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BACKGROUND: Hepatocellular carcinoma (HCC) occurs in a well-defined high-risk patient population, but better screening tests are
needed to improve sensitivity and efficacy. Therefore, we investigated the use of urine circulating tumour DNA (ctDNA) as a
screening test.

METHODS: Candidate markers in urine were selected from HCC and controls. We then enrolled 609 patients from five medical
centres to test the selected urine panel. A two-stage model was developed to combine AFP and urine panel as a screening test.
RESULTS: Mutated TP53, and methylated RASSF1a, and GSTPT were selected as the urine panel markers. Serum AFP outperformed
the urine panel among all cases of HCC, but the urine panel identified 49% of HCC cases with low AFP < 20 ng/ml. Using the two-
stage model, the combined AFP and urine panel identified 148 of the 186 HCC cases (79.6% sensitivity at 90% specificity), which
was 30% more than the cases detected with serum AFP alone. It also increased early-stage HCC detection from 62% to 92% (BCLC
stage 0), and 40% to 77% (BCLC stage A).

CONCLUSION: Urine ctDNA has promising diagnostic utility in patients in HCC, especially in those with low AFP and can be used as

a potential non-invasive HCC screening test.

British Journal of Cancer (2022) 126:1432-1438; https://doi.org/10.1038/541416-022-01706-9

INTRODUCTION

Despite the implementation of specific hepatocellular carcinoma
(HCC) screening recommendations in a well-defined high-risk
population, early detection of HCC remains challenging [1, 2]. HCC
is the 2nd most rapidly rising cancer in the US and remains a
leading cause of global cancer mortality [2-4]. As the prognosis of
HCC depends on the tumour stage, early HCC diagnosis is
especially critical. HCC patients often have underlying cirrhosis
with worsening liver function over time, limiting them from
treatments or clinical trials. Patients with early HCC can receive
curative treatments such as resection or liver transplantation
which have a 5-year survival rate of >70% compared to <10% for
patients diagnosed with advanced disease.

Serum AFP has been the most widely recognised and
universally used biomarker that is clinically validated for HCC
screening. However, modest sensitivities (ranging from 40 to 60%),
limit its efficacy as a screening tool [2, 5-7], particularly for early-
stage disease [2]. AFP elevations are also associated with high
alanine aminotransferase (ALT) level in viral hepatitis [8]).
Ultrasound (US)-based screening is also operator-dependent with
a variable 40-90% sensitivity range and technically limited for the
detection of tumours <2 cm, especially in obese patients and in
nodular livers (i.e., cirrhosis) [2]. Early detection requires a
screening approach that can be implemented frequently in a

non-invasive manner. Thus, better-performing biomarkers that
improve early detection are urgently needed.

HCC is a heterogeneous disease caused by many etiologies with
multiple genetic alterations; thus, it requires a panel of multiple
markers to obtain high screening sensitivity [9]. Studies by our
group and others have shown that urine contains low-molecular-
weight (LMW) DNA (~1-2 nucleosome-sized) or cell-free DNA
(cfDNA) derived from apoptotic cells throughout the body [10-17].
We have demonstrated that DNA from urine of patients with
cancers, including HCC contains cancer-specific DNA signatures,
including both genetic mutations and aberrant DNA methylation
[13, 14, 16, 18, 19].

In this study, we selected a panel of DNA markers that arise in
HCC [20-22], and are detectable in urine, and developed a non-
invasive urine-based circulating tumour DNA (ctDNA) biomarker
panel as a screening test with higher sensitivity than AFP alone.

MATERIALS AND METHODS

Patient enrolment and sample collection

We performed a multicenter case-control study patients enrolled at five
medical centres (Thomas Jefferson University Hospital, The John Hopkins
Hospital, University of Pennsylvania Hospital, Buddhist Tzu Chi Medical
Center, and the National Cheng-Kung University Medical Center) between
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Fig. 1 Flow diagram showing outline of the study.

April 2013 and July 2019 under HIRB Project #171201-174. The study was
performed in compliance and after approval from all sites’ respective
institutional review boards. Each participant signed a consent form for
participation in the study prior to data, blood, and urine collection. Since
2018, all urine samples were collected from subjects with no liquid uptake
for at least 2 h to avoid liquid dilution effect on cfDNA yield in order to
obtain cfDNA at least 1 ng/mL urine to be included in the study. As
outlined in the flowchart (Fig. 1), after biomarker assay analysis, data was
sent to the respective clinical sites for disease category unblinding. For the
initial biomarker prescreening, shown in Fig. 2, archived, non-identifiable
urine samples previously collected from patients with hepatitis, cirrhosis or
HCC were used as previously described [23].

HCC was defined by histological examination or the appropriate
imaging characteristics as defined by accepted guidelines at each
clinical site. Clinical diagnosis of viral hepatitis and cirrhosis was
determined by the expert opinion of the liver specialists at each centre.
Tumour staging was determined by the Barcelona Clinic Liver Cancer
staging system (BCLC) at each site. Detailed clinicopathological
information at the time of sample collection is summarised in Table 1.
For the control group, eligible patients (=18 years) with cirrhosis from
any aetiology and/or chronic hepatitis B (including co-infection with
hepatitis C) who are recommended for routine HCC screening by expert
society guidelines were included [2, 24, 25]. AFP levels were quantified
by partnering centres in their clinical laboratories using Food and Drug
Administration (FDA) approved AFP tests.

Urine DNA isolation and bisulfite treatment

Freshly collected urine was immediately mixed with 0.5 mol/L EDTA, pH
8.0, to a final concentration of 50 mmol/L EDTA to inhibit the possible
nuclease activity in urine, and stored at —20 °C within 4 h of collection. To
isolate urine DNA, a frozen urine sample was thawed at room temperature
and then placed immediately in ice before DNA isolation. Thawed urine
was processed for DNA isolation within an hour as described previously
[12, 16] or by JBS urine cfDNA isolation kit (JBS Science Inc., Doylestown,
PA) per manufacture’s specification. Bisulfite (BS) treatment was performed
using the EZ DNA Methylation-Lightning™ Kit (Zymo Research, Irvine, CA)
following the manufacturer’s guidelines.

Urine DNA biomarker quantification

PCR assays were tailored for short templates (<87 bp amplicons) to
detect circulation-derived genetic alterations in urine [15]. Eight
candidate markers, mutated codon 249 TP53 (TP53 249) and CTNNBI
codons 32-37 (CTNNB1 32-37), and aberrantly methylated DNA of six
genes (RASSF1A, GSTP1, CDKN2A, SFRP1, TFPI and MGMT), were selected
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because they are commonly present in HCC and can be detected using
assays that amplify LMW DNA templates [26]. Three biomarker assays,
the one for the TP53 codon 249 mutations, the aberrantly methylated
RASSF1A (mRASSF1A) and the aberrantly methylated GSTP1 (mGSTP1)
were selected for further development. Assays were performed in a
blinded fashion. The measurement used for the mutated TP53 249
mutation was the percentage of total DNA, while for the methylation
markers, mRASSF1A and mGSTP1 the measurement used was copies/mL
urine. The kits for TP53, mRASSF1A and mGSTP1 assays were obtained
from JBS Science, Inc. (Doylestown, PA) and performed as per the
manufacturer’s guidelines in duplicates. The quantitative short amplicon
methylation-specific PCR assays for CDKN2A, SFRPI, TFPl, and MGMT
developed for this study are detailed in Supplemental Table 1.

Statistics
To assess the potential of candidate DNA biomarkers for HCC screening,
scatter plots by disease group were constructed, and P value was
provided by Wilcoxon rank-sum test for HCC and non-HCC (hepatitis +
cirrhosis) comparison. A logistic regression model was used to
distinguish HCC with the serum AFP, and/or urine ctDNA biomarkers.
Because the biomarker data distributions were heavily skewed,
biomarker data were log-transformed before analysis was conducted.
Three models were built: (1) logistic model with AFP alone, (2) logistic
model with ctDNA panel alone, and (3) two-stage model with HCC
distinguished by AFP = 20 ng/mL followed by AFP and ctDNA combined
logistic model on the subpopulation of lower AFP (<20 ng/mL). The
statistical comparison of each model is detailed in Supplemental Table 2.
Comparing the model coefficients, it is observed that, a ~ ap+ a;, Bk ~
by, k=0, 1, 2, 3, which indicates that urine ctDNA biomarkers do provide
useful information to improve the HCC detection. The combined model
can be interpreted as below.

Denote pHCC = probability of classified as HCC and logit(p) = logl(p/(1-
p)) for 0 <p < 1. Consider the initial logistic model with serum APF alone

®  Jogit(pHCC) = ay+ by log(AFP) + ey, where the error term e, can be
interpreted by urine ctDNA biomarker as below
® ¢e,=a;+ b;log(TP53) + b,log(mRASS) + bs3log(mGSTP) + e;.

It follows that the combine the HCC model was built with

logit(pHCC) = a+ By log(AFP) + B,log(TP53) + B,log(mRASS) + Bslog
(MGSTP) + e;, where a=ay+ a;, and By=by, k=0, 1, 2, 3.

Receiver-operating characteristic (ROC) curves for all models were
constructed [27] and compared statistically [28]. Under the condition of at
least 90% specificity, the sensitivities of the models were also be
compared. The analyses were conducted using SAS 9.4 (SAS, Cary, NC).



AK. Kim et al.

1434

100

P =0.496
~N €
® S 10
N 8
[¢] >
bl 1S
9 £ 1 R :
2 § P Y
N
O o
n=97 n=106 n=283
***P<0.001
1000
< _ °
-
L £
@ g 100 o
g §
§ 107 s i’
n=97 n=106 n=283
#**P<0.001
100
S E 59
g€ 2 10 B8
Q 3
QO o 5
S0 - & W
n=111 n=64 n=74
o ¢ »+» P<0.001
» oo &
2 M o ¥
5| e
CT. 1) %
C
£ < 4,
E 2 o
kS &% g
=Y 5
n=112 n=64 n=27
Hepatitis Cirrhosis HCC

10 *** P<0.001
c
il
2 3
3
o E
£ g
~ 8
o O
& &% AW 8§
n=97 n=106 n=283
*** P<0.001
10,000
~ E1000
b
& 8 100
§ &
107 i e
n=97 n=106 n=283
P=0.798
100
x E
£ 2 10
g g
O et W@ W
n=280 n=66 n=92
” P=0.158
2 M
©
= ©
S ¢
S o
S 5
gz
@ S ® 24
= um e . &
n=20 n=20 n=20
Hepatitis Cirrhosis HCC

Fig.2 Detection of HCC-associated DNA markers in urine from patients with HCC and controls (hepatitis and cirrhosis). The distribution of
each biomarker is shown in a scatter plots by disease group and evaluated using the non-parametric independent samples Wilcoxon rank-
sum test comparing HCC versus non-HCC (hepatitis and cirrhosis). The number of patient samples analysed per marker per disease category is
indicated in each panel. M and UM represent qualitative measurements of methylated and unmethylated DNA.

Validation

To evaluate the performance of our models with respect to accuracy and
robustness, we employed tenfold cross-validation with bootstrap sampling
(n=1000). The process is described below. Step 1: The dataset of 609
patients were randomly split as ten equal subsets, S1, S2, ... S10; Step 2:
Subset S1 was used for prediction, and the other 9 subsets were used for
modelling. Step 3: Repeat this process for all ten subsets from S1 to S10,
and all records had been predicted independently because the data did
not provide any information in the modelling process. Step 4: Repeat Step
1-Step 3 1000 times. Mean AUROC, standard error and 95% Cl are
reported. Mean sensitivity and specificity are reported together with the
5th and 95th percentiles of the 1000 bootstrap samples with a fixed cut-off
of HCC prediction probability as pre-determined in the model building.

RESULTS

Selection of potential ctDNA modifications for development
as biomarkers for HCC screening

To first identify potential urine DNA markers for HCC, we analysed
archived urine DNA isolated from patients with chronic liver
disease, cirrhosis, or HCC for previously reported HCC-associated
hotspot mutations in the TP53 and CTNNBT genes and for aberrant
methylation of six genes (GSTP1, RASSF1A, CDKN2A, SFRP1, TFP1
and MGMT). The distributions of the urine markers identified in
each disease category are depicted with scatter plots (Fig. 2). Since
the marker values were not normally but skewedly distributed, the
Wilcoxon rank-sum test was used to select markers that were
significantly higher in HCC group than that in non-HCC (hepatitis
B, hepatitis B/C and cirrhosis). Patients with HCC had significantly

higher levels of mutated TP53 249, mRASSF1A and mGSTP1 in urine
than non-HCC (hepatitis + cirrhosis) (P < 0.001, by Wilcoxon rank-
sum test). No significant differences were seen in the levels of
mutated CTNNBT codon 32-37 (P = 0.496), methylated SFRP1 (P =
0.798) and MGMT (P =0.158) levels in urine DNA between HCC
and non-HCC groups. Thus, we selected three (TP53 mutation,
MRASSF1A and mGSTPI1) of the eight tested to develop a new
method for HCC screening.

Development of the urine ctDNA panel for HCC screening

As outlined in Fig. 1, prospectively collected urine DNA samples
from 609 patients (186 HCC, 144 cirrhosis and 279 hepatitis B)
contained at least 1 ng/mL of DNA, thus, were subjected to the
3-marker urine ctDNA panel quantification and analysed statisti-
cally for performance for HCC screening including serum AFP
values, as described in “Materials and methods”. Three models
were built: (1) logistic model with AFP alone, (2) logistic model
with ctDNA panel alone, and (3) two-stage model with HCC
distinguished by AFP =20 ng/mL, followed by a combined AFP
and ctDNA combined logistic model on a subpopulation with
lower AFP (<20 ng/mL). The statistical comparison of each model
is detailed in Supplemental Table 2. All predict variables (serum
AFP and three urine ctNDA markers) are statistically significant at
0.01 level. Next, we constructed a ROC (receiver-operating
characteristic) curve and calculated the area under the curve
(AUROC) for the urine ctDNA panel using logistic regression to
distinguish HCC from the controls (Fig. 3a). AFP alone had AUROC
(95%Cl) of 0.8546 (0.8184-0.8908) compared to urine ctDNA with
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Table 1. Clinical characteristics of patients in this study.

Patient cohort (n = 609)

Diagnosis Hepatitis B (n Cirrhosis (n HCC (n=
=279) =144) 186)
Median age (IQR 55 (25-79) 58.5 (29-89) 64 (26-85)
range), years
Gender (M:F) 153:126 98:46 141:45
Aetiology
HBV 271 87 74
HCV 0 10 41
HBV/HCV 8 7 16
Non-viral 0 34 46
Unknown 0 6 9
BCLC stage (n)
0 13
A 73
B 51
C 42
D 7
AFP (ng/mL)
<20 276 136 98
>20 3 8 88

BCLC Barcelona Clinic Liver Cancer staging, AFP alpha-fetoprotein, HBV
hepatitis B, HCV hepatitis C.
Patient demographic and clinical data.

AUROC (95%Cl) 0.7440 (0.7026-0.7854). Although AFP performed
better than the urine panel overall, the diagnostic cut-off for
serum AFP at 90% specificity was 5.8 ng/ml, which is significantly
less than the widely accepted AFP value of =20 ng/mL [2, 24, 29],
as patients with cirrhosis and chronic hepatitis are well-known to
have variable baseline AFP levels with often higher than 5.8 ng/ml
[7]. Based on this finding, we evaluate the utility of the urine panel
further in a more practical clinical setting by investigating the
performance of the urine panel in HCC cases with “low AFP”
defined as <20 ng/ml.

Performance of urine panel in low-AFP-producing HCC and
early-stage disease

First, we plotted the AFP distribution at 20 ng/mL threshold and
the urine ctDNA panel with a cut-off value of 90% specificity for
each patient (Fig. 3b). Of the 186 patients with HCC, 98 (53%)
patients had low AFP, a rate consistent with previous studies
[7, 30]. Among these 98 “low AFP” patients with HCC, the urine
panel alone correctly identified 48 (49%) additional patients with
HCC. This data suggests that the performance of urine ctDNA panel
is independent of AFP value for predicting HCC from non-HCC
which is consistent with the numerical results from the modelling
processes. This indicates that the information provided by serum
AFP and three urine ctDNA markers in HCC detection is
independent (Supplemental Table 2). As serum AFP test is currently
the most used biomarker with high specificity (97.4% in this
cohort), we next proposed a Two-Stage model to first distinguish
HCC by current AFP cut-off, 20 ng/mL, then combine AFP and urine
ctDNA values as a combined panel to build a logistic model to
distinguish HCC from the patients with low AFP (<20 ng/mL). As
shown in Fig. 3¢, the two-stage model had an AUROC of 0.9118
which was significantly higher than that of AFP alone (p < 0.0001
by using a contrast matrix [28]), as summarised in Supplemental
Table 3. The two-stage model correctly identified 60 (60%)
additional HCC patients with “low AFP” at 90% specificity. Overall,
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148 of the 186 HCC cases (79.6% sensitivity at 90% specificity),
were detected by the two-stage model, which is 30% more cases
detected with serum AFP alone using the 20 ng/mL cut-off.

Early detection is critical for curative treatment options and overall
survival. Therefore, we determined the overall performance of the
AFP, the urine panel and the two-stage combined test stratified by
tumour stage using the Barcelona Clinic Liver Cancer (BCLC)
systems. AFP test alone (cut-off of >20 ng/mL) had sensitivities of
62%, 40%, 57%, 52% and 29% for stages 0, A, B, C and D,
respectively. For the urine panel alone, at 90% specificity, the
corresponding results were 23%, 49%, 39%, 43% and 71%.
Encouragingly, the two-stage model demonstrated significantly
improved sensitivities of 92%, 77%, 78%, 81% and 86% (Fig. 4). We
noted the decrease in the sensitivity of AFP test in BCLC D group
which is unexpected; this is likely due to the small sample size (n =
7) in this category. As early detection is key in screening tests, we
then focused our attention to BCLC 0 and A. A closer inspection of
the results shows that while the urine panel has a low 23%
sensitivity in BCLC 0, all had AFP < 20 ng/mL, hence combining AFP
and ctDNA values (two-stage) increased the sensitivity to 92%.
Similarly, in BCLC A, the two-stage model raised the sensitivity to
77% with 90% specificity from 40%. Overall, the combination of AFP
and urine panel in the two-stage model improved the sensitivity
across all BCLC stages to above 75%, including early-stage cancer.

In the control group, 11.8% and 7.5% of the patients with
cirrhosis and HBV, respectively (total 38/423) were falsely positive
by urine panel, compared to 4.9% and 1% using AFP =20 ng/ml
alone. If ctDNA and AFP are combined with the two-stage model,
false positivity was 18% (26/144) for cirrhosis and 5% (14/279) for
the HBV group (Supplemental Fig. 1).

Cross-validation of urine panel and AFP

Tenfold cross-validation with bootstrap sampling (N = 1000) was
used to examine the robustness of the model prediction, as
detailed in “Materials and methods”. As summarised in Table 2,
compared to the training set, the results from tenfold cross-
validation with bootstrap sample (N = 1000) showed that the two-
stage model is robust. The AUROC decreased from 0.912 in the
training set to 0.902 (10.9%) in the validation, and the loss of
sensitivity at 90% specificity (Supplemental Table 4) was only 1%
from 79.6 to 78.6% which was not significant.

DISCUSSION

In this study, we have developed urine-based screening test to
screen for HCC among high-risk control patients with cirrhosis and
hepatitis B. In the overall group, the urine panel did not perform
better than AFP. Most strikingly, however, was that the urine panel
performed independently from AFP and increased the screening
sensitivity by identifying an additional 60 of 98 HCC cases with low
AFP (<20 ng/mL) by the two-stage model. It is well-known that
40-60% of the patients with HCC have a normal or low AFP (<20
ng/mL), limiting AFP use alone as a HCC screening test. Our
findings suggest that the urine panel may complement serum AFP
as a more reliable non-imaging-based screening test. In early-
stage disease, the combination of the urine panel and AFP using
the Two-stage model increased the detection sensitivity from 62
to 92% in BCLC 0 and 40% to 77% in BCLC A stages.

This is the largest study to report the use of urine-based ctDNA
biomarker to screen for HCC. This highlights the potential use of
urine ctDNA as a new HCC screening tool for early detection. Urine
collection requires little technical expertise without the need for
phlebotomy. It would be better tolerated for patients with
cirrhosis who have chronic anaemia. Diagnostic imaging using
ultrasound will remain an important tool in HCC surveillance, but it
also has its limitations. One of them is accessibility to an imaging
centre which has been associated with the underuse of HCC
screening [31]. Urine collection from home may provide a
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Fig. 3 Performance of urine ctDNA markers for distinguishing HCC from non-HCC. a Receiver-operating curves (ROC) of serum AFP alone
and urine ctDNA markers alone. b Distribution of patients stratified by AFP cut-off of 20 ng/mL. The marker values are summarised in
Supplemental Table 5. Each box represents a patient sample, and those with positive urine ctDNA biomarker detection are filled, based on the
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186) of all HCC cases which included 48.9% (48/98) of the low AFP (<20 ng/mL) HCC group. ¢ ROC of the two-stage model. d Comparison of

three ROC curves as indicated.

significant advantage with its easy accessibility to at-risk popula-
tion, as we also see comparable marker performance between
frozen urine samples and room-temperature stored sample
(unpublished data). Increased feasibility and accessibility to
screening test can improve early HCC detection in a population-
level strategy for early detection of HCC.

The use of ctDNA in blood as a liquid biopsy for cancer
detection has been studied extensively for decades but is limited
by low sensitivity, particularly in early cancer stages [17, 26, 32—
34]. Recently, studies have reported the detection of plasma
ctDNA alterations and protein markers in serum to identify early-
stage HCC [35-38], and although they have shown promise, these
studies have utilised healthy controls. The choice of at-risk patient
controls, as used in this study, is especially important with
methylation biomarkers since they are also potentially detectable
in patients with precancerous conditions such as liver cirrhosis
[13, 32] and hepatitis [32, 33]. Consistent with previous studies
[13, 29, 30], we also found the overlap in the quantity of
methylated ctDNA detected in non-HCC group in this study.

Despite these encouraging results, some limitations merit
consideration. First, even though the study included patients with
early-stage HCC (BCLC stages 0, A and B), the sensitivity of our test
may be less in the real-world screening setting, but it may not be
significantly decreased because only 1% decrease of sensitivity
from 79.6 to 78.6% if the two-stage model prediction is used as
determined by the cross-validation. Further studies with an
independent blinded validation set are needed to evaluate the
test before clinically used in HCC screening. Furthermore, in this
cross-sectional study, serial sample collections or additional
imaging data were not obtained. These covariates may offer a
valuable understanding of any trends in ctDNA detection and
might include patients with precancerous lesions or HCC that are
too small to be detected by standard screening imaging.

In summary, the urine ctDNA panel as a non-invasive test for
HCC screening shows promising use in those with low AFP and
early-stage liver disease. Its specificity remained high compared to
patients with cirrhosis and could be used as an additional first-line
screening tool in high-risk populations. An independent
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Table 2. Biomarker performance evaluated by tenfold cross-
validation.

Validation

0.847 (0.810-0.885)
0.715 (0.668-0.762)
0.902 (0.871-0.933)

AUROC (95% CI) Modelling

AFP 0.854 (0.818-0.891)
Urine ctDNA 0.744 (0.703-0.785)
Two-stage 0.912 (0.884-0.939)

multicenter prospective study is underway to determine if this
combinatorial approach using a non-invasive biomarker improves
early detection of HCC.

DATA AVAILABILITY
The data generated and analysed during the study are available from the
corresponding author on reasonable request.
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