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Abstract

Aim: This study aims to evaluate the feasibility of examining circulating tumor DNA (ctDNA) in urine samples from
hepatocellular carcinoma (HCC) patients by droplet digital PCR (ddPCR) and to assess its value in predicting HCC
recurrence after surgery.

Methods: HCC cases who accepted surgical resection were included. Perioperative urine, tissue and peripheral
blood specimens were collected. Four hotspot mutants [TP53-rs28934571 (c.747G>T), TRET-rs1242535815
(c1-124C>T), CTNNBT-rs121913412 (c.121A>G), and CTNNBI1-rs121913407 (c.133T>C)] were chosen for ctDNA
analysis, and mutant allele frequency (MAF) was worked out. Sanger sequencing was performed on matched
tumor tissues and peripheral blood mononuclear cells (PBMCs). The patients’ clinicopathologic characteristics
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were retrospectively analyzed. The predictive abilities of urine ctDNA for postoperative recurrence were evaluated
using the Kaplan-Meier method.

Results: Forty-six patients were enrolled, and 18 patients (39.1%, 18/46) exhibited detectable circulating mutants,
with the MAF in the range of 0.07% to 0.91%. The consistency test indicated moderate to substantial concordance
between urine and paired tumor tissue mutations. The mutation level dropped dramatically or disappeared after
surgery. Positive urine ctDNA before surgery was closely related to greater tumor size and recurrence. Kaplan-
Meier curves revealed significantly shorter disease-free survival (DFS) for ctDNA-positive patients. Multivariate
analysis identified detectable urine ctDNA as an independent risk factor for tumor recurrence. More than that,
receiver operating characteristic (ROC) curves demonstrated that urine ctDNA had the largest area under the
curve (AUC) for predicting HCC recurrence.

Conclusion: Detecting ctDNA in urine using ddPCR is feasible and holds significant potential for predicting and
monitoring HCC recurrence.

Keywords: Urine, ctDNA, hepatocellular carcinoma, recurrence

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common cancers and represents a major global health
problem"l. Although surgical resection remains the most effective treatment, many cases are diagnosed at
an advanced stage, leading to poor outcomes. Additionally, postoperative recurrence significantly affects
prognosis. Therefore, early screening, detection, and diagnosis are critical for improving outcomes.
Currently, early detection and monitoring of HCC recurrence rely on imaging, tissue biopsy, and serum
biomarkers'>”. However, imaging has limitations in diagnostic accuracy and sensitivity"*. Tissue biopsy is
invasive and inadequate for monitoring dynamic tumor progression'. Alpha-fetoprotein (AFP) is the most
widely used serum biomarker for HCC screening and diagnosis, but nearly 30% of early HCC cases can be
AFP-negative due to transcriptional regulation factors. Even with a low-level cutoff, the specificity and
sensitivity of AFP for HCC diagnosis remain inadequate'®”. Other biomarkers, such as AFP-L3, PIVKA-II,
GPC-3, and microRNAs, demonstrate diagnostic value in cases where AFP is negative but still serve as
alternative options'®. Therefore, it is crucial to identify a novel and less invasive or non-invasive diagnostic
strategy for early detection of HCC and monitoring its recurrence.

Over the past decades, the concept of “liquid biopsy” has gained significant attention”. Liquid biopsy
involves the collection of body fluid samples (such as blood, urine, saliva, etc.) for subsequent testing.
Circulating tumor DNA (ctDNA) serves as the foundation of liquid biopsy"’.. It is widely acknowledged
that ctDNAs are mutated DNA fragments released into the bloodstream by primary or metastatic tumors,
constituting a portion of circulating cell-free DNA (cfDNA)"". ctDNA carries genetic abnormalities
identical to those found in the originating tumor cells, enabling researchers to distinguish it from cfDNA

[12,13]

and develop effective detection methods

Prior studies have demonstrated the feasibility of detecting ctDNA from peripheral blood to profile tumor
genomes, guide therapy, monitor tumor progression, and unveil drug resistance in various cancers,
including HCC!"**\. Furthermore, other researchers have determined urinary specimens to be potentially
1ol Compared to blood and tissue collection, urinary
samples are non-invasive and easily obtainable, making them more convenient for disease monitoring.

useful for ctDNA extraction in several diseases

Therefore, patients are more likely to accept this method in clinical practice.
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In this study, our objective is to further assess the viability of utilizing urine samples as an alternative to
tissue and blood plasma for the identification and characterization of specific mutations in four previously
documented DNA modifications associated with HCC'"?. We evaluated the feasibility of detecting ctDNA
through the utilization of droplet digital PCR (ddPCR) targeting hotspot mutations within urine samples.
Subsequently, we compared the presence of mutants detected in urine with their corresponding status in
paired tumor tissue samples, while also evaluating the diagnostic efficacy and predictive value for
recurrence.

METHODS

Patients and samples

Forty-six tumor tissues and urine samples were collected from patients hospitalized for curative resection at
Zhongshan Hospital, Fudan University, between March and November 2018. The eligibility criteria
included: (1) pathologically proven HCC; (2) no previous history of any malignancies; (3) absence of
synchronous malignancies in other organs; (4) no prior use of any form of antitumor therapies. Tissue
samples were collected immediately after resection and stored at -80 °C until use. At least 50 mL of
midstream urine was collected in the morning at indicated time points and processed within 2 h. To remove
debris and cellular contaminants, urine specimens were spun at 15,000 g for 15 min and at least 5 mL of
supernatant was recovered. Subsequent preparations for urine cfDNA extraction were described in a
previous study"®.

Urine cfDNA extraction and ddPCR for the detection of ctDNA

Urine cfDNA was purified and extracted using the QIAamp Circulating Nucleic Acid Kit (QIAGEN, Inc,
USA) with the QIAvac 24 Plus vacuum manifold, following the manufacturer’s instructions. The ddPCR
was conducted on the QX200 ddPCR platform (Bio-Rad, Hercules, USA). The ddPCR reaction system
consisted of 20 pL volumes, including 10 pL 2x ddPCR SuperMix (Bio-Rad), 5 pL cfDNA template, 1 uL (20
x) wild type probe/primer mix, 1 uL (20x) mutant probe/primer mix, and 3 pL deionized distilled water.
Each reaction mixture was carefully added to the well of the Droplet Generator Cartridge (Bio-Rad) along
with 70 uL droplet generation oil (Bio-Rad). The Droplet Generator Cartridge (Bio-Rad) along with droplet
generation oil (Bio-Rad) were used to generate a maximum of 20,000 droplets per sample in the QX200
Droplet Generator (Bio-Rad). These droplets were then transferred into a PCR plate for amplification.
Mutant allele concentration (CMUT) and wild-type allele concentration (CWT) were calculated from
copies/pL values and mutant allele frequency (MAF) was determined as MAF = CMUT/(CMUT + CWT).
To track ctDNA in urine dynamically, the number of detected mutant copies was normalized to a constant
number of calculated genome equivalents (GEQ) of wild-type DNA across all samples to yield the
concentration of mutant fragments"®. Primers and probes with sequence information provided by Sangon
Biotech were utilized as described previously"*.

Sanger sequencing

The DNeasy Blood & Tissue Kit (QIAGEN, Inc, USA) was used for DNA extraction from tumors and
matched adjacent liver tissues. PCR products were purified using the MinElute PCR Purification Kit
(QIAGEN). Detailed procedures are available in a previous report'.

Patient follow-ups

The patients were scheduled for follow-up appointments at 1 month post-surgery, then every 3 months
during the first two years, and subsequently every 6 months. The follow-up assessments consisted of
abdominal ultrasonography, monitoring serum tumor biomarker levels, and conducting enhanced
abdominal computed tomography (CT) or magnetic resonance imaging (MRI) if deemed necessary. Patient
monitoring continued until the recurrence of the disease, death, or completion of the study period. Disease-
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free survival (DFS) denoted the duration between the surgical procedure and disease recurrence.

Statistical analysis

Statistical analysis was conducted using SPSS 27.0 (IBM, Chicago, IL, USA) and GraphPad Prism 9 for Mac
(GraphPad Software, San Diego, California, USA). Student t-tests were employed for comparison between
groups. The chi-square test was utilized to compare clinical parameters between groups. The Kaplan-Meier
method was used to calculate cumulative survival time and the log-rank test was applied for analysis.
Univariate and multivariate analyses were performed based on the Cox proportional hazards regression
model. For experiments carried out in duplicate, data were presented as mean + standard error. All
statistical tests were two-tailed with a significance level set at P < 0.05.

RESULTS

Patients’ demographics

We included a total of 46 pathologically diagnosed HCC patients in this study. Patients’ clinicopathological
and epidemiological information are summarized in Table 1. The majority of the patients were male (37/4s,
80.4%) with a median age of 59 years (range 35-82). Among them, 37 patients tested positive for hepatitis B
surface antigen (HbsAg) and 39 were diagnosed with liver cirrhosis. Prior to the surgical procedure, AFP
levels above 20 ng/mL were observed in 27 patients, while a Child-Pugh score of A was recorded in 44
patients. Referring to the most recent guidelines on primary liver cancer in China', the clinical stages of the
patients were distributed as follows: Ia (15 cases), Ib (25 cases), I1a (4 cases), IIb (2 cases). All patients
underwent successful hepatectomy with curative intent.

Detection of circulating mutant DNA in the urine of HCC patients using ddPCR

The QX200 reaction platform’s ability to detect low levels of analytes (LOD) and maintain working stability
has been previously assessed in our earlier studies"*'"”. In these investigations, we established the LOD for
the ddPCR platform at 0.01% with excellent reproducibility. To guide subsequent experiments, we identified
4 frequently reported mutation sites within 3 genes (TP53 ¢.747G>T, TERT c.1-124C>T, CTNNBI ¢.121A>G
and ¢.133T>C) in HCC, based on findings from previous whole genome/exome sequencing research and
data from the COSMIC database.

To begin with, we conducted an assessment on the possibility of identifying these 4 mutations in cfDNA
obtained from urine using ddPCR. We successfully extracted ¢fDNA from urine samples with
concentrations ranging from 18-30 ng/pL, which met the detection requirements. A total of 18 out of 46
patients (39.1%) were identified to have at least one mutation in urine before surgery. Among them, 7
patients had TP53 (c.747G>T) positive; 9 patients were positive for TERT (c.1-124C>T); 6 patients were
found to have CTNNBI (c.121A>G) mutants; and 5 patients had detectable CTNNBI1 (c.133T>C) mutants
[Table 2]. Generally speaking, the MAFs ranged from 0.07% to 0.91%, all surpassing the LOD level of the
ddPCR platform for detection purposes. Multiple mutations were simultaneously detected in 6 patients.

Utilize sanger sequencing to determine the source of urine mutants by analyzing paired tumor
tissues and peripheral blood mononuclear cells

We conducted DNA sequencing of tumor tissues and corresponding liver tissues or peripheral blood
mononuclear cells (PBMCs) in order to eliminate the possibility of detecting germline mutations that may
also be presented in urine cfDNA. Sanger sequencing was carried out on all samples, irrespective of the
mutant status observed in cfDNA. Negative results of Sanger sequencing could also be found in our
previously published article". In the cases of five patients whose cfDNAs showed no mutations, tumor
tissues revealed a heterozygous genotype of TP53 (c.747G>T) and CTNNB1. Conversely, in six patients
(Ho2, Hos, Hie, H19, H30, and H34) with circulating mutants, their corresponding tumor tissues tested
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Table 1. Clinical characteristics of enrolled patients

Clinical characteristics Number of patients
Age, years

260 22 (median 59)
<60 24
Gender

Male 37
Female 9
HBsAg

Negative 9
Positive 37
Cirrhosis

No 7
Yes 39
Tumor size

=25cm 22
<5cm 24
Tumor number

Single 34
Multiple 12
MVI

No 23
Yes 23
Tumor encapsulation

No 16
Yes 30
Edmonson grade

I+l 33
I+ 1v 13
AFP

<20 ng/mL 19
=20 ng/mL 27
ALT

<50 /L 41
250 p/L 5
AST

<40 /L 13
=40 /L 33
Child-Pugh score

A 44
B 2

HBsAg: Hepatitis B surface antigen; MVI: microvascular infiltration; AFP: alpha-fetoprotein; ALT: alanine transaminase; AST: aspartate
aminotransferase.

negative [Table 2]. No mutations were detected in DNAs extracted from adjacent liver tissues or PBMCs,
ruling out the possibility of germline mutations. A consistency test using the Kappa value demonstrated
moderate to substantial agreement between urine mutants identified by ddPCR and their status in paired
tumor tissues [Table 3].
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Table 2. Analysis of mutation status in urine and plasma with ddPCR

Mutation fraction (mutant/wild type, copies/pL)

Patient TP53 (c.747G>T) TERT (c.1-124C>T) CTNB1(c.121A>G) CTNB1(c.133T>C)
urine/tissue urine/tissue urine/tissue urine/tissue

HO2 0.2%/0.34% 0.11%/NA 0.08%/NA 0.07%/0.04%

HO3 NA 0.21%/NA

HO8 NA 0.13%/1.02%

H10 NA/0.18%

H1 NA/0.12%

H12 NA/0.12%

H13 0.25%/3.2% 0.27%/2.19%

H15 0.31%/1.2%

H16 0.14%/NA 0.1%/NA 0.22%/0.63%

H19 0.7%/NA 0.72%/NA

H20 0.29%/0.93%

H23 0.18%/0.59%

H25 NA/2.19%

H30 0.23%/NA

H32 0.66%/3.11%

H34 0.34%/1.39% 0.19%/NA

H37 0.21%/4.3% NA/0.04%

H40 0.91%/3.63%

H41 0.58%/2.77%

H42 0.67%/5.22%

H43 0.81%/3.6% 0.16%,/0.63%

H44 0.67%/4.34%

ddPCR: Droplet digital PCR; NA: not applicable.

Table 3. Concordance of mutants detected in urine by ddPCR and their status in paired tumor tissues

Urine DNA " Tumot tissue Total Kappa value (95%Cl) P value
TP53 (747G>T)

+ 4 3 7 0.443 (0.036-0.761) 0.003
- 4 35 39

Total 8 38 46

TERT (c.1-124C>T)

+ 5 4 9 0.668 (0.315-0.920) 0.001
- 0 37 37

Total 5 41 46

CTNNBT (c.121A>G)

+ 4 2 6

B 0 40 40 0.777 (0.315-1.000) 0.001
Total 4 42 46

CTNNBI1(c.133T>C)

+ 4 1 5 0.691(0.179-1.000) 0.001
- 2 39 41

Total 6 40 46

ddPCR: Droplet digital PCR.

ctDNA dynamic changes after surgery and preoperative ctDNA status correlates with tumor
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recurrence

We also collected urine samples on the third day after operation to evaluate the status of ctDNA upon
tumor resection. All four mutations were assessed regardless of their status before surgery. Results showed
that mutation levels that were high before surgery dropped dramatically or disappeared. Mutant TP53
(c.747G>T) copies per 100,000 GEQ dropped from 532.0 = 99.4 to 19.1 = 14.1 (P: 0.0003). Mutant CTNNB1
(c.133T>C) copies per 100,000 GEQ dropped from 242.6 + 45.9 to 0.8 + 0.8 (P: 0.0008). Copies per 100,000
GEQ of CTNNB1 (c.121A>G) dropped from 354.7 + 84.9 to 16.8 = 16.01 (P: 0.0029). For TERT (c.1-
124C>T), copies per 100,000 GEQ dropped from 483.4 + 89.4 to 27.8 + 18.8 (P: 0.0001) [Figure 1A-D].

Subsequently, we conducted an examination of the association between preoperative ctDNA status and
clinicopathological features. The presence of urine ctDNA prior to surgery was found to be significantly
associated with increased tumor size (P: 0.03) and a higher incidence of tumor recurrence (P: 0.04)
[Table 4].

Using the Kaplan-Meier curve, a comparison was conducted on the DFS between two groups: those with
positive ctDNA and those with negative ctDNA. The findings revealed that individuals with a positive
ctDNA status prior to surgery exhibited a significantly shorter DFS (median DFS 15.0 months vs. 77.0
months; P: 0.003; HR: 3.79; 95%CI: 1.58-9.13) [Figure 2A]. Next, we used a Cox regression model to conduct
univariate and multivariate analyses to identify risk factors for tumor recurrence from listed
clinicopathological parameters. In univariate analysis, des-y-carboxy prothrombin (DCP) and ctDNA status
were identified as risk factors for tumor recurrence. Relevant multivariate analyses demonstrated that the
status of ctDNA served as an independent risk factor for recurrence [Table 5]. The receiver operating
characteristic (ROC) curves presented the greatest area under the curve (AUC) (0.75; P: 0.004; 95%CI: 0.61-
0.89) of ctDNA MAF for predicting postoperative recurrence [Figure 2B].

DISCUSSION

Liquid biopsy is increasingly used for various clinical and investigational applications, particularly for early
detection and dynamic monitoring of tumors"”. Profiling cfDNA, a central part of liquid biopsy, has been
shown to closely match the corresponding tumors""*. With advancements in genetic sequencing
technology, probing the molecular landscape of solid tumors via a simple non-invasive urine draw, rather
than blood samples, has significant implications for tumor monitoring and recurrence surveillance'.
Analyzing urine cfDNA has several advantages. Firstly, sample acquisition is entirely non-invasive,
eliminating the need for venesection or a healthcare professional to be present during sampling**’.
Secondly, there are no restrictions on sampling location due to the ease of collection. Thirdly, urine samples
may yield a higher ctDNA-to-cfDNA ratio than plasma®. Previous studies have demonstrated that cfDNAs
in urine contain DNA derived from solid tumors, including HCC and other cancers"'**?,. These cfDNAs
contain broad genetic information from the derived tumors, also known as ctDNA, functioning as a
competitive tool for analyzing the tumor genome.

In this limited longitudinal study involving 46 cases, we successfully demonstrated the ability to detect
ctDNA in urine samples obtained from patients with HCC (18 out of 46, representing a detection rate of
39.1%). Given that ctDNA typically constitutes only a small portion of total cfDNA, we employed ddPCR as
an exceptionally sensitive detection technique. This method can detect mutations as low as 0.001%,

23,24

overcoming the low fraction of ctDNA in urine cfDNA**, However, ddPCR can only target a limited
number of mutations per reaction’, and the throughput is also limited. Therefore, we preferred hotspot
mutations and pre-selected targeted mutants in this study. As previously reported, four sites from TP53,

CTNNBI1, and TERT were selected as candidate targets, as they are among the most frequently mutated
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Table 4. Comparison of the clinical characteristics between preoperative ctDNA positive and negative group

Clinicopathologic characteristics N Negatn:/: grodp N POSIt“;Z grovp P value
Age, years

<60 16 34.8 10 21.7 0.92
> 60 12 26.1 8 17.4

Gender

Male 23 50.0 14 30.4 0.72
Female 5 10.9 4 8.7

HBsAg

Negative 5 10.9 4 8.7 0.72
Positive 23 50.0 14 30.4

HCV

Negative 28 60.9 16 34.8 0.15
Positive 0 0 2 4.3

Tumor size

=5cm 1l 239 12 26.1 0.03
<5cm 17 37.0 6 13.0

Tumor number

Single 18 39.1 16 34.8 0.06
Multiple 10 21.7 2 4.3

MVI

No 15 32.6 8 17.4 0.55
Yes 13 283 10 21.7

Tumor encapsulation

No 8 17.4 8 17.4 0.27
Yes 20 43.5 10 21.7

Edmonson grade

| +1 15 32.6 6 13.2 0.18
I+ 1V 13 283 12 26.1

AFP

<20 ng/mL n 239 8 17.4 0.73
=20 ng/mL 17 413 10 17.4

ALT

<75wlL 27 58.7 16 34.8 0.55
275w/L 1 2.2 2 43

GGT

<54 p/L 13 283 8 17.4 0.89
254 /L 15 326 10 21.7

Tumor recurrence

No 4 30.4 4 8.8 0.04
Yes 14 30.4 14 30.4

HBsAg: Hepatitis B surface antigen; HCV: hepatitis C virus; MVI: microvascular infiltration; AFP: alpha-fetoprotein; ALT: alanine transaminase;
GGT: gamma-glutamyl transpeptidase; ctDNA: circulating tumor DNA.

genes with multiple loci and mutation types according to the COSMIC database. We believe that adding
more relevant hotspots could further improve the detection rate.
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Table 5. Univariate and multivariate analysis of preoperative indexes for recurrence by Cox regression model

Clinicopathologic parameters

Univariate

Multivariate

HR (95%CI)

P value HR (95%Cl) P value

Age (year): < 60 vs. 2 60

Gender: female vs. male

AFP (ng/mL): <20 vs. 220

ALT (u/L):<75vs. 275

GGT (u/L): <54 vs. 254

HBsAg: negative vs. positive

Tumor size (cm): <5vs.>5

Tumor number: single vs. multiple
Tumor encapsulation: complete vs. none
Tumor differentiation stage: IlI-1V vs. |-1I
Vascular invasion: no vs. yes

DCP (mAU/mL): <40 vs. 240

ctDNA status: positive vs. negative

0.77 (0.36-1.66)
0.37(0.11-1.26)
0.76 (0.35-1.62)
0.97 (0.13-7.62)
1.33(0.62-2.86)
0.65 (0.22-1.89)
1.86 (0.87-4.00)
113 (0.50-2.58)
0.60 (0.27-1.37)
1.29 (0.60-2.77)
0.68 (0.31-1.46)
2.43 (112-5.26)
2.80(1.27-6.18)

0.50

o

0.48

0.98

0.47

0.43

0.1

0.77

0.23

0.52

0.32

0.02 2.25(1.03-4.92) 0.04
0.01 2.60 (1.16-5.80) 0.02

AFP: Alpha-fetoprotein; ALT: alanine transaminase; GGT:gamma-glutamyl transpeptidase; HBsAg: hepatitis B surface antigen; ctDNA: circulating
tumor DNA; DCP: des-y-carboxy-prothrombin; HR: hazard ratio.
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Figure 1. Quantification of gene mutation levels in the urine of patients with HCC before and after operation. The number of mutant
copies detected was normalized to a constant number of calculated GEQ of wild-type DNA across all samples to yield a concentration
of mutant fragments. (A) Mutant TP53 (c.747G>T); (B) CTNNBT (c.133T>C); (C) CTNNBT (c.121A>G); and (D) TERT (c.1-124C>T)
copies per 100,000 GEQ dropped dramatically after surgery. HCC: Hepatocellular carcinoma; GEQ: genome equivalents.
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Figure 2. Comparison of DFS between different groups and diagnostic ability for recurrence of various clinical indices. (A) Median DFS
between preoperative ctDNA positive and negative patients was 15 months vs. 77 months, P: 0.003, HR: 2.88 (95%Cl: 1.23-6.71); (B)
Preoperative ctDNA status ranked first place in predicting postoperative recurrence among other parameters assessed with an AUC of
0.75. DFS: Disease-free survival; ctDNA: circulating tumor DNA; HR: hazard ratio; AUC: area under the curve; ROC: receiver operating
characteristic; DCP: des-y-carboxy prothrombin.

To rule out the presence of potential hereditary mutations identified in urine, we performed Sanger
sequencing on tumor tissues to determine their source. Interestingly, certain circulating mutants were not
detected in the tumor tissues. Consistent with expectations, these circulating mutants were also absent in
adjacent liver tissues and PBMCs. Given the high sensitivity of the ddPCR platform, the absence of mutants
in germline DNA, and no history of previous or simultaneous malignancy, we classified these positive
signals observed in cfDNA as ctDNA originating from tumor cells. Another underlying reason for the
discordance between urine and tumor tissue mutation status could be intratumor heterogeneity (ITH). ITH
refers to the presence of different subpopulations of cancer cells within a tumor that exhibit distinct genetic,
epigenetic, and transcriptomic profiles®”. One advantage of liquid biopsy is its ability to capture molecular

heterogeneity from distinct tumor lesions or components harboring different genetic alterations™.

To accommodate the natural variation in urine samples, the reported copies are normalized to 100,000 wild-
type GEQ. This results in a revised and more presentable minimum detectable threshold for specific
mutants. As expected, the amount of ctDNA MAF dropped dramatically after the surgical removal of the
tumor. Patients with ctDNA MAF before surgery had a higher risk of tumor recurrence. Both the ROC and
DES assessments indicated that urine ctDNA MAF could be a potential predictive factor for HCC
recurrence, with diagnostic ability superior to AFP, DCP, and plasma ctDNA MAF. Surprisingly, the quality
of urine ctDNA was comparable to plasma ctDNA, albeit at a much lower concentration. AUC comparisons
with urine and plasma ctDNA showed differences in sensitivity and specificity. We assumed that processing
a larger sample size may compensate for the gap.

Moreover, the presence of detectable ctDNA prior to surgical intervention was found to be associated with
the size of the tumor and potentially with the number of tumors. Given that ctDNA is acknowledged as
fragments of tumor DNA circulating in the bloodstream, it is plausible that larger tumor sizes and multiple
tumor lesions could lead to an increased likelihood of ctDNA release. Interestingly, we observed instances
where there was a rise or emergence of mutations following surgery, which may also be attributed to ITH.
Another reason could be that touching and squeezing the tumor during surgery might stimulate ctDNA
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release. Moreover, the presence of minimally residual disease (MRD) is another factor that cannot be
ignored. MRD refers to the small number of cancer cells that may remain in a patient’s body after treatment,
which is undetectable using conventional methods™. Highly sensitive liquid biopsy assays have the
advantage of detecting and characterizing MRD, reflecting the presence of tumor cells disseminated from
the primary lesion to distant organs in patients without clinical or radiological signs of metastasis or

residual tumor cells left behind after therapy, eventually leading to local recurrence™.

Some limitations should be recognized here. This is a single-center retrospective study with a small sample
size. We assumed that mutations harbored in ctDNA might link with more tumor characteristics with data
from a larger sample size. While we did find associations between preoperative ctDNA status and tumor
recurrence, it is crucial to give greater consideration to instances where ctDNA status turns positive
following surgery. As increasing MAFs might indicate MRD, these cases are more likely to experience
recurrence or metastasis. By dynamically monitoring urine ctDNA, these cases could be closely observed for
early detection of tumor recurrence. This is what we should focus on in subsequent studies. Another
interesting phenomenon was the presence of multiple ctDNA MAFs in some cases. These cases should be
further evaluated to understand the association between tumor behavior and ITH. As the number of
mutation sites available is limited, it becomes crucial to utilize a more comprehensive and well-established
mutant panel for the analysis of ctDNA in HCC. This may entail employing multiplex ddPCR and targeted
deep sequencing techniques on ctDNA samples, with a focus on frequently mutated genes associated with
HCC"™!. Notably, the levels of urine ctDNA can fluctuate due to various reasons, such as hydration. Further
studies are needed to identify a proper internal control for appropriately setting cutoffs for urine marker
values and conducting dynamic monitoring.

In summary, we have successfully shown the possibility of utilizing ddPCR to identify urine ctDNA in
patients with HCC. Urine ctDNA testing may have significant potential for predicting and monitoring HCC
recurrence. A larger longitudinal study is being designed to track the dynamic changes of urine ctDNA after
surgery to monitor HCC recurrence and to determine whether this method can overcome the limitations of
traditional methods such as imaging evaluation and serum tumor biomarkers so as to provide an ideal tool
for monitoring HCC recurrence.
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