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ABSTRACT

Objective The lack of highly sensitive and specific
diagnostic biomarkers is a major contributor to the poor
outcomes of patients with hepatocellular carcinoma (HCC).
We sought to develop a non-invasive diagnostic approach
using circulating cell-free DNA (cfDNA) for the early
detection of HCC.

Design Applying the 5hmC-Seal technique, we obtained
genome-wide 5-hydroxymethylcytosines (5ShmC) in cfDNA
samples from 2554 Chinese subjects: 1204 patients with
HCC, 392 patients with chronic hepatitis B virus infection
(CHB) or liver cirrhosis (LC) and 958 healthy individuals and
patients with benign liver lesions. A diagnostic model for
early HCC was developed through case-control analyses
using the elastic net regularisation for feature selection.
Results The 5hmC-Seal data from patients with HCC
showed a genome-wide distribution enriched with
liver-derived enhancer marks. We developed a 32-gene
diagnostic model that accurately distinguished early HCC
(stage 0/A) based on the Barcelona Clinic Liver Cancer
staging system from non-HCC (validation set: area under
curve (AUC)=88.4%; (95% Cl 85.8% to 91.1%)), showing
superior performance over o-fetoprotein (AFP). Besides
detecting patients with early stage or small tumours (eg,
<2.0cm) from non-HCC, the 5ShmC model showed high
capacity for distinguishing early HCC from high risk subjects
with CHB or LC history (validation set: AUC=84.6%; (95% Cl
80.6% to 88.7%)), also significantly outperforming AFP.
Furthermore, the 5ShmC diagnostic model appeared to be
independent from potential confounders (eg, smoking/
alcohol intake history).

Conclusion We have developed and validated a non-
invasive approach with clinical application potential

for the early detection of HCC that are still surgically
resectable in high risk individuals.

INTRODUCTION
Despite having a multitude of therapeutic modal-
ities available, patients with hepatocellular

%22 \\lei Zhang,®* Jia Fan

1,23

Significance of this study

What is already known on this subject?

» Early detection of hepatocellular carcinoma
(HCC) improves clinical outcomes and patient
survival.

» There are currently no effective biomarkers
for early detection of HCC, especially in the
context of high risk individuals with a history of
chronic hepatitis B virus infection (CHB) or liver
cirrhosis.

» The 5hmC-Seal technique has been
demonstrated to be a sensitive and robust
epigenomic tool for cancer biomarker discovery
using circulating cell-free DNA (cfDNA).

What are the new findings?

» Genome-wide 5hmC in cfDNA derived from
patients with HCC reflected liver tissue and
gene regulatory relevance.

» 5hmC markers identified in cfDNA showed high
capability for distinguishing patients with early
HCC from those with a history of CHB or liver
cirrhosis, as well as from patients with benign
liver lesions and healthy controls, showing
superior performance over o-fetoprotein (AFP).

How might it impact on clinical practice in the
foreseeable future?
» The 5hmC-Seal technique is a non-invasive
tool that can aid in early detection of HCC in
high risk individuals with a history of CHB or
liver cirrhosis. This technique could serve as
a non-invasive screening tool for the general
population in the future, as well.

carcinoma (HCC) have undesirable outcomes,
with 5-year overall survival rates of less than
50%. However, survival rates can reach 70% with
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surgical resection or transplantation in early stage patients,
highlighting the tremendous clinical need for effective early
diagnostic approaches.' * Epidemiologically, HCC represents
the second most common cause of cancer deaths worldwide
(~750000annual deaths) and is present with a particularly
high frequency in East Asia, where major risk factors (eg,
chronic hepatitis B virus infection (CHB) and liver cirrhosis
(LC)) are endemic.’ Indeed, China accounts for more than
50% of new HCC cases and related mortality. Almost half of
patients with HCC are diagnosed at an advanced stage, which
often prevents the possibility of curative therapies. Challenges
to early diagnosis of HCC include the absence of pathog-
nomonic symptoms and the lack of sensitive and specific
biomarkers, which contribute to poor clinical outcomes.

At present, o-fetoprotein (AFP) is the most common sero-
logical test used for screening and diagnosis of HCC, as well
as for surveillance after treatment. However, there are serious
limitations with AFP, such as low sensitivity,* false-negatives
(eg, a small HCC tumour with AFP under the detectable level)
and false-positives owing to conditions such as pregnancy and
certain gastrointestinal tumours.” ¢ In addition, the unequivocal
diagnosis of a nodule detected using ultrasonography remains
clinically challenging with unsatisfactory diagnostic accuracy
(eg, ~60%-80% sensitivity).”

Pathological analysis of tumour tissue is currently the ‘gold
standard’ for clinical diagnosis of cancers. However, tissue
pathology-based approaches suffer from high cost, limited
tumour tissue accessibility during invasive procedures, and
the fact that a tissue biopsy may not reflect intra-tumour
heterogeneity,® ° thus limiting its use in the early detection of
HCC. There are now some appealing alternatives, including
methods based on liquid biopsy. Early liquid biopsy assays
targeted proteins or microRNAs. Though promising, these
approaches did not offer satisfactory performance in terms of
specificity and sensitivity suitable at the clinical scale yet.'* !
More recently, circulating cell-free DNA (cfDNA) in plasma,
which carries genetic and epigenetic information from cells of
origin,'? has been shown to indicate the presence of cancer."
Though limited by sample size and/or technical restrictions,
several recent studies have begun to show the promise of
epigenetic markers in ¢fDNA for diagnosis and prognosis in
human cancers, including HCC.'*"

In the human genome, 5-hydroxymethylcytosines (5ShmC)
are abundant epigenetic marks that are generated through
oxidation of 5-methylcytosines by the ten-eleven translocation
enzymes.'® The ShmC modifications in promoters, gene bodies
and gene regulatory elements (eg, enhancers) faithfully reflect
gene expression activation in mammalian genomes, and thus can
serve as ideal markers for specific gene/locus activation in chro-
matin.'® Recent studies have suggested that ShmC modifications
are related to cancer pathobiology, including the observed global
reduction of ShmC levels in various cancer types.'” Therefore,
ShmC has emerged to be a novel class of cancer epigenetic
biomarkers with promise in precision medicine, considering its
cancer and gene regulatory relevance, tissue specificity, and also
importantly, the technical advances in enabling technologies for
its application in convenient liquid biopsy.'® 2%

Specifically, we employed the ShmC-Seal, a highly sensitive
and selective chemical labelling-based sequencing technology
developed and optimised by our team,*! * to characterise
genome-wide ShmC profiles in ¢fDNA from 2554 Chinese
subjects including patients with HCC, patients with high risk
conditions including CHB and LC and controls comprised
of patients with benign liver lesions and healthy individuals

(figure 1). We developed and validated a ShmC-based diagnostic
model for distinguishing early HCC from high risk individuals
with CHB/LC as well as from non-HCC subjects, and compared
its performance with AFP.

MATERIALS AND METHODS

Study subject

A total of 2554 out of 2574 prospectively enrolled adult subjects
(=18 years) were included in this study, including patients with
HCC (n=1204), patients with a history of CHB or patients with
LC (n=392), patients with benign liver lesions (n=388) and
healthy individuals (n=570) (figure 1) from Zhongshan
Hospital of Fudan University, The Eastern Hepatobiliary
Surgery Hospital, and other participating institutions from July
2016 to November 2017 (see online supplementary methods
and tables 1, 2). The patient population was socioeconomically
diverse, with most patients coming from Shanghai, China and
neighbouring provinces. Peripheral blood samples (5-10mL/
subject) were collected at the time of diagnosis and before any
radical treatment, followed by plasma preparation and cfDNA
extraction.”! We conducted central pathology review on all of
the tumours from patients who underwent surgery. HCC stage
was determined according to the Barcelona Clinic Liver Cancer
(BCLC) staging system.** Informed consent was obtained from
all participants before the study.

Sample preparation, 5ShmC-Seal profiling and data processing
Detailed information about preparation of ¢fDNA or genomic
DNA (gDNA) samples, ShmC-Seal library construction,
sequencing and data processing has been reported by us previ-
ously.”! % Briefly, the ShmC-Seal profiling combines a series
of routine sample preparation and sequencing steps with a
unique pull-down step based on covalent chemistry. The raw
ShmC-Seal data were removed for adaptors and checked for
quality, followed by aligning to the human genome reference
(hg19).*! High quality alignments were then summarised by
counting overlaps with gene bodies or other genomic features
(eg, histone modification marks). The ShmC-Seal count data
were normalised using DESeq2,*® which performs the variance-
stabilising transformation to correct for sequencing depth and
library size. The raw and processed ShmC-Seal data are available
at the NCBI/Gene Expression Omnibus Database (GSE112679).

Batch design

The majority of patients with HCC (n=1144) were recruited
from Zhongshan Hospital of Fudan University and The Eastern
Hepatobiliary Surgery Hospital. We randomly assigned patients
with early HCC (stage 0/A) with CHB or LC history from these
two institutions into the training set (2/3 of samples) and a vali-
dation set (1/3 of samples) (ie, internal validation—‘validation
set 17, figure 1). To allow evaluation of HCC samples collected
from other hospitals, we combined samples from Shanghai
Public Health Clinic Center and The Tenth People’s Hospital
of Shanghai into a separate validation set (ie, external valida-
tion—*‘validation set 2’, figure 1).

Development of a weighted diagnostic score for early HCC

A two-step procedure was used to select optimal marker genes
(ie, ShmC modification summarized for gene bodies) for distin-
guishing early HCC from non-HCC subjects (ie, patients with
CHB, LC, or controls) (figure 1). In the first step, a logistic
regression model adjusted for age (>50 year vs < 50 year) and
gender was used to exclude the most unlikely marker genes to
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Figure 1  Study design. The primary aim is to develop a 5hmC-based diagnostic model for early detection of HCC) using the genome-wide 5hmC-
Seal profiles derived from plasma cfDNA. A two-step procedure is designed to identify a diagnostic model for early HCC (stage 0/A). The training
set and the main validation set (‘validation set 1') are comprised of HCC samples from Zhongshan Hospital of Fudan University and The Eastern
Hepatobiliary Surgery Hospital, Shanghai, China. An independent set of HCC samples from other participating hospitals (‘validation set 2') are used
to evaluate external performance of the 5hmC diagnostic model for HCC. Due to sample size limitation, only controls and patients with HCC are
available in the external validation set. *The total number of study subjects does not include the 20 samples that were removed due to technical
reasons. Control: healthy individuals and patients  with benign liver lesions. CHB, chronic hepatitis B virus infection; cfDNA, cell-free DNA; HCC,
hepatocellular carcinoma; 5hmC, 5-hydroxymethylcytosines ; LC, liver cirrhosis.

allow more efficient feature selection in the next step by selecting
candidates that differed between early HCC and CHB/LC as well
as between early HCC and controls (p value<0.01). In the second
step, these candidates were subjected to further feature selection
for distinguishing early HCC from non-HCC using the elastic
net regularization on a multivariable logistic regression model,

as implemented in the glmnet package (V.2.0-16).”” In order to
select the best possible marker genes, the elastic net model was
cross-validated for a grid of parameter values for oo and A (o
range: 0.05—1 with 0.05 increment; A range: 10°-1 with loga-
rithmically equal increment), where o controls for the relative
proportion between the Ridge and Lasso penalty, and A controls
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for the overall strength of penalty. This selection process was
repeated 500 times, and a panel of ShmC marker genes cross-
validated in at least 95% iterations was retained for the final
diagnostic model. A weighted diagnostic score (wd-score) was
then calculated as the sum of the gene-wise product of logistic
model coefficients and corresponding ShmC marker value for
each individual: wd — score = Y], [ x geney, where 3} is
the coefficient from the final multivariable logistic model for the
kth marker gene, and geney, is the ShmC level of the kth marker
gene. The area under curve (AUC) and 95% Cls were generated
to evaluate the model performance. The score cutoff that maxi-
mized the Youden's index in the training set was used to estimate
sensitivity and specificity. Linear regression models or Wilcoxon
rank-sum tests were used to assess whether the wd-scores were
independent from other clinical and demographic features, such
as alanine aminotransferase (ALT), smoking history, alcohol
intake and body mass index (BMI) whenever available. The
DeLong, DeLong and Clarke-Pearson test was used to compare
AUCs between the ShmC-based diagnostic model and AFPR*
The multivariable logistic regression model was also performed
to evaluate whether the ShmC-based diagnostic model remained
significant after controlling age, gender, BMI and AFP. All statis-
tical analyses were performed with R Statistical Computing
Environment (V.3.5.1).%

RESULTS

Characterisation of the 5hmC-Seal data

A total of 2554 study subjects were included in the current report
(figure 1, see online supplementary tables 1,2). The ShmC-
Seal libraries were sequenced to produce a median number
of ~20.7million reads in each ¢fDNA sample, with a median
number of ~6.9million unique reads mapped to the gene bodies.
The ShmC-Seal data showed high correlation for replicates from
the same individual across a series of input DNA amount and
different batches (mean Pearson’s r>0.99, see online supplemen-
tary figure 1A), demonstrating robustness of this technique and clin-
ical feasibility with convenient amount of specimens (eg, <5 mL of
plasma). Based on the genome-wide ShmC data in cfDNA, we did
not observe obvious subgroup stratification within each diagnosis
group, indicating no systematic biases in the ShmC-Seal profiling
(see online supplementary figure 1B).

In a random set of cfDNA samples from 50 patients with HCC
and 50 healthy individuals, the ShmC profiles were found to be
significantly enriched in the regions between transcription start
sites and transcription end sites, and depleted in the flanking
regions (figure 2A), consistent with our previous observations.*'
To explore gene regulatory relevance of ShmC in cfDNA, the
ShmC-Seal data were summarised for H3K4mel and H3K27ac,
which are histone modification marks for enhancers’*>* and
with available annotations for various adult tissues from the
Roadmap Epigenomics Project.>® Compared with healthy indi-
viduals, patients with HCC were enriched with liver-derived
H3K4mel and H3K27ac marks (figure 2B-E), indicating regula-
tory and tissue relevance of the profiled ShmC in patient-derived
cfDNA.

Furthermore, those genes with high variability in ShmC modifi-
cation across patient cfDNA samples coincided with genes showing
high variability in tumours or adjacent tissues, as shown by a
comparison in 26 sets of tumour, adjacent tissue and plasma cfDNA
samples from the same individuals (figure 3A). For the top ranked
genes in terms of variability in cfDNA, there was a higher within-
subject correlation of ¢fDNA and tumour/adjacent tissue profiles
than between-subject pairs (mean Pearson's r 0.88 vs 0.73, Wilcoxon

rank-sum test p<0.0001), providing further evidence that ShmC
in cfDNA was relevant to the tissue origin (figure 3B, C). Notably,
the observation that only a portion of genes in tumours or adjacent
tissues showed similarity with cfDNA?" is likely due to such reasons
as different DNA degradation properties in cell-free circulation and
heterogeneous cell origins.

Development of a weighted diagnostic score for early HCC
Our primary aim was to develop a convenient and integrated diag-
nostic model using the ShmC profiles in c¢fDNA to distinguish
patients with early (stage 0/A) HCC from high risk subjects with
CHB/LC, as well as from all non-HCC subjects including both
high risk individuals and controls. We first selected 917 candidate
marker genes in the training set that showed evidence of differen-
tial ShmC modification in ¢fDNA between early HCC and controls
(see online supplementary table 3), as well as between early HCC
and CHB/LC (see online supplementary table 4), at a less stringent
cut-off (p-value<0.01, see online supplementary table 5) to balance
inclusiveness and disease relevance. The application of elastic net
regularisation approach on these candidates using logistic regres-
sion modelling identified a consistent panel of 32 marker genes
(figure 4A, B, see online supplementary table 6).

The wd-scores computed based on these 32 marker genes
showed excellent capacity for distinguishing patients with
early HCC from non-HCC subjects in both the training set
(AUC=92.3%; (95% CI 90.8% to 93.8%); sensitivity=89.606;
specificity=78.9%; score cut-off=27.9) and validation set 1
(AUC=88.4%; (95%CI 85.8% to 91.1%); sensitivity=82.7%;
specificity=76.4%, figure 4C, D), as well as distinguishing
patients with early HCC from control individuals (see online
supplementary figure 2). This ShmC-based model markedly
outperformed the AFP-based model, which showed an AUC
range of 74.9%-81.4% in the training set and validation set 1, in
diagnostic accuracy for early HCC versus non-HCC (DeLong test
p<107, figure 4C, D). Importantly, the ShmC-based wd-scores
demonstrated the capability of detecting those patients with
early HCC that would be misclassified based on AFP alone. For
example, for the 160 patients with early HCC that would be
misclassified by AFP (cut-off=20ng/mL) in the training set, the
wd-scores achieved an AUC of 92.4% (see online supplementary
figure 3). In addition, combining the wd-scores and AFP would
further improve the diagnostic performance by ~1% in terms of
AUC (figure 4C, D).

Individuals with a history of CHB are at 5-100 fold higher
risk for developing HCC.** CHB-related LC is one major risk
factor for HCC in China, and LC frequently complicates HCC
diagnoses. In the most challenging clinical setting of distin-
guishing early HCC and patients with CHB or LC, the ShmC-
based wd-scores significantly outperformed AFP-based detection
model in the training set (AUC=87.3%; (95%CI 84.5% to
90.0%)) and validation set 1 (AUC=84.6%; (95%CI 80.6%
to 88.7%), figure 4E). At a score cut-off of 27.9 the diagnostic
model achieved 82.7% sensitivity and 67.4% specificity to sepa-
rate early HCC (182 out of 220) and CHB/LC (87 out of 129)
in validation set 1, compared with 44.8% sensitivity and 76.1%
specificity for AFP (cut-off=20ng/mL).

The ShmC-based wd-scores also showed equivalent perfor-
mance related to AFP in distinguishing late stage HCC (ie,
advanced stage B/C) from non-HCC patients (AUC=90.5%;
(95%CI 88.6% to 92.5%)) or from CHB/LC (AUC=87.7%;
(95% CI 84.8% to 90.7%), figure 4F) in validation set 1. For
a small set of patients with HCC (n=147) with unknown
BCLC stage information, the wd-scores showed performance

2198

CaiJ, et al. Gut 2019;68:2195-2205. doi: 10.1136/gutjnl-2019-318882


https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882
https://dx.doi.org/10.1136/gutjnl-2019-318882

Hepatology
A
8.5 — Healthy
—HcC
8.0
€
=3
o
1)
Q7.5
S
g
<
7.0
6.51
-50K TSS TES +50K
Relative Position (bp)
B C
20 251
€ —Healthy € oq — Healthy
= 15- =]
3 —Hcc 3 —Hce
° ° 151
2 101 g
< <
51 54
[=5K,~2.5K) [-2.5K,0) H3K4me1 (0,+2.5K] (+2.5K,+5K] [-5K,2.5K) [-2.5K,0) H3K27ac (0,+2.5K] (+2.5K,+5K]
X =0.03 ' =0.04
D Liver ~ i o { E Liver - p > {
1 1
Primary T cells q F— L { Primary T cells q F— @ i
1 1
Brainq | L | Brain{ | L |
1 1
Colond ° | Colond o |
1 1
Stomach{ @ { Stomach{ H @ y
1 1
Heart{ @ | Hearty @ |
1 1
Lungq F—r L 2 | Lungq b= L |
1 1
Pancreasq{ L ! Pancreas - H L {
1 L
1.0 1.1 1.2 1.0 1.1 1.2

H3K4me1 (95% CI)

H3K27ac (95% Cl)

Count Fold Change (HCC/Healthy)

Figure 2 Genomic distribution and regulatory relevance of 5hmC in ¢fDNA. The 5ShmC-Seal data from a random set of 50 patients with HCC and 50
healthy individuals are shown. (A) The profiled 5hmC-Seal data in cfDNA are enriched in gene bodies and depleted in the flanking regions. (B, C) The
profiled 5hmC-Seal data in cfDNA are enriched in liver-derived histone modification peaks and depleted in the flanking regions of (B) H3K4me1 and
(C) H3K27ac. (D, E) The average fold changes of 5ShmC-Seal read counts between HCC and healthy individuals are plotted against histone modification
peaks derived from various adult tissues from the Roadmap Epigenomics Project for (D) H3K4me1 and (E) H3K27ac. In (A—C), the shaded area
represents the first quantile to the third quantile. In (B—C), each mark at x-axis represents a region relative to the start or end positions of the histone
modification peaks. In (D, E), p values of the two-sided t-tests for the ratios of two means were estimated for the fold changes between patients

with HCC and healthy individuals, and are shown for the liver-derived peaks. The error bar represents the 95% Cl for the fold change. cfDNA, cell-free
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comparable to AFP in distinguishing them from non-HCC or
from CHB/LC (see online supplementary figure 4). Notably, the
32-gene wd-scores could distinguish patients with HCC from
non-HCC, regardless of the CHB or LC background in HCC,
for example showing comparable performance for cirrhotic
HCC and non-cirrhotic HCC (see online supplementary figure
3).

We then evaluated and confirmed the ShmC-Seal approach
in an external set of 60 patients with HCC (ie, validation set 2).

Though the stage information was not available for all patients,
the ShmC-based diagnostic model still achieved high accuracy
for distinguishing HCC from controls (AUC=88.7%; (95% CI
83.9% to 93.6%)), outperforming AFP (figure 5A, B).

Diagnostic scores and additional clinical characteristics
Overall, the wd-scores showed an increasing trend from controls
to HCC, noting the significantly higher scores in patients
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cfDNA and TU/TI genomic DNA (diagonal line, mean of Pearson's r: 0.88) than that between different individuals (mean of Pearson's r: 0.73), based
on the top 30 most variable genes in cfDNA samples in terms of 5hmC modification. cfDNA, cell-free DNA; HCC, hepatocellular carcinoma; 5hmC,
5-hydroxymethylcytosines; PL, plasma cfDNA; Tl, adjacent tissue; TU, tumour.

with early HCC than in subjects with CHB/LC or controls in
the training set and validation set 1 (Wilcoxon rank-sum test
p<0.001, figure 5C). The wd-scores also increased as BCLC
stage advanced within patients with HCC with available stage
information (n=997) (effect size=0.271, p-trend <0.001). In
particular the wd-scores showed excellent detection power for
stage 0 patients from non-HCC with 90.4% AUC in the training
set and 87.1% AUC in validation set 1 (see online supplementary
figure 6). Further, while we are fully aware that tumour size is
not a highly meaningful indication of progression in HCC, the
wd-scores accurately distinguished patients with different tumour
sizes from non-HCC (see supplementary figure 7). Specifically,
the wd-scores showed a strong detection performance by sepa-
rating patients with HCC with small HCC (<2.0cm, n=220)
from non-HCC (AUC=85.1%; (95% CI 80.8% to 89.5%)) as
well as from CHB/LC (AUC=85.5%; (95% CI 81.8% to 89.3%),
see online supplementary figure 8) in validation set 1.
Moreover, the wd-scores remained significantly associ-
ated with diagnosis under the multivariable logistic regression
model (p<0.001 in both the training set and validation set 1)
after controlling variables including age, gender and BMI for
those early HCC and non-HCC with available data. In those
patients with HCC with available demographic information,
the wd-scores appeared to be independent from potential
confounders: smoking history (p=0.78), alcohol intake history

(p=0.07), or ALT level (p=0.12), under multivariable linear
regression models adjusted for age, gender and BMI, though
detailed relationships between these potential confounders and
the diagnostic model will need to be confirmed in future studies
or trials.

In addition, applying the HCC diagnostic model in a set of
89 Chinese patients with primary pancreatic ductal adenocarci-
noma (PDAC)** showed strong distinguishing capability of the
wd-scores for HCC and PDAC, regardless of HCC stage, there-
fore suggesting potential cancer specificity of the HCC model
(see online supplementary figure 9).

Functional relevance of the 5ShmC-based diagnostic markers
for early HCC

We sought to explore potential mechanisms underlying the
marker genes by linking them with cis-regulatory elements. For
the majority of the final marker genes, their ShmC profiles in
gene bodies were found be significantly associated with their
ShmC profiles in the combined, liver-derived H3K4mel or
H3K27ac peak regions or the predicted enhancers (see online
supplementary table 6-7). Figure 6 shows ESRRG and SOX9 as
two examples in a set of randomly selected patients with HCC
and healthy individuals, noting the general overlapping pattern
of ShmC-Seal reads and H3K4mel/H3K27ac peaks based on
the Roadmap Epigenomics Project®® or the Encyclopaedia of
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Figure 4 Development and validation of a 5hmC-based diagnostic model. (A, B) The 32 marker genes used to compute the wd-scores for early HCC
(stage 0/A) detection are used to generate the heatmaps for (A) the training set and (B) validation set 1. (C, D) The performance of the wd-scores,
AFP, or the combination of wd-scores and AFP in distinguishing early HCC from non-HCC subjects is shown for (C) the training set and (D) validation
set 1. (E) The performance of the wd-scores or AFP in distinguishing early HCC from CHB/LC is shown for the training set and validation set 1. (F) The
performance of the wd-scores or AFP in distinguishing late HCC (ie, advanced stage B/C) from non-HCC or CHB/LC subjects is shown for validation set
1. Non-HCC: CHBJ/LC and controls. AFP, o-fetoprotein; AUC, area under curve; CHB, chronic hepatitis B virus infection; HCC, hepatocellular carcinoma;
5hmC, 5-hydroxymethylcytosines; LC, liver cirrhosis; wd-scores, weighted diagnostic score.

DNA Elements Project.’! For example, in ESRRG, a gene known
to be implicated in the pathobiology of HCC,*® the gene-level
ShmC differential modification we observed between HCC and
controls was found to coincide with the differential modification
in the H3K4mel and H3K27ac peak regions, thus offering a
potential interpretation to the observed differential modification
through histone modification marks.

Further functional annotation analysis of the 917 candi-
date marker genes suggested an enrichment of various Kyoto
Encyclopaedia of Genes and Genomes pathways involving

metabolism processes (eg, carbon, amino acids), such as
‘glyoxylate and dicarboxylate metabolism’, ‘glycine, serine and
threonine metabolism’, as well liver functions like ‘bile secre-
tion’, and ‘complement and coagulation cascades’ (see online
supplementary table 8). Interestingly, numerous candidate
genes in these pathways have been implicated in the physio-
pathogenesis of HCC, hepatitis B virus infection, or fibrosis,
for example, A2M, KNG1 of ‘complement and coagulation
cascades’,”” *® and ALDH3A1 in tyrosine and phenylalanine
metabohsm.” 40
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Figure 5 Further evaluation of the 5hmC-based diagnostic model. (A) The performance of the wd-scores or AFP in distinguishing HCC from controls
is shown for the independent validation set 2. (B) For those patients with confirmed stages, the performance of the wd-scores or AFP in distinguishing
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weighted diagnostic score.

In addition, we explored gene expression relevance of the
ShmC marker genes in ¢fDNA utilising The Cancer Genome
Atlas (TCGA)*' gene expression data on HCC tumours and
normal liver tissues. Interestingly, the top ranked genes in
terms of differential ShmC modification between early HCC
and controls in the training set were significantly enriched with
those top ranked differentially expressed genes from TCGA (eg,
hypergeometric test p<0.0001 for the top 200 modified genes
in cfDNA, see online supplementary figure 10), thus suggesting
gene expression relevance of the detected ShmC markers in
patient-derived cfDNA.

DISCUSSION

We sought to develop clinically convenient, liquid biopsy-based
biomarkers to help diagnose HCC from related liver diseases
and controls using the ShmC-Seal, a highly sensitive chemical
labelling technique. Our primary analysis identified a 32-gene
based ShmC marker panel, which includes genes implicated in
HCC, hepatitis B virus infection, or hepatic fibrosis (see online
supplementary tables 6,8). A weighted model (wd-score) based
on this panel demonstrated significantly improved performance
over serum AFP testing alone for early HCC versus non-HCC

(figure 4C, D) and, of the most significant clinical importance,
patients with early HCC (stage 0/A) versus high risk individ-
uals with CHB or LC (figure 4E), regardless of the CHB or
LC background for HCC (see online supplementary figure
5). Notably, the wd-scores showed superior sensitivity over
AFP by accurately detecting those HCC cases that would have
failed to be detected by AFP testing alone (see online supple-
mentary figure 3). In addition, the wd-scores demonstrated
consistently high capacity for distinguishing patients with small
tumours (<2.0cm) from non-HCC or CHB/LC subjects (see
online supplementary figure 7-8). Taken together, our findings
suggested that the ShmC-Seal had the promise of becoming an
integrated part of HCC management, from early detection of
patients with HCC from high risk individuals through real-time
post-treatment surveillance. We envision that patients diagnosed
using the ShmC markers could be put on more frequent moni-
toring by ultrasonography, CT, or MRI, thus improving patient
survival in the long run. Furthermore, by combining the ShmC-
based model and AFP, a slightly improved detection accuracy
could be achieved for distinguishing early HCC from non-HCC
or from CHB/LC (figure 4C-F), indicating the potential benefit
of integrating these two approaches in the clinic.
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Figure 6 Read distribution in candidate marker genes co-localised with cis-regulatory elements. The histone modification marks (H3K4me1,
H3K27ac) from the ENCODE Project (GM12878) or liver tissue-derived data from the Roadmap Epigenomics Project are shown together with the
5hmC-Seal sequencing reads in a random set of cfDNA samples from patients with HCC and healthy individuals. The boxed regions are examples
where patients with HCC and healthy individuals show differences in read distribution overlapped with histone marks or predicted enhancers. The red
asterisk represents a predicted enhancer region from the ENCODE Project. Genomic positions are based on the human genome reference (hg19). (A)
ESRRG (Chromosome 1g41; boxed region: chr1:216 700 111-216 704 999); and (B) SOX9 (Chromosome 17q24.3; boxed region: chr17:70 121 229-
70122 119). cfDNA, cell-free DNA; HCC, hepatocellular carcinoma; ENCODE, Encyclopaedia of DNA Elements.

Technically, in contrast to other screening technologies,
the ShmC-Seal approach does not require pathology-related
assumptions to inform probe targeting strategies. Because of its
covalent chemical labelling nature which prevents sequencing
biases, the ShmC-Seal approach is not limited to any specific
sequence context.”’ Given the limited yield and highly frag-
mented (~160-320bp) property of cfDNA, the ShmC-Seal
technique offers sensitivity that is critical for applications
using liquid biopsy.”' The ShmC-Seal technique requires only
sequencing of the enriched ShmC-contatining ¢fDNA or DNA
fragments at low-coverage,”’ ** thus offering cost-efficiency.
The ShmC-Seal data are genome-wide in nature, not limited
to specific sites, thus avoiding the potential problem of missing
specific sites that could be encountered in mutation-based anal-
ysis.** Targeted sequencing of the marker panel in combination
of covalent labelling could in theory further reduce cost in the

future with further assay development to ensure robustness in
clinical applications.

Regarding public health importance, notable utilities of the
ShmC markers in ¢fDNA for HCC include: (i) increased sensi-
tivity over current ultrasonography regimens, and (ii) population-
level screening of high risk individuals. Even though screening
of patients with established liver cirrhosis with ultrasonog-
raphy is recommended every 6 months for early diagnosis and
improved overall survival, ultrasonography has only a sensitivity
of 60%-80%.* Our sensitive ShmC markers in cfDNA for early
HCC could fill an urgent need to identify early stage tumours
amenable to curative treatments. Thus we offered a significantly
improved tool for early detection of HCC, especially in high
risk subjects with CHB/LC history, for which a confident diag-
nosis of nodules is almost impossible.* Particularly, current
diagnostic imaging techniques for HCC require a combination
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of equipment and infrastructural support which might not be
readily available in developing regions where HCC burden is
extremely high. Additionally, given its non-invasiveness and the
tissue-specificity of ShmC,*' ?* the ShmC-Seal approach may
also serve as a convenient tool even for the population at large.

We acknowledge several limitations that could be addressed
in future studies. First, although major clinical variables (eg,
gender, age) have been controlled in our analyses, future inde-
pendent validation studies will help address problems such as
the potential selection bias for the validation sets or to confirm
the implications of potential confounders (eg, alcohol intake
history). Second, our study was in a Chinese patient population
mostly with CHB/LC background, and therefore more valida-
tion will be necessary to demonstrate the generalisability of the
results in prospective studies which will cover other populations,
geographical regions, and disease risk factors, such as hepatitis
C virus infection-related HCC. Finally, we used a case-control
design in the current study to demonstrate the overall accuracy
of the ShmC-Seal and its ability to distinguish patients with
early HCC from high risk non-HCC subjects. Future develop-
ment phases, including retrospective longitudinal studies, and
prospective screening studies, will help validate and establish the
ultimate clinical utilities of this approach.* Functional studies
will also provide insights into the potential mechanism of the
detected ShmC marker genes in HCC pathogenesis.

In conclusion, we have developed and validated a novel non-
invasive ShmC-based diagnostic model for early HCC that are
still surgically resectable, using the highly sensitive ShmC-Seal
assay. The ShmC-Seal approach was demonstrated to be clini-
cally useful, with the potential to aid in the existing diagnostic
approaches and screening in high risk individuals. Our findings
in this study of early HCC lay the foundation for developing a
future pan-cancer, non-invasive screening tool as well.
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