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We studied the value of circulating tumor DNA (ctDNA) in predicting early
postoperative tumor recurrence and monitoring tumor burden in patients with
hepatocellular carcinoma (HCC). Plasma-free DNA, germline DNA, and tis-
sue DNA were isolated from 41 patients with HCC. Serial ctDNAs were ana-
lyzed by next-generation sequencing before and after operation. Whole-exome
sequencing was used to detect the DNA of HCC and adjacent tissues. In total,
47 gene mutations were identified in the ctDNA of the 41 patients analyzed
before surgery. ctDNA was detected in 63.4% and 46% of the patient plasma
pre- and postoperation, respectively. The preoperative ctDNA positivity rate
was significantly lower in the nonrecurrence group than in the recurrence
group. With a median follow-up of 17.7 months, nine patients (22%) experi-
enced tumor recurrence. ctDNA positivity at two time-points was associated
with significantly shorter recurrence-free survival (RFS). Tumors with NRAS,
NEF2L2, and MET mutations had significantly shorter times to recurrence
than those without mutations and showed high recurrence prediction perfor-
mance by machine learning. Multivariate analyses showed that the median
variant allele frequency (VAF) of mutations in preoperative ctDNA was a
strong independent predictor of RFS. ctDNA is a real-time monitoring indica-
tor that can accurately reflect tumor burden. The median VAF of baseline
ctDNA is a strong independent predictor of RFS in individuals with HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most
common cancer worldwide and the third common

Abbreviations

cause of patient death [1-3]. In spite of the develop-
ment of many therapeutic treatments, liver resection
and transplantation are the most common curative
regimes [1,2]. The shortage of liver donors and strict
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criteria of liver transplantation limit the application of
liver transplantation, rendering liver resection the first-
line therapy for HCC [2]. However, the high incidence
of HCC recurrence still confers a major challenge in
the treatment of HCC [1,2,4].

Hence, how to monitor the tumor recurrence or pro-
gression effectively for HCC patients with liver resec-
tion is essential for the improvement of patient
survival time [2]. Some researchers have identified sev-
eral genetic predictors for HCC patient outcomes,
including some somatic mutations in TGF-f and Wnt
signaling pathways, while others have reported some
gene signatures predicting patient survival [4-7]. How-
ever, these researches all use the tumor tissue, a nota-
ble limited practical use in our clinic practice, because
the diagnosis of HCC is mainly according to CT/MRI
criteria, and also only a small number of HCC
patients need biopsy for pathological diagnosis [4]. In
addition, tumor biopsy is limited by intratumoral
heterogeneity and is also invasive, which limited the
longitudinal evaluation of genetic variants in HCC [4].

Both healthy and malignant cells will release circu-
lating cell-free DNA (cfDNA) through tissue apoptosis
and necrosis into the blood [4,5,8], which increased sig-
nificantly in the inflammatory states, especial for
malignancy [4,5]. cfDNA levels can discriminate the
malignancy from benign diseases such as colorectal
cancer when coexisted with the inflammatory bowel
disease [4,5,9,10]. Specifically, tumor-derived cfDNA
(ctDNA) could be differentiated from wild-type
cfDNA by the identification of somatic variants in the
tumor but not in the matched HCC tissue. Recently,
many studies showed both nontumor c¢fDNA and
ctDNA levels and the existence of genetic alterations
in ctDNA are potential cancer biomarkers [5,9-11].
The vital merit of ctDNA is that it confers dynamic
detailed information about tumor biology whereas
without the necessary for frequent biopsies [9-12].

Recently, more and more researches have revealed
that both non-cancer-specific plasma cfDNA and
tumor-derived plasma ctDNA showed remarkable
prognostic prediction performance before treatment
and for monitoring regime response in different can-
cers, including ovarian, breast, and lung cancers [5,9—
12]. Serial ctDNA has been considered to be the most
positive prognostic biomarker for monitoring the HCC
patient survival benefits [13]. With the advanced bioin-
formatics technology, such as whole-genome sequenc-
ing and next-generation sequencing (NGS), processing
data from cfDNA information could confer important
genetic details on tumor phenotypes [9-11,13,14]. Even
though ctDNA was proved to be a positive predictor
after surgery for long-term survival in HCC patients,
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there is still failure of evidence to verify its predictive
value early on in tumor recurrence, prior to surgical
resection [9,11,14]. Moreover, whether genomic charac-
teristics and baseline ctDNA status before surgery
could predict tumor sensitivity for liver resection still
remains unclear. Therefore, we showed the yields of
our prospective clinical trial that explore the value of
HCC tumor tissue NGS and serial ctDNA analyses in
the radical surgery therapy of HCC. We first described
changes between preoperative and postoperative
cfDNA levels or mutations in patients with HCC and
then explored whether some known tumorigenic driver
mutations commonly found in HCC tissue were still
present in plasma ctDNA. Through the targeted NGS
with largest panel of genes, we achieved the most com-
prehensive mutational profiles on the status quo from
patient biopsies and cfDNA. Additionally, by monitor-
ing prospectively clinicopathologic characteristics, our
results provide the first testimony showing that ctDNA
detection with genetic mutations could demonstrate
vital knowledge on tumor recurrence prior to surgical
resection. Issues including the potential of utilizing the
tumors’ genomic characteristics to predict early recur-
rence before HCC therapy and the value of ctDNA in
dynamic surveillance of the disease were also explored.
These results can contribute to predicting early recur-
rence and refining appropriate treatment approaches in
advance.

2. Materials and methods

2.1. Study design and participants

In our prospective study, from May 2018 to December
2019, we recruited a total of 41 patients (all over
18 years of age) with confirmed radiological diagnosis
[2] from Zhongshan Hospital, Fudan University. All
those patients provided written informed consent in
this study. Table 1 summarizes the clinical characteris-
tics of this HCC cohort. Liver resection was performed
on all enrolled 41 patients. After liver curative resec-
tion, all HCC patients were monitored regularly by
analyses of tumor markers [a-fetoprotein (AFP)], liver
function tests, and abdominal ultrasound every
2 months. Also, if tumor recurrence was suspected,
further CT or MRI scans were performed. Time to
recurrence (TTR) was calculated from the date of liver
curative surgery to the date of the diagnosis of recur-
rence. We also calculated recurrence-free survival
(RFS) from the date of surgical resection to the date
of tumor recurrence or death. This study was
approved by the institutional ethics committee of
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Table 1. Distribution of clinical variables among HCC patients

(n=41).
No. of patients (%)

Sex

Female 6 (14.6%)

Male 35 (85.4%)
Age

<50 7 (17.1%)

> 50 34 (82.9%)
HBsAg

No 11 (26.8%)

Yes 30 (73.2%)
Anti-HCV

No 38 (92.7%)

Yes 3 (7.3%)
ALT (U-L7)

<45 37 (90.2%)

> 45 4 (9.8%)
AFP (U-L7)

<20 26 (63.4%)

> 20 15 (36.6%)
GGT (U-L™)

< 45 19 (46.3%)

> 45 22 (53.7%)
Liver cirrhosis

No 12 (29.3%)

Yes 29 (70.7%)
Tumor number

Single 32 (78.0%)

Multiple 9 (22.0%)
Tumor size (cm)

<5 18 (43.9%)

>5 23 (56.1%)
Tumor capsule

No 24 (58.5%)

Partial 10 (24.4%)

Complete 7 (17.1%)
MVI

No 19 (46.3%)

Yes 22 (53.7%)
Tumor differentiation

(]| 20 (48.8%)

(1111 21 (51.2%)
Adjuvant treatment

No 13 (31.7%)

Yes 28 (68.3%)
BCLC

0-A 31 (75.6%)

B 10 (24.4%)
CNLC

la-lb 33 (80.5%)

lla-1lb 8 (19.5%)

ALT, alanine aminotransferase; GGT, y-glutamyl transpeptidase;
HBV, hepatitis B virus; HCV, hepatitis C virus.

Zhongshan Hospital, Fudan University (B2019-157R),
and was performed in accordance with the 1975 Decla-
ration of Helsinki [1,2].
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2.2. Blood and HCC tissue sample collection

We collected peripheral blood samples from each
patient in Cell-Free DNA Collection Tubes (Roche,
Basel, Switzerland) before hepatectomy. cfDNA was
extracted from 4 mL of plasma within 1 week preoper-
atively and postoperatively (at 1 week, 1 month, and
4 months, respectively) using the AVENIO cfDNA
Isolation Kit (Roche). Fresh tumor specimens were
gained from HCC patients based on a 7-point baseline
sample collection protocol during surgery [15]. DNA
was extracted from the tissues using the All Prep
DNA/RNA Mini Kit (Qiagen, Dusseldorf, Germany)
according to the manufacturer’s instructions.

2.3. Next-generation sequencing and variant
calling

cfDNA was sequenced using the AVENIO ctDNA
Surveillance Kit (Roche) to assess somatic mutations in
197 cancer-related genes. The deduced sequencing depth
for ¢fDNA ranged from 2000x to 10 000x. Variants
were called with AVENIO ctDNA Analysis Software,
which incorporates bioinformatics methods from CAPP-
Seq2 and iDES3 (integrated digital error suppression) to
remove PCR duplicates and stereotypical errors from
technical artifacts. ctDNA positivity was defined as when
at least one mutation had been detected in matched
ctDNA. Somatic variants were derived after filtering out
common germline variants in public databases such as
ExAC, dbSNP, and 1000 Genomes [16,17], as well as
variants detected in matched paracancerous tissue. Only
nonsynonymous single-nucleotide variants (SNVs) and
insertions/deletions InDels) with an allele frequency (AF)
of at least 0.1% were included in further analyses. The
1% cutoff value of variant allele frequency (VAF) was
then prespecified for further outcome analyses according
to previous study [18].

Whole-exome sequencing was performed for each
HCC and paracancerous tissue DNA using the TruSeq
Exome Kit (Illumina, San Diego, CA, USA) according
to the manufacturer’s instructions. The obtained
exome libraries were paired-end-sequenced on the Illu-
mina HiSeq X10 (2 x 150 bp) platform (Illumina).
Trimmomatic V0.36 was used to trim bad reads or
bases from raw data. The output clean data were then
put into the senticon DNAseq pipeline for read align-
ment, sample metric collection, duplicate read removal,
indel realignment, and base quality score recalibration.
The output recal.bam was then used as input for Sen-
ticon TNscope to perform variant calling using
matched paracancerous tissue as control. The unique
average sequencing coverage ranged from 95x to
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257x for tumors and from 105x to 252x for para-
cancerous tissues.

2.4. Statistical analysis

We described clinical variables using the mean + stan-
dard deviation or median [interquartile range (IQR)]
for distribution. Some correlations between ctDNA
levels and clinical parameters were evaluated by the
Wilcoxon rank-sum test or the Kruskal-Wallis test.
For all analyses, P < 0.05 means statistical signifi-
cance. The Kaplan—Meier analysis was performed to
assess the predictive value of AFP, microvascular inva-
sion (MVI), and ctDNA, for example, in estimating
RFS preoperatively by adjusting Barcelona Clinic
Liver Cancer (BCLC) staging. Machine learning was
applied to explore the prediction performance of pre-
operative ctDNA and clinical parameters with RFS
based on R package “XGBoost or CoxBoost’ [19]. We
carried out a multivariate Cox regression analysis to
explore whether the variable parameters were associ-
ated with RFS. All analyses were carried out by using
IBM spss (version 23.0, Chicago, MI, USA), r Statis-
tics version 3.3.2 (R Foundation for Statistical Com-
puting, Vienna, Austria) and GRAPHPAD PRISM (version
6.01, San Diego, CA, USA) software.

3. Results

3.1. Patient demographics and clinicopathologic
characteristics

Information on patient clinicopathologic characteris-
tics, and serial ctDNA in the surgical treatment are
summarized in Tables 1 and 2. The mean age of the
HCC patients was 73 years, and the majority were
male (85.4%). Regarding the baseline clinical BCLC
stage of patients, 31 patients (95.2%) had BCLC stage
0-A and 10 patients (24.4%) had BCLC stage B dis-
ease; similarly, for China liver cancer staging (CNLC)
stage, 33 patients (80.5%) had CNLC stage Ia/Ib and
eight (19.5%) had CNLC stage ITa/IIb disease [20]. A
total of 73.2% of patients had hepatitis B. At study
entry, 15 (36.6%) patients had increased AFP levels,
and 22 (53.7%) patients suffered from MVI. Pathology
test demonstrated differentiated poorly tumors in
48.8% (20/41) of cases, with the rest being differenti-
ated well to moderately. All patients underwent radical
liver resection when diagnosed with HCC, with no
perioperative mortality. With a median follow-up of
17.7 months (range, 2.1-19.3), 13 patients (31.7%) had
disease progression, among whom nine (Table S1)
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were found to have early recurrence (all patients suf-
fered intrahepatic recurrence and all TTR < 2 years)
after surgery and the other four patients died by the
end of the follow-up period.

3.2. Gene mutations and ctDNA analyses

Figure 1A reveals the ctDNA mutations detected
among our HCC group. We identified a total of 47
mutations in the 26 patients and none detected for the
remaining patients, with a median of 2 (range, 1-4) gene
variations detected in HCC patient. As previously cov-
ered, mutations in vital driver genes, such as TPS53,
CTNNBI, NRAS, BRAF, FBXL7, NFE2L2, and
MET, were all clarified with remarkable frequency in
this cohort. We then further compared the gene muta-
tion frequencies of driver genes in this HCC cohort from
other two public databases, the TCGA datasets and
Memorial Sloan Kettering Cancer Center (Fig. S1).
According to the captured NGS analyses, the spectrum
of genetic mutation in our HCC cohort was highly in
concordance with that of two public databases (Fig. S1).
Additionally, TP53, CTNNBI, and NRAS were the top
three genes detected in our HCC cohort.

In this HCC cohort, we observed a significant asso-
ciation between ctDNA levels and clinical parameters
(Fig. S2). Specifically, there was a significant relation-
ship between preoperative cfDNA levels and MVI
(P = 0.03; 30.99 ng-mL~"' compared with 15.7 ng-mL~";
Fig. S2), extrahepatic metastases (P = 0.02; 23.6 ng-mL ™'
compared with 14.7 ng-mL™"; Fig. S2), or intrahepatic
recurrence (P = 0.03; 29.4 ngmL~' compared with
15.3 ngmL~"). However, there were no significant
associations between postoperative cfDNA levels (at
1 week) and the presence of MVI, extrahepatic metas-
tases, or intrahepatic recurrence (Fig. S2). Specifically,
it was well described that postoperative ctDNA could
reflect the low-residual tumor burden after the curative
treatment that should be directly progressed to the
recurrence [21]; although our study showed no signifi-
cant correlation between postoperative cfDNA (de-
tected at 1 week after surgery), other time-points at
1 month and 4 months in this study revealed that
there were significant associations at 4 months between
postoperative cfDNA levels (P = 0.02) and recurrence
(Fig. S3), indicating that postoperative ctDNA may
reflect the low-residual tumor burden after the curative
treatment.

Table 2 reveals that a preoperative ctDNA positivity
rate was 63.4%, which dropped rapidly to 46% after
surgical resection. Statistical analyses showed that the
preoperative ctDNA detection rate was also signifi-
cantly correlated to tumor recurrence (P = 0.04),
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Table 2. Clinicopathologic characteristics and tumor early recurrence as per ctDNA positivity.

Preoperative ctDNA

Postoperative ctDNA

Variables Negative Positive P value Negative Positive P value

Sex
Female 3 (20.0%) 3 (11.5%) 0.460 4 (18.2%) 2 (10.5%) 0.489
Male 12 (80.0%) 23 (88.5%) 18 (81.8%) 17 (89.5%)

Age (years)
<50 3 (20.0%) 4 (15.4%) 0.705 3 (13.6%) 4(21.1%) 0.529
>50 12 (80.0%) 22 (84.6%) 19 (86.4%) 15 (78.9%)

HBsAg
Negative 5 (33.3%) 6 (23.1%) 0.475 6 (27.3%) 5 (26.3%) 0.945
Positive 10 (66.7%) 20 (76.9%) 16 (72.7%) 14 (73.7%)

Anti-HCV treatment
No 13 (86.7%) 25 (96.2%) 0.261 20 (90.9%) 18 (94.7%) 0.639
Yes 2 (13.3%) 1(3.8%) 2 (9.1%) 1 (5.3%)

ALT (U-L71)
<75 12 (80.0%) 25 (96.2%) 0.093 19 (86.4%) 18 (94.7%) 0.368
>75 3 (20.0%) 1(3.8%) 3 (13.6%) 1 (5.3%)

AFP (ng-mL™")
<20 12 (80.0%) 14 (53.8%) 0.094 14 (63.6%) 12 (63.2%) 0.975
>20 3 (20.0%) 12 (46.2%) 8 (36.4%) 7 (36.8%)

GGT (U-L™
< b4 8 (63.3%) 11 (42.3%) 0.495 12 (54.5%) 7 (36.8%) 0.257
> 54 7 (46.7%) 15 (67.7%) 10 (45.5%) 12 (63.2%)

Liver cirrhosis
No 5 (33.3%) 7 (26.9%) 0.664 6 (27.3%) 6 (31.6%) 0.763
Yes 10 (66.7%) 19 (73.1%) 16 (72.7%) 13 (68.4%)

Tumor number
Single 11 (73.3%) 21 (80.8%) 0.580 18 (81.8%) 14 (73.7%) 0.530
Multiple 4 (26.7%) 5 (19.2%) 4 (18.2%) 5 (26.3%)

Tumor size (cm)
<5 10 (66.7%) 8 (30.8%) 0.026 11 (50.0%) 7 (36.8%) 0.397
>b 5 (33.3%) 18 (69.2%) 11 (50.0%) 12 (63.2%)

Tumor capsule
No 7 (58.3%) 17 (77.3%) 0.247 13 (76.5%) 11 (64.7%) 0.452
Yes 5 (41.7%) 5 (22.7%) 4 (23.5%) 6 (35.3%)

MVI
No 10 (66.7%) 9 (34.6%) 0.047 10 (45.5%) 9 (47.4%) 0.902
Yes 5 (33.3%) 17 (65.4%) 12 (54.5%) 10 (52.6%)

Tumor differentiation
I/ 12 (80.0%) 8 (30.8%) 0.002 11 (50.0%) 9 (47.4%) 0.867
/v 3 (20.0%) 18 (69.2%) 11 (50.0%) 10 (52.6%)

Adjuvant treatment
No 7 (46.7%) 6 (23.1%) 0.118 6 (27.3%) 7 (36.8%) 0.511
Yes 8 (63.3%) 20 (76.9%) 16 (72.7%) 12 (63.2%)

BCLC
0/A 13 (86.7%) 18 (69.2%) 0.210 16 (72.7%) 15 (78.9%) 0.644
B 2 (13.3%) 8 (30.8%) 6 (27.3%) 4(21.1%)

Extrahepatic metastasis
No 15 (100.0%) 23 (88.5%) 0.172 20 (90.9%) 18 (94.7%) 0.639
Yes 0 (0.0%) 3(11.5%) 2 (9.1%) 1 (5.3%)

Intrahepatic recurrence
No 10 (76.9%) 22 (78.6%) 0.041 15 (68.2%) 17 (89.4%) 0.042
Yes 3 (23.1%) 6 (21.4%) 7 (31.8%) 2 (10.6%)

The bold values indicates P < 0.05.
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Fig. 1. Mutation landscapes and the associations with prognosis. (A) Mutational landscape of 41 patients with HCC, showing a number of
somatic mutations in each patient (top), the mutation frequency of each gene (right). (B) Comparison of the ctDNA and HCC tissue mutation
profiles, showing the mutation information of each gene (top) and each patient number (left). (C) The mutational discrepancies between
recurrence (n = 9) and nonrecurrence (n = 32) before surgery. Test for comparison of two groups is done by the Wilcoxon test. (D) The
mutational discrepancies between recurrence (n = 9) and nonrecurrence (n = 32) after surgery. Test for comparison of two groups is done
by the Wilcoxon test. (E) The association between NRAS, MET, and NEF2L2 mutation and tumor recurrence. n = 13 for the altered group
and n = 28 for the unaltered group. Test for comparison of two groups is done by the Wilcoxon test. The error bars indicate median and SD

values.

tumor size (P = 0.026), MVI (P = 0.047), and tumor
differentiation (P = 0.002). In addition, postoperative
ctDNA was only significantly associated with tumor
recurrence (P = 0.042) but was not associated with
other clinicopathologic parameters, including age, sex,
tumor differentiation, or tumor size.

Importantly, our results revealed that the positive
rate of preoperative ctDNA was notably lower in
HCC patients with tumor differentiation I/II
(P =0.002), MVI (absent; P = 0.047), and smaller
tumor size (< 5 cm; P = 0.026) than in their counter-
parts (Table 2).

3.3. Mutations in preoperative or postoperative
ctDNA and matched HCC tissue

We then investigated the consistence between genetic
alterations confirmed in preoperative ctDNA and in
matched tumor tissues in our cohort. Forty-seven gene
mutations were detected in ctDNA, and 299 gene
mutations were identified in DNA from HCC tissues,
of which 25 gene mutations were identified, along with
evidence of consistent carcinogenic gene mutations in
the matched ctDNA (Fig. 1B, Fig. S4). Six patients
had mutations in both the CTNNBI and TP53
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(Fig. 1) genes. Additionally, 23 gene mutations were
unique to ctDNA. Through the whole HCC cohort of
patients, TP53 (19 of 41 patients, 46.3%), followed by
CTNNBI (10, 24.4%) and NRAS (2, 4.9%; Fig. 1),
was the most conventional mutation gene in ctDNA
from our HCC cases. Nine of 26 HCC patients with
detectable mutations in ctDNA (34.6%) had mutations
in the Wnt/B-catenin signaling pathway, and three
(11.5%) had mutations in the RAF/MEK/ERK signal-
ing pathway (Fig. 1B). Missense single nucleotide
polymorphism (SNP) mutations (44, 89.8%) were the
most of genetic alterations in ctDNA from HCC
patients. Notably, patient cases detected by most
recurrently mutated genes were changed most after
surgery (Fig. S5) was TP53 (16 cases), followed by
CTNNBI (12 cases), NPAP1 (two cases), DCAF4L2
(two cases), and NRAS (one case).

However, to determine the driver mutations con-
tributing to tumor recurrence preoperatively, we
explored the clinical distribution of the gene mutations
identified in preoperative or postoperative ctDNA
based on tumor recurrence status, as shown in
Fig. 1C,D. Through comparing the prevalence of gene
mutations in these two groups, the mutation rates of
NRAS, MET, and NFE2L2 were higher in the recur-
rence subgroup than in the recurrence-free subgroup
when considering preoperative and postoperative
ctDNA mutations, indicating that those gene muta-
tions might be predictors for HCC early intrahepatic
recurrence (Fig. 1, Table S1). Interestingly, further
analysis noted that patients harboring NRAS, MET,
and NFE2L2 mutations had a significantly shorter
TTR than patients with unaltered genes (P < 0.001;
Fig. 1E). Additionally, to investigate the prediction
performance of those gene mutations before surgery
(NRAS, MET, and NF2E2L2), we used machine
learning methods to select predictive factors to predict
early recurrence, which showed that the c-index for
median VAF of NRAS, NEF2L2, and MET muta-
tions was 0.80 (Fig. S6A), while the c-index for com-
bined NRAS, NEF2L2, MET mutations, and clinical
parameters (BCLC stage, tumor size, and MVI) was
0.97 (Table S1; Fig. S6B).

3.4. The associations between preoperative
ctDNA parameters and early recurrence

With a median follow-up of 17.7 months (range, 2.1-
19.3), nine patients (Table S2) were found to have early
recurrence (all TTR < 2 years) after surgery. The
Kaplan—Meier analysis revealed that HCC patients with
detectable ctDNA preoperatively were likely to suffer
early recurrence in a shorter time than those without

Serial ctDNA predicts early recurrence of HCC

detectable ctDNA preoperatively by adjusting BCLC
staging (Fig. 2, P < 0.05). Similarly, these associations
were maintained at other time-points. An increasing
trend over these two time-points was shown by HRs
(preoperative, 2.4; postoperative, 4.3; Fig. 2). When
quantifying the ctDNA mutation frequencies, a signifi-
cant association between the median VAF of mutations
in ctDNA and early recurrence was also seen at the two
time-points (Fig. 3B; Fig. S7A). Additionally, the med-
ian VAF of baseline ctDNA > 1% demonstrated a pow-
erful predictive performance for early tumor recurrence
before treatment (HR, 3.1; P = 0.038; Fig. 3A,B), while
for common serum tumor markers and tumor recur-
rence predictors, we also noticed the significant correla-
tions between elevated preoperative AFP (HR, 4.9;
P = 0.049) or the presence of MVI (HR, 6.9; P = 0.036)
and early recurrence (Fig. S7B,C). Among the HCC
patients with normal preoperative AFP levels or with-
out MVI, however, the median VAF in baseline ctDNA
> 1% maintained good predictive performance for early
tumor recurrence (HR, 5.4; P = 0.041 for the AFP nor-
mal group and HR, 18.3; P =0.047 for non-MVI
group, respectively; Fig. 3C,D).

Based on the wunivariate analysis, preoperative
parameters significantly correlated with RFS included
the median VAF of mutations in preoperative ctDNA
(P =0.01), larger tumor size (> 5 cm, P = 0.021), the
presence of MVI (P = 0.014), the presence of metasta-
sis (P = 0.003), and higher BCLC stage (P = 0.001). In
the multivariate Cox analyses, only the median VAF
of mutations in preoperative ctDNA and the presence
of MVI remained independent predictors of RFS (HR,
16.5; P =0.036 and HR, 9.0; P = 0.016, respectively;
Table 3).

4. Discussion

ctDNA has the potential value to revolutionize the
clinical practice of multiple cancers, including HCC,
by eliminating the necessity for invasive tissue biopsy
and conferring dynamic insight into the cancer geno-
mic mutational progression in real time so as to moni-
tor tumor recurrence and prognosis [5,10,11,13].
Nevertheless, compared with other cancers, ctDNA
mutation detection in HCC still has some limitations
[7,10,12]. Despite extensive research, conventional clin-
icopathologic characteristics have been already consid-
ered as predictors of tumor recurrence, including
histologic grade, tumor size, clinical stage, and the
presence of MVI [2]. Genomic features are deemed to
hold huge potential value in predicting tumor recur-
rence. However, nowadays, there are still a few related
researches, and there is a lack of consistence between
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Fig. 2. Positivity of ctDNA across two time-points was significantly associated with tumor recurrence. Preoperative ctDNA (A; n= 15 for
the negative group and n = 26 for the positive group) and postoperative ctDNA (B; n = 22 for the positive group and n = 19 for the negative
group). RFS was estimated using the Kaplan—-Meier method, described with median and 95% Cl, and compared using the log-rank test.

the results of cohort studies due to the variable
methodologies and gene panels utilized. Further explo-
rations are still warranted.

In this report, we applied targeted NGS to investi-
gate the HCC genetic alterations, and the serial
changes in ctDNA parameters during surgical therapy
for HCC patients. To evaluate the underlying value of
predictors for early tumor recurrence, we analyzed
clinical factors consisting of the tumor size, tumor
number, tumor grade, BCLC staging, serum AFP
level, ctDNA detection status, and tumor mutation
profile. The results revealed that there were remarkable
associations between preoperative cfDNA levels and
the presence of MVI, metastases, or recurrence, which
is consistent with some studies [9-11,13,14,22,23].

Also, we verified the value of ctDNA as a ‘liquid
biopsy’ for HCC by showing that genetic alterations
were identified in ctDNA according to mutations exist-
ing in the matched HCC tissue in our cohort, a vital
result that helps to advance this technique further
toward the clinical practice. We detected gene mutations
shown to be important carcinogenic gene drivers in
HCC that have been well verified in the HCC studies,
namely, CTNNBI, TP53, NRAS, BRAF, and NFE2L2
[9,14,22,23], which were tested in ctDNA tissues by
applying sequencing techniques that utilize comparison-
matched PBMC DNA but not matched HCC DNA to
call gene alterations with high accuracy, indicating the
applications of this technique in the clinical practice, in
which HCC tissue is seldom obtained [24].

Additionally, through analyzing the notable mutated
genes in this HCC group, we discovered that harbor-
ing NRAS, MET, and NFE2L2 mutations was signifi-

cantly associated with early recurrence. Previous
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studies have shown that MET [6,25], encoded by the
HGFR gene, NRAS [26,27], a known RAS family
oncoprotein, and NFE2L2 [28,29] promote tumor
growth and metastasis in HCC, and their somatic
mutation can cause liver carcinogenesis [7,8,14,27,30].
To confirm this result, we obtained gene mutation data
from TCGA and found that the gene mutation group
had early tumor recurrence; however, this needs to be
proven with further studies.

Consistent with the previous studies [10,11,22],
ctDNA was detectable in up to 63.4% of HCC
patients before surgery. After radical liver surgery, the
ctDNA positivity rate decreased rapidly to 46%, which
might reflect the effect of surgery and that most
tumors circulate much less ctDNA in the bloodstream.
The above discoveries indicate that, as a marker with
a half-life of <2 h, serial ctDNA can well reflect
dynamic changes in the tumor bulk in real time during
the treatment of surgery. Consistent with previous
reports [10,11,22], our study showed a significant asso-
ciation between preoperative ctDNA and tumor size,
tumor differentiation, MVI, and early tumor recur-
rence (Table 2). However, the lack of relationships
between the preoperative ctDNA detection status, the
median VAF of preoperative ctDNA, and the treat-
ment response might mirror the reality that tumors
have intrinsically variable treatment sensitivities.

Disease progression with early recurrence was
observed in nine of the 41 patients with a median
follow-up of 17.7 months. Significant correlations
between recurrence and ctDNA detection were
observed both preoperatively and postoperatively.
Before liver surgery, ctDNA detection correlated with
a higher risk of tumor recurrence. This finding
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Fig. 3. Associations between mutational median VAF of baseline ctDNA with tumor recurrence and clinical parameters. (A) The median VAF
distribution of preoperative ctDNA in patients with different recurrence status (n= 13 for the recurrence group and n= 28 for the
recurrence-free group). Test for comparison of two groups is done by the Wilcoxon test. (B) The Kaplan—-Meier analysis of median VAF of
preoperative ctDNA (n = 12 for median VAF< 1% group and n = 13 for median VAF > 1% group). (C) The Kaplan—-Meier analysis of median
VAF of preoperative ctDNA in patients with normal baseline AFP levels (n = 7 for median VAF < 1% group and n = 7 for median VAF > 1%
group). (D) The Kaplan—Meier analysis of median VAF of preoperative ctDNA in patients with no MVI (n = 5 for median VAF < 1% group and
n=>5 for median VAF > 1% group). VAF at 1% cutoff threshold; RFS was estimated using the Kaplan—-Meier method, described with

median and 95% CI, and compared using the log-rank test.

confirmed the value of ctDNA in guarding disease
progression. Continued ctDNA positivity during sur-
gery could screen out some patients who may experi-
ence later tumor recurrence. Moreover, the
postoperative time-point seems to be the most indica-
tive time-point. At this time-point, the ctDNA detec-
tion in most patients seems to become negative, while
those with sustained positive results demonstrated a
remarkable high risk of tumor recurrence. Compared
with ctDNA detection, higher sensitivity can be seen
in the median VAF of preoperative ctDNA.

A high VAF of ctDNA at diagnosis might be reflec-
tive of tumor recurrence. With the ability to predict
therapeutic failure such an early period, ctDNA might
accurately classify the tumor stage, refining regime
selection, dynamically adapting the treatment plans,
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and scheming surgical resection and postoperative
therapy. However, these ways sustained to be verified
in a randomized clinical setting.

Serum AFP is a common serum biomarker in HCC
prognosis; however, the practice of using it to predict
patient prognosis is constrained by its modest sensitiv-
ity. In this HCC cohort with mainly early-stage
tumors, the abnormal rate of baseline AFP was merely
36.5%. For patients with normal baseline AFP values,
based on the median VAF of preoperative ctDNA,
their RFS curves can still be remarkably distinguished.
Compared with AFP, ctDNA was a more sensitive
and accurate tumor marker, which can be used to
monitor tumor burden and predict patient prognosis.

Our data verified the previous reports that ctDNA
has good prognostic performance for predicting the
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Table 3. Univariate and multivariate analyses of the association with tumor early recurrence using pretreatment variables.

Univariate analysis

Multivariate analysis

Variables HR (95% ClI) P value HR (95% Cl) P value
Median VAF in preoperative ctDNA (%) 60.7 (2.7, 1354.6) 0.010 16.5 (1.2, 226.6) 0.036
Sex (male vs female) 2.1 (0.3, 15.9) 0.485

Age, years (> 50 vs < 50) 0.4 (0.1, 1.2) 0.096

HBsAg (positive vs negative) 2.3(0.5, 10.3) 0.284

Anti-HCV treatment (yes vs no) 1.0 (0.1, 8.1) 0.964

ALT, U-L™" (= 75 vs < 75) 1.7 (0.4, 7.8) 0.477

AFP, ng-mL~" (> 20 vs < 20) 1.9 (0.6, 5.5) 0.265

GGT, U-L™'" (> 54 vs < 54) 22(0.7,7.2) 0.183

Liver cirrhosis (yes vs no) 1.3(0.4, 4.8) 0.684

Tumor number (multiple vs single) 1.1 (0.3, 3.9) 0.919

Tumor size, cm (> 5 vs < 5) 5.9 (1.3, 26.7) 0.021

Tumor capsule (complete vs incomplete) 1.8 (0.6, 5.5) 0.304

Vascular invasion (yes vs no) 6.6 (1.5, 30.1) 0.014 9.0 (1.5, 53.2) 0.016
Tumor differentiation (IlI/IV vs /1) 1.8 (0.6, 5.6) 0.295

Adjuvant treatment (yes vs no) 3.0(0.7, 13.8) 0.148

BCLC (B vs 0/A) 6.3 (2.1, 19.2) 0.001

The bold values indicates P < 0.05.

patient survival [10,11,31]. Here, we showed that the
preoperative status of ctDNA for the first time can
predict tumor recurrence before the initiation of sur-
gery. This significant correlation was also observed in
previous studies on ctDNA analyses [17,32] but at
later postoperative time-points. This high sensitivity
may be due to the large panel size of our parallel tar-
geted genes and the sequencing depth of our applica-
tion in NGS analysis, which makes it possible to
detect more low-frequency mutations, although at this
stage, such analysis requires a lot of laboratory work
and relatively high cost.

This study also has some limitations, which mainly
consist of small sample size and relatively short follow-
up time. However, the strong statistical power (HR, 3.3;
P =0.032) of the relationships between the median
VAF of preoperative ctDNA and RFS in this report,
along with the previous findings from other reports
[14,33,34], gives prominence to the prognostic advan-
tages of ctDNA in HCC patients during the treatment
of surgery. We reported the value of preoperative
ctDNA for the first time in predicting early tumor recur-
rence in patients with HCC. We are waiting for the
future results of this ongoing study to validate above
findings and clarify the value of ctDNA for long-term
results. Future studies need a larger cohort and long-
term follow-up to clarify these related findings.

5. Conclusion

Our results suggest that ctDNA might be a precise
dynamic tumor biomarker, which can reflect the tumor
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burden of HCC patients in real time. We proved that
ctDNA detection and VAF detection can be used as
prognostic factors for early recurrence before treat-
ment. In addition, we observed that NRAS, MET, and
NFE2L2 mutations may predict early tumor recur-
rence. In conclusion, series ctDNA analysis combined
with tumor tissue genomic sequencing can confer pre-
cise information for predicting and monitoring tumor
recurrence, and help to optimize individualized multi-
modal treatment strategies. Based on our findings,
more researches are warranted to further verify these
findings.

Acknowledgements

The authors would like to thank Shanghai Epione
Medlab for providing sample preparation, sequencing,
and bioinformatics analysis. This work was supported
by the grants from the National Natural Science
Foundation of China (No. 81773067, 82073217,
82073218, and 82003084), Shanghai Municipal Science
and Technology Major Project (Grant No.
2018SHZDZXO05), Shanghai Municipal Key Clinical
Specialty, CAMS Innovation Fund for Medical
Sciences (CIFMS) (2019-12M-5-058), and National
Key R&D Program of China (2020YFE0202200).

Conflict of interest

The authors declare that there is no conflict of interest
that could be perceived as prejudicing the impartiality
of the research reported.

Molecular Oncology 16 (2022) 549-561 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



G.-Q. Zhu et al.

Data accessibility

The data are not available in a public database or
repository. The datasets generated and analyzed in this
study are available from the corresponding author on
reasonable request.

Author contributions

G-QZ, W-RL, ZT, RH, H-XS, W-FQ, X-FJ, C-YT,
JZ, and Y-HS designed the study. G-QZ, W-RL, RH,
S-SS, and C-YT collected and prepared patient tissues.
W-RL, RH, ZD, and YF did the statistical analyses.
RH, HW, and C-YT prepared figures. G-QZ, W-RL,
Z-BD, Y-FP, RH, C-YT, JZ, YF, JG, JF, and Y-HS
reviewed the results, interpreted data, and wrote the
manuscript. All authors have made an intellectual con-
tribution to the manuscript and approved the submis-
sion.

Ethics approval and consent to
participate

The present study was performed in accordance with
the 1975 Declaration of Helsinki. Approval for the use
of human subjects was obtained from the Research
Ethical Committee of Zhongshan Hospital, and
informed consent was obtained from each individual
enrolled in this study.

Peer Review

The peer review history for this article is available at
https://publons.com/publon/10.1002/1878-0261.13105.

References

1 European Association for the Study of the Liver,
European Organisation for Research and Treatment of
Cancer (2012) EASL-EORTC clinical practice
guidelines: management of hepatocellular carcinoma. J
Hepatol 56, 908-943.

2 European Association for the Study of the Liver,
European Association for the Study of the Liver (2018)
EASL clinical practice guidelines: management of
hepatocellular carcinoma. J Hepatol 69, 182-236.

3 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers
C, Rebelo M, Parkin DM, Forman D & Bray F (2015)
Cancer incidence and mortality worldwide: sources,
methods and major patterns in GLOBOCAN 2012. Int
J Cancer 136, E359-E386.

4 Alix-Panabieres C & Pantel K (2013) Circulating tumor
cells: liquid biopsy of cancer. Clin Chem 59, 110-118.

Molecular Oncology 16 (2022) 549-561 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

10

11

12

15

Serial ctDNA predicts early recurrence of HCC

Alix-Panabieres C, Schwarzenbach H & Pantel K (2012)
Circulating tumor cells and circulating tumor DNA.
Annu Rev Med 63, 199-215.

Asaoka Y, Tateishi R, Hayashi A, Ushiku T, Shibahara
J, Kinoshita J, Ouchi Y, Koike M, Fukayama M,
Shiina S et al. (2020) Expression of c-met in primary
and recurrent hepatocellular carcinoma. Oncology 98,
186-194.

Cleary SP, Jeck WR, Zhao X, Chen K, Selitsky SR,
Savich GL, Tan TX, Wu MC, Getz G, Lawrence MS
et al. (2013) Identification of driver genes in
hepatocellular carcinoma by exome sequencing.
Hepatology (Baltimore, MD) 58, 1693-1702.
Schwarzenbach H, Hoon DS & Pantel K (2011) Cell-
free nucleic acids as biomarkers in cancer patients. Nat
Rev Cancer 11, 426-437.

Shapiro B, Chakrabarty M, Cohn EM & Leon SA
(1983) Determination of circulating DNA levels in
patients with benign or malignant gastrointestinal
disease. Cancer 51, 2116-2120.

Yang JD, Liu MC & Kisiel JB (2019) Circulating
tumor DNA and hepatocellular carcinoma. Semin Liver
Dis 39, 452-462.

Xu RH, Wei W, Krawczyk M, Wang W, Luo H, Flagg
K, Yi S, Shi W, Quan Q, Li K ef al. (2017) Circulating
tumour DNA methylation markers for diagnosis and
prognosis of hepatocellular carcinoma. Nat Mater 16,
1155-1161.

Dawson SJ, Tsui DW, Murtaza M, Biggs H, Rueda
OM, Chin SF, Dunning MJ, Gale D, Forshew T,
Mahler-Araujo B et al. (2013) Analysis of circulating
tumor DNA to monitor metastatic breast cancer. N
Engl J Med 368, 1199-1209.

Ye Q, Ling S, Zheng S & Xu X (2019) Liquid biopsy in
hepatocellular carcinoma: circulating tumor cells and
circulating tumor DNA. Mol Cancer 18, 114.

Schulze K, Imbeaud S, Letouzé E, Alexandrov LB,
Calderaro J, Rebouissou S, Couchy G, Meiller C,
Shinde J, Soysouvanh F et al. (2015) Exome sequencing
of hepatocellular carcinomas identifies new mutational
signatures and potential therapeutic targets. Nat Genet
47, 505-511.

Hoshida Y, Villanueva A, Kobayashi M, Peix J,
Chiang DY, Camargo A, Gupta S, Moore J, Wrobel
MJ, Lerner J et al. (2008) Gene expression in fixed
tissues and outcome in hepatocellular carcinoma. N
Engl J Med 359, 1995-2004.

Newman AM, Bratman SV, To J, Wynne JF, Eclov
NC, Modlin LA, Liu CL, Neal JW, Wakelee HA,
Merritt RE et al. (2014) An ultrasensitive method for
quantitating circulating tumor DNA with broad patient
coverage. Nat Med 20, 548-554.

Newman AM, Lovejoy AF, Klass DM, Kurtz DM,
Chabon JJ, Scherer F, Stehr H, Liu CL, Bratman SV,
Say C et al. (2016) Integrated digital error suppression

559


https://publons.com/publon/10.1002/1878-0261.13105

Serial ctDNA predicts early recurrence of HCC

for improved detection of circulating tumor DNA. Nat
Biotechnol 34, 547-555.

18 Zhou J, Wang C, Lin G, Xiao Y, Jia W, Xiao G, Liu
Q, Wu B, Wu A, Qiu H ef al. (2021) Serial circulating
tumor DNA in predicting and monitoring the effect of
neoadjuvant chemoradiotherapy in patients with rectal
cancer: a prospective multicenter study. Clin Cancer Res
27, 301-310.

19 Golmakani MK & Polley EC (2020) Super learner for
survival data prediction. Int J Biostat 16. https://doi.
org/10.1515/ijb-2019-0065

20 Zhou J, Sun HC, Wang Z, Cong WM, Wang JH,
Zeng MS, Yang JM, Bie P, Liu LX, Wen TF et al.
(2018) Guidelines for diagnosis and treatment of
primary liver cancer in China (2017 Edition). Liver
Cancer 7, 235-260

21 Zviran A, Schulman RC, Shah M, Hill STK, Deochand
S, Khamnei CC, Maloney D, Patel K, Liao W,
Widman Al et al. (2020) Genome-wide cell-free DNA
mutational integration enables ultra-sensitive cancer
monitoring. Nat Med 26, 1114-1124.

22 Pinato DJ (2018) Circulating-free tumour DNA and the
promise of disease phenotyping in hepatocellular
carcinoma. Oncogene 37, 4635-4638.

23 Zucman-Rossi J, Villanueva A, Nault JC & Llovet M
(2015) Genetic landscape and biomarkers of
hepatocellular carcinoma. Gastroenterology 149, 1226—
1239.e1224.

24 lIgnatiadis M & Dawson SJ (2014) Circulating tumor
cells and circulating tumor DNA for precision
medicine: dream or reality? Ann Oncol 25, 2304-2313.

25 Zhang R, Gao X, Zuo J, Hu B, Yang J, Zhao J &
Chen J (2020) STMNI upregulation mediates
hepatocellular carcinoma and hepatic stellate cell
crosstalk to aggravate cancer by triggering the MET
pathway. Cancer Sci 111, 406-417.

26 Dietrich P, Gaza A, Wormser L, Fritz V, Hellerbrand
C & Bosserhoff AK (2019) Neuroblastoma RAS viral
oncogene homolog (NRAS) is a novel prognostic
marker and contributes to sorafenib resistance in
hepatocellular carcinoma. Neoplasia (New York, NY)
21, 257-268.

27 Zhang X, Zhang J, Gao F, Fan S, Dai L & Zhang J
(2020) KPNAZ2-associated immune analyses highlight
the dysregulation and prognostic effects of GRB2,
NRAS, and their RNA-binding proteins in
hepatocellular carcinoma. Front Genet 11, 593273.

28 Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y,
Pelletier L, Maad IB, Calderaro J, Bioulac-Sage P,
Letexier M, Degos F ef al. (2012) Integrated analysis of
somatic mutations and focal copy-number changes
identifies key genes and pathways in hepatocellular
carcinoma. Nat Genet 44, 694-698.

29 Vilarinho S, Erson-Omay EZ, Harmanci AS, Morotti
R, Carrion-Grant G, Baranoski J, Knisely AS, Ekong

G.-Q. Zhu et al.

U, Emre S, Yasuno K et al. (2014) Paediatric
hepatocellular carcinoma due to somatic CTNNBI
and NFE2L2 mutations in the setting of inherited
bi-allelic ABCB11 mutations. J Hepatol 61, 1178—
1183.

30 Eichenmiiller M, Trippel F, Kreuder M, Beck A,
Schwarzmayr T, Héberle B, Cairo S, Leuschner I, von
Schweinitz D, Strom TM et al. (2014) The genomic
landscape of hepatoblastoma and their progenies with
HCC-like features. J Hepatol 61, 1312-1320.

31 Tsirulnikov K, Duarte S, Ray A, Datta N, Zarrinpar
A, Hwang L, Faull K, Pushkin A & Kurtz I (2018)
Aminoacylase 3 is a new potential marker and
therapeutic target in hepatocellular carcinoma. J Cancer
9, 1-12.

32 Kaseb AO, Sdnchez NS, Sen S, Kelley RK, Tan B,
Bocobo AG, Lim KH, Abdel-Wahab R, Uemura M,
Pestana RC et al. (2019) Molecular profiling of
hepatocellular carcinoma using circulating cell-free
DNA. Clin Cancer Res 25, 6107-6118.

33 Kirk GD, Camus-Randon AM, Mendy M, Goedert JJ,
Merle P, Trépo C, Bréchot C, Hainaut P & Montesano
R (2000) Ser-249 p53 mutations in plasma DNA of
patients with hepatocellular carcinoma from the
Gambia. J Natl Cancer Inst 92, 148—-153.

34 Lee JS, Chu IS, Heo J, Calvisi DF, Sun Z, Roskams T,
Durnez A, Demetris AJ & Thorgeirsson SS (2004)
Classification and prediction of survival in
hepatocellular carcinoma by gene expression profiling.
Hepatology (Baltimore, MD) 40, 667-676.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. The mutational frequency against two publicly
available datasets in the context of recurrent driver
genes.

Fig. S2. Comparison of cfDNA levels between clinical
parameters in patients with hepatocellular carcinoma
(HCC).

Fig. S3. Comparison of cfDNA levels between recur-
rence or non-recurrence in patients with hepatocellular
carcinoma (HCC) at different time points (at 1 month,
n = 5 for no recurrence group and n = 9 for recurrence
group; At 4 months, n =3 for no recurrence group
and n = 5 for recurrence group).
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Fig. S6. Prediction performance of ctDNA and clinical
parameters by receiver operating characteristic curve
(ROC) analysis.

Fig. S7. The Kaplan—Meier analysis of median variant
allele frequency (VAF) of ctDNA for tumor recur-
rence.
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Table. S1. Predictive factors associated with hepatocel-
lular carcinoma (HCC) early recurrence by using
machine learning method.

Table. S2. Gene variants detected in preoperative or
postoperative ctDNA from early recurrence hepatocel-
lular carcinoma (HCC) patients.
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