors associated with DFS of
HCC patients (Table 2).

Discussion

The use of liquid biopsy and ctDNA profiling has
been explored in multiple solid tumors [19].
Herein we reported a study using panel-based
NGS to explore the diagnostic and prognostic
value of ctDNA for HCC patients. As a result,
almost all of HCC patients (96.2%) had ctDNA
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also lack the specificity for HCC. For instance,
Wnt signaling was first identified for its role in
carcinogenesis, and many mutations involved
in this pathway were also identified in breast
and prostate cancer [22]. Thus, it is necessary
to combine HCC-specific mutations for precise
screening and diagnosis of HCC. This study
suggests that TP53 R249S is the most com-
mon mutation. Actually, R249S is strongly as-
sociated with Aflatoxin-induced HCC [23, 24],
and the higher population frequency in this
study over that in TCGA may indicate the inter-
ethnic dietary difference between Chinese and
Caucasian. Moreover, the detection sensitivity
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Table 2. Cox regression analysis about risk factors for post-

operative recurrence

ID1A, ARID2 and SMARCA4, also
mutated in HCC tissue and plasma.

The collection of sequential blood

N, Recurrence/ Median DFS, Cox p

Factors Total months value samples from precancerous lesions
Clinical stage to t.umo.rigenesis in the same HCC
| 12/20 26.0 0.278 patient |§ in our plan, in order to fur-
i 4/5 8.3 ther clarify the role of aberrant SWI/
) SNF complex in the genesis and

Edmondson grade development of HCC.

I/1 13/21 25.2 0.844

M 3/4 9.4 For ctDNA-based liquid biopsy, one
PVTT of the greatest concerns is the con-
Positive 2/2 8.2 0.030* cordance between ctDNA and tDNA.
Negative 14/23 059 In this. study_, although_most_ of pre-
Associated with cirrhosis sumptive driver |_mutat|o_ns in plas-
- ma could be validated in matched
Positive 13/18 19.8 0.691 tissue, a considerable number of
Negative 3/7 Unreached ctDNA mutations were not traced
Focal from tDNA. Several factors may con-
Single 13/21 21.2 0.652 tribute to the incomplete overlap
Multiple 3/4 6.9 between mutant spectra of ctDNA
Mutant cfDNA and tDNA. Firstly, spatial heteroge-
Total clearance 4/13 Unreached < 0.001* neity can lead to sampling bias and
Mutational residual 12/12 83 thus incomplete profile of tumor

Abbreviations: DFS, disease-free survival; PVTT, portal vein tumor throm-

bus. *Statistical significance.

of ctDNA for this mutation is passable (5/6,
83.3%), suggesting it a promising biomarker for
Chinese HCC screening and diagnosis via liquid
biopsy. A critical issue is that the population
coverage of R249S is just about 20%. Therefore
it is needed to reveal more HCC-specific muta-
tional markers to further improve the diagnos-
tic performance.

An innovation of this study is that we also pro-
filed cfDNA for hepatitis and cirrhosis patients
and identified somatic mutations in some of
them. It is remarkable that two cirrhosis pati-
ents had both mutant ARID1B and ARID2, both
of which are associated with packaging of the
SWI/SNF complex. The mammalian SWI/SNF
(MSWI/SNF) complex performs a tumor sup-
pressive function in many malignancies [25].
Several studies revealed that multiple subu-
nits of the mSWI/SNF complex are frequently
mutated in solid tumors [26-30]. A meta-analy-
sis showed that SWI/SNF complex genes are
mutated in approximately 20% of human malig-
nancies [31]. Based on our finding, it seems
that the existence of aberrant SWI/SNF com-
plex is a critical event in both benign and malig-
nant lesions of liver, for those several genes
related with SWI/SNF complex, including AR-
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genomic [32-36]. Secondly, variants
related to clonal hematopoiesis,
such as mutant DNMT3A, JAK2, and
TET2, which are specific to plasma,
can interfere with the detection of tumor-de-
rived mutations in cfDNA [37, 38]. Indeed, such
incomplete overlap is the greatest barrier for
clinical application of ctDNA. Therefore, a large-
scale ctDNA database including multiple can-
cer types and healthy people and standardized
comparison between multi-region tissue and
plasma are necessary in future ctDNA-related
studies.

Minimal residual disease (MRD) is consider-
ed an important factor generating postopera-
tive recurrence, and ctDNA detection has been
proven an effective method for detecting MRD
in colorectal cancer [39], lung cancer [40] and
breast cancer [41]. Similarly, in HCC, the prog-
nosis was significantly worse for patients with
ctDNA in postoperative blood than those with-
out. Even in patients with postoperative muta-
tional residual, the DFS of those with high clear-
ance rates was significantly improved than that
of the others. Both qualitative and quantitative
analysis demonstrate that ctDNA is a potential
marker to predict postoperative recurrence and
survival for HCC patients. Considering our find-
ing that several cfDNA parameters presented a
modest but significant linear dependence with
LTD, we assume that ctDNA could be also used
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in postoperative surveillance of HCC, which we
will verify in the future study.

Some limitations persist in this study. Firstly
and the most importantly, the study population
is small, inducing the statistical non-signifi-
cance of several analysis and inability of subset
analysis. Besides, blood samples from healthy
subjects are absent in this study, so we could
not estimate the specificity of mutational detec-
tion in ctDNA. However, our results are still ben-
eficial to promoting a standardized sequencing
process and a rigorous strategy for identifying
HCC-related mutations. In addition, we also
plan to create a validation set to verify our find-
ings in this study.

In conclusion, we present for the first time a
preliminary framework of integrating ctDNA
profiling into the management of operable HCC.
Our results demonstrate the diagnostic and
prognostic utility of ctDNA in HCC patients.
Through integrated analysis of cfDNA from hep-
atitis/cirrhosis and HCC, we identified molecu-
lar discrepancy, which may be useful in the dif-
ferential diagnosis between benign and malig-
nant lesions of liver. Furthermore, postopera-
tive ctDNA status was valuable in evaluating
the recurrence risk. Combining our results with
other novel efforts, such as evaluation of meth-
ylation or circulating tumor cells [42, 43], is a
promising strategy for improving the clinical
management of HCC patients.
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Table S1. Gene information in the sequenc- CASP8 2  202090665-202093653
ing panel CBFB 16 67055549-67063049
GENESYMBLE chr  Position in chromsome CBL 11 119074084-119076985
ABL1 9 133581767-133589267 CBLB 3 105377108-105377813
ABL2 1 179068461-179068461 CCND1 11 69448372-69454723
ACVR1B 12 52337950-52339663 CCND2 12 4375401-4382901
AKT1 14 105235685-105235685 CCND3 6 41902670-41902670
AKT2 19 40736223-40736223 CCNE1 19 30295400-30302900
AKT3 1 243663020-243663020 CD79A 19 42375484-42379766
ALK 2  29415639-29415639 CD79B 17  62006097-62006097
APC 5 112035701-112043201 CDC73 1 193083587-193091087
AR X 66756373-66763873 CDH1 16 68763694-68771194
ARAF X 47412998-47420498 CDK12 17 37615027-37617738
ARFRP1 20 62329994-62329994 CDK4 12 58141509-58141509
ARID1A 1 27015021-27022521 CDK6 7 92234234-92234234
ARID1B 6 157091563-157099063 CDK8 13  26821255-26828755
ARID2 12 46116119-46119502 CDKN1A 6 36636736-36636766
ASXL1 20 30938646-30946146 CDKN1B 12 12862801-12870301
ATM 11  108086058-108093224 CDKN2A 9 21967750-21967750
ATR 3 142174353-142176443 CDKN2B 9 22002901-22002901
ATRX X  76760355-76760355 CDKN2C 1 51426866-51428141
AURKA 20 54944444-54944444 CEBPA 19 33790839-33792243
AURKB 17 8108048-8108048 CHD2 15 93436050-93440128
AXIN1 16 337439-337439 CHD4 12 6684998-6686948
AXIN2 17 63524680-63524680 CHEK1 11  125487530-125488265
AXL 19 44717607-41725107 CHEK2 22 29083730-29083730
B2M 15 44996184-45003684 CIC 19 42781316-42782370
BAK1 6 33540322-33540322 CREBBP 16 3775054-3775098
BAP1 3  52435023-52435023 CRKL 22 21264213-21271713
BARD1 2 215593261-215593261 CRLF2 X 1314868-1314869
BCL2 18 60790578-60795857 CSF1R 5 149432853-149432853
BCL2L1 20 30252260-30252260 CTCF 16 67588809-67596309
BCL2L11 2  111875799-111878490 CTNNAL 5 138081606-138089106
BCL2L2 14 23768568-23768607 CTNNB1 3  41233441-41240941
BCL6 3 187439164-187439164 CYLD 16 50768460-50768528
BCOR X 39910498-39910498 DAXX 6 33286334-33286334
BCORL1 X  129131663-129139163 DDR1 6 30844360-30844826
BCR 22 23515051-23522551 DDR2 1 162594727-162602227
BLM 15 91253078-91260578 DNMT1 19 10244021-10244021
BMPR1A 10 88508895-88516395 DNMT3A 2  25455829-25457147
BRAF 7 140433811-140433811 DOT1L 19 2159056-2164147
BRCA1 17 41196311-41196311 EGFR 7 55079224-55086724
BRCA2 13 32882116-32882820 ELAC2 17 12894928-12894928
BRIP1 17  59756546-59760656 EML4 2 42388989-42396489
BTG1 12 92543947-92547173 EP300 22 41481113-41488516
BTK X 100604434-100604872 EPCAM 2 47588786-47596286
C110rf30 11 76148568-76152599 EPHA2 1 16450831-16450831
C1QA 1 22955617-22962617 EPHA3 3 89149173-89156673
C1s 12 7160479-7167979 EPHAS 4  66185280-66189831
CARD11 7 2945708-2946271 EPHB1 3  134506598-134514098



EPHB2
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FGF14
FGF19
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23029830-23037330
142545291-142552791
11487880-11487880
37836892-37840847
56466308-56466391
212240441-212240441
45854648-45854778
128014865-128014865
39739182-39739182
152004130-152011630
11795287-11802787
29656497-29656602
118811601-118811601
44109598-44110246
148504463-148504737
63404996-63409758
118141103-118147408
89803958-89804211
97861335-97861335
10060612-10065241
35412637-35420137
22644078-22646231
35073834-35073834
58386377-58386377
153242409-153242409
161467704-161475204
161625404-161632904
161511548-161511548
44305096-44305294
102373204-102375180
69513005-69513005
4477392-4479508
69624735-69625072
69587796-69588076
4543307-4543360
38268655-38268655
123237843-123237843
1787538-1795038
176506420-176509050
241660856-241660856
17115525-17115525
28874482-28877303
28577410-28577410
180028505-180030191
138672830-138673482
78413590-78414450
77926335-77926335
48637481-48644981
128198264-128198264
8089166-8092412

GID4
GNA11
GNA13
GNAQ
GNAS
GPR124
GRIN2A
GRM3
GSK3B
H3F3A
HDAC1
HDAC4
HGF
HIF1A
HIST1H3B
HNF1A
HRAS
HSD17B3
HSD3B2
HSPOOAAL
IDH1
IDH2
IGF1R
IGF2
IKBKE
IKZF1
IL7R
INHBA
IRF4
IRS2
JAK1
JAK2
JAK3
JUN
KATGA
KDM5A
KDM5C
KDMGA
KDR
KEAP1
KIF1B
KIF5B
KIT
KLF4
KLHL6
KRAS
LMO1
LYN
MAP2K1
MAP2K2

17935110-17942192
3086907-3094407
63005406-63007094
80335188-80335188
57407294-57414794
37646900-37654400
9847264-9847264
86265729-86273229
119540799-119540799
226242907-226250407
32751766-32757707
239969863-239969863
81331443-81331443
62154618-62156839
26031816-26031877
121409048-121410095
532241-532241
98997588-98997741
119950053-119950242
102547074-102547074
209100952-209100952
90627209-90627209
99185260-99192760
2150346-2150346
206637783-206643585
50336877-50344377
35849476-35856976
41728600-41729247
384238-391738
110406183-110406183
65298905-65298915
4977744-4985244
17935590-17935590
59246462-59246462
41786996-41789722
389222-394621
53220502-53220502
44724922-44732422
55944425-55946107
10596795-10596795
10263263-10270763
32297937-32297937
55516594-55524094
110247132-110247132
183205318-183209714
25358179-25358179
8245850-8245850
56784885-56792385
66671710-66679210
4090318-4090318
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MAP2K4 17 11916634-11924134 PAX5 9 36838530-36840556
MAP3K1 5 56103399-56110899 PBRM1 3  52579367-52579367
MAPK1 22 22113945-22118529 PCM1 8 17772865-17780365
MAPK3 16 30125425-30125425 PDGFRA 4 55087763-55095263
MAX 14 65529373-65541841 PDGFRB 5 149493401-149493401
MC1R 16 89976786-89976996 PDK1 2 173413278-173420778
MCL1 1 150547026-150547026 PHF6 X 133499841-133507341
MDM2 12 69194470-69201970 PIK3C2B 1 204391757-204393979
MDM4 1 204478006-204485506 PIK3CA 3 178858810-178866310
MED12 X 70338981-70339220 PIK3CB 3  138371539-138371539
MEF2B 19 19256375-19256375 PIK3CG 7 106498423-106505923
MEN1 11 64570985-64570985 PIK3R1 5 67504083-67511583
MET 7 116304958-116312458 PIK3R2 19 18256515-18256550
MITF 3 69781085-69788585 PML 15 74294463-74315166
MLH1 3 37027340-37027356 PMS1 2 190641310-190647145
MLH3 14 75480466-75480466 PMS2 7 6012869-6012869

MLL 11  118299704-118303855 PRDM1 6 106526694-106534194
MLL2 12 49420129-49421105 PRKAAL 5 40759480-40762879
MLL3 7 151832009-151832009 PRKAR1A 17  66500609-66501042
MPL 1 43795974-43803474 PRKDC 8 48685668-48686733
MRE11A 11 94150465-94153290 PRPF40B 12 50009696-50009902
MS4A1 11 60215781-60223281 PRSS8 16 31142753-31143329
MSH2 2  47622705-47630205 PSMB1 6 170844203-170844203
MSH6 2  48002720-48010220 PSMB5 14 23495059-23495059
MSR1 8 15965386-15967593 PTCH1 9 98205263-98205263
MTOR 1  11167438-11167541 PTCH2 1 45285515-45286360
MUTYH 1 45794913-45794913 PTEN 10 89615694-89618917
MYC 8 128740814-128748314 PTPN11 12 112854943-112856535
MYCL1 1 40361095-40363043 PTPRD 9 8314245-8314245
MYCN 2 16073182-16080019 RAC1 7 6406625-6414125

NBN 8 90945563-90945563 RAD50 5 131886714-131892615
NCOR1 17 15933407-15933407 RAD51 15 40979826-40979877
NF1 17  29414444-29421367 RAD51C 17 56776916-56780554
NF2 22 29992044-29999544 RAF1 3 12625099-12625099
NFE2L2 2  178095030-178095030 RARA 17 38457922-38458161
NFKBIA 14 35870715-35870715 RB1 13 48870382-48870648
NKX2-1 14 36985601-36985601 RET 10 43565016-43572516
NOTCH1 9 139388895-139388895 RHEB 7 151163097-151163097
NOTCH2 1 120454175-120454175 RICTOR 5 38938021-38942405
NOTCH3 19 15270443-15270443 RNASEL 1 182542768-182542768
NOTCH4 6 32165463-32166195 RNF43 17 56437063-56437507
NPM1 5 170807207-170813659 ROS1 6 117609529-117609654
NRAS 1 115247084-115250671 RPS14 5  149823791-149823791
NSD1 5 176552579-176553332 RPS6KB1 17 57977806-57987920
NTRK1 1 156778041-156778992 RPTOR 17 78511124-78518624
NTRK2 9 87275965-87277094 RUNX1 21 36160097-36164431
NTRK3 15 88419987-88420165 RUNX1T1 8 92967194-92972469
NUP93 16 56756516-56763415 SDHAF2 11 61204964-61205094
PAK3 X 110180012-110187512 SDHB 1 17345923-17349100
PALB2 16  23615139-23619182 SDHC 1 161287262-161293401



SDHD
SETBP1
SETD2
SF1
SF3B1
SLIT2
SMAD2
SMAD3
SMAD4
SMARCA4
SMARCB1
SMO
SOCS1
S0X10
SOX2
SOX9
SPEN
SPOP
SPRY4
SRC
SRD5A2
SRSF2
STAG2
STAT4
STK11
SUFU
Suzi12
SYK
TAF1
TBX3
TERT
TET2
TFG
TGFBR2
TMEM127
TNFAIP3
TNFRSF14
TOP1
TOP2A
TP53
TRAF7
TRRAP
TSC1
TSC2
TSHR
TYR
U2AF1
U2AF2
VEGFA
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111955874-111956018
42252637-42253362
47057897-47057897
64535687-64535758
198256697-198256697
20247734-20255234
45359465-45359465
67350694-67358194
48549082-48556582
11064097-11064307
24121649-24122543
128821212-128828712
11348273-11348699
38368318-38368318
181422211-181429711
70109660-70110344
16166858-16174358
47676245-47676245
141689991-141693773
35965587-35967056
31749655-31751265
74730381-74730842
123086974-123088055
191894301-191894301
1198297-1205797
104256218-104262354
30256543-30264043
93556511-93556706
70578613-70586113
115108058-115108058
1253281-1253842
106059531-106060341
100420633-100420674
30640493-30647993
96915945-96919545
138180824-138186293
2480304-2481358
39649961-39652406
38544772-38545770
7571719-7572926
2204141-2204802
98475173-98476112
135766734-135766734
2090489-2093565
81414368-81421868
88903539-88911039
44513065-44513065
56157915-56158953
43730445-43737945

VHL
WISP3
XPO1
ZNF217
ZNF703
ZRSR2
MYD88
PPP2R1A

10175818-10183318
112367777-112367870
61705068-61705349
52183609-52183609
37545800-37553300
15801073-15803838
38137439-38143022
52189802-52226425
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Table S2. Quality control information of all samples

Clean Data Mapped Data Unique Data Mismatch
sample_ID  sample_type Total mapped Mapping Uniquely Fraction of uniquely Effective Mismatch Depth Coverage Cgp.ture
Total reads  Total Bases rate efficiency
reads rate mapped reads mapped reads on target reads rate
150000046 Tissue 49250175 3693763125 49030002 99.55% 26641674 73.72% 26764069 0.90% 974 99.96% 61.52%
150000050 Tissue 47564949 3567371175 46777391 98.34% 22062698 70.03% 22138958 0.32% 861 99.99% 56.30%
150000051 Tissue 49646470 3723485250 49431650 99.57% 27080059 72.29% 27192866 0.91% 959 99.96% 60.06%
150000052 Tissue 47156155 3536711625 46903130 99.46% 25500947 73.53% 25600854 0.88% 933 99.97% 61.54%
150000056 Tissue 44173551 3313016325 44002491 99.61% 24345321 72.57% 24432256 0.91% 855 99.96% 60.16%
150000059 Tissue 36185011 2713875825 35762053 98.83% 16139721 66.27% 16202036 0.34% 617 99.99% 53.02%
150000060 Tissue 52453972 3934047900 52238988 99.59% 29861625 72.84% 29963961 0.90% 1015  99.97% 60.18%
150000061 Tissue 40938805 3070410375 40473360 98.86% 14333661 48.41% 14423109 0.85% 691 74.95% 39.39%
150000062 Tissue 39381666 2953624950 38872397 98.71% 17833058 67.56% 17901519 0.33% 685 99.98% 54.13%
150000063 Tissue 32403809 2430285675 31993115 98.73% 14673268 67.61% 14728347 0.33% 564 99.99% 54.14%
150000064 Tissue 39174957 2938121775 38936672 99.39% 14199102 45.48% 14263075 0.88% 612 73.90% 36.27%
150000065 Tissue 41805102 3135382650 41331492 98.87% 19041451 67.62% 19107116 0.33% 729 99.99% 54.26%
150000071 Tissue 48724124 3654309300 48182428 98.89% 22208194 68.60% 22292998 0.30% 863 99.99% 55.12%
150000072 Tissue 49133864 3685039800 48563755 98.84% 21903364 67.39% 21983516 0.33% 855 99.99% 54.14%
150000074 Tissue 27668670 2075150250 27187649 98.26% 8913502 50.12% 9002621 0.85% 495 73.69% 42.00%
150000075 Tissue 58615103 4396132725 58118782 99.15% 32959959 68.11% 33060927 0.93% 1036  99.98% 54.94%
150000079 Tissue 28675228 2150642100 28503754 99.40% 10920895 46.82% 10957960 0.88% 460 73.64% 37.24%
150000081 Tissue 45536792 3415259400 45260909 99.39% 16679589 45.78% 16735763 0.88% 714 74.32% 36.43%
150000112 Tissue 56242909 4218218175 55886207 99.37% 19971540 45.65% 20050351 0.87% 892 75.32% 36.83%
150000115 Tissue 30514573 2288592975 30108290 98.67% 13663158 68.94% 13715891 0.32% 541 99.99% 55.17%
150000121 Tissue 25809715 1935728625 25432580 98.54% 12056292 71.91% 12104479 0.30% 478 99.99% 57.61%
150000122 Tissue 31283708 2346278100 30905036 98.79% 14455105 70.97% 14507960 0.30% 572 99.99% 56.92%
150000123 Tissue 31445542 2358415650 31050634 98.74% 13729576 69.76% 13792598 0.30% 566 99.99% 55.95%
150000124 Tissue 37983153 2848736475 37572754 98.92% 17547323 70.70% 17620876 0.30% 695 99.99% 56.91%
150000125 Tissue 36181315 2713598625 35774073 98.87% 17260307 70.37% 17314942 0.31% 660 99.99% 56.70%
150000126 Tissue 28455857 2134189275 28125206 98.84% 13359667 69.51% 13414965 0.33% 510 99.99% 55.80%
160003524 Plasma 101827575 7637068125 99201665 97.42% 23365001 44.75% 23474178 1.02% 1434  100.00% 47.53%
160003525 Plasma 164446333 12333474975 161519051 98.22% 32071184 36.52% 32209924 0.99% 2032 100.00%  41.71%
160003526 Plasma 90807045 6810528375 88933316 97.94% 22271089 45.80% 22369344 1.00% 1300 100.00% 48.32%
160003527 Plasma 159646803 11973510225 155733992 97.55% 16611654 27.24% 16717478 0.98% 2042  99.98% 43.18%
160003528 Plasma 163524881 12264366075 160180600 97.95% 21663538 32.23% 21779470 0.99% 2151  99.98% 44.40%
160003529 Plasma 168516538 12638740350 165447759 98.18% 37050741 39.64% 37213840 1.00% 2110  99.99% 42.26%
160003530 Plasma 102174920 7663119000 99789693 97.67% 24156488 45.86% 24268083 1.00% 1471 100.00%  48.58%
160003531 Plasma 134317236 10073792700 131266037 97.73% 25426242 36.52% 25550405 1.00% 1649 100.00%  41.45%
160003532 Plasma 178631776 13397383200 174867659 97.89% 34962091 37.46% 35135455 1.01% 2165  99.96% 40.91%
160003533 Plasma 184790116 13859258700 180788810 97.83% 21192329 29.51% 21319470 1.00% 2364  99.97% 43.18%
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166993691
183463520
184822033
176962250
211341115
187230990
168883947
162441288
158438481
165203864
54957378
62028116
48075880
58464487
56367223
64607763
86014211
72640690
64429077
96265667
72005026
102222612
64430348
64076405
72598854
73855781
67006799
70969849
65166207
77310196
65423227
117104294
83496003
71959156
87973648
86722000
103912070
92439816
121997823
89855630

12524526825
13759764000
13861652475
13272168750
15850583625
14042324250
12666296025
12183096600
11882886075
12390289800
4121803350
4652108700
3605691000
4384836525
4227541725
4845582225
6451065825
5448051750
4832180775
7219925025
5400376950
7666695900
4832276100
4805730375
5444914050
5539183575
5025509925
5322738675
4887465525
5798264700
4906742025
8782822050
6262200225
5396936700
6598023600
6504150000
7793405250
6932986200
9149836725
6739172250
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165442990
182006015
184338263
176392836
209895755
185727196
167437310
161709428
157578605
163323766
54427296
61598413
47693904
57951714
55936247
64334011
85660846
72384585
64137278
95845651
71653055
101842799
64120903
63698284
72236578
73490918
66750146
70506722
64891307
76945016
65103723
116833760
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71668992
87680171
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91976008
121301001
89383872

99.07%
99.21%
99.74%
99.68%
99.32%
99.20%
99.14%
99.55%
99.46%
98.86%
99.04%
99.31%
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26857646
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59.46%
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63.12%
44.08%
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65.01%
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63.13%
41.91%
67.07%
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66.19%
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23849030
21600871
27804580
17435668
26966742
21270577
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34035811
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0.20%
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0.25%
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0.23%
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Table S3. Clinical characteristics of patients with hepatitis and cirrhosis

Characteristics Hepatitis (n = 10) Cirrhosis (n = 10)
Age, years

Median (range) 32 (18-50) 48.5 (31-76)
Gender

Male 7 (70%) 10 (100%)

Female 3 (30%) 0 (0%)
HBV infection

Positive 10 (100%) 8 (80%)

Negative 0 (0%) 2 (20%)
AFP, ng/ml

Median (range) 9.7 (2.9-89.5) 4.1 (1.5-46.9)
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Figure S1. The genomic landscape of matched tissue and plasma samples from HCC patients. The upper bar charts
represent the number of mutations in each patient. The left bars show the frequencies of specific altered genes in

the total cohort.
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Figure S2. Mutation numbers in matched tissue and plasma samples. Venn diagrams represent the concordance
between the mutational spectra of matched tumor tissue and plasma samples for each HCC patient.
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Figure S3. Comparison of concordance rate between driver and non-driver mutations.
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Figure S4. Overview of TP53 mutations in this study and TCGA database. Lollipop plots of somatic TP53 mutations
identified in the current study (in both plasma and tissue, top section) compare with data obtained from TCGA data-
base (bottom section). Amino acid alterations of R249S are depicted.
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Figure S6. Kaplan-Meier analysis between clinicopathologic risk factors and postoperative survival.
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