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Approximately 85% colorectal cancers (CRCs) are thought to evolve
through the adenoma-to-carcinoma sequence associated with specific molec-
ular alterations, including the 5-hydroxymethylcytosine (ShmC) signature in
circulating cell-free DNA (cfDNA). To explore colorectal disease progres-
sion and evaluate the use of cfDNA as a potential diagnostic factor for
CRC screening, here, we performed genome-wide ShmC profiling in plasma
cfDNA and tissue genomic DNA (gDNA) acquired from 101 samples (63
plasma and 38 tissues), collected from 21 early-stage CRC patients, 21 AD
patients, and 21 healthy controls (HC). The gDNA and cfDNA 5hmC sig-
natures identified in gene bodies and promoter regions in CRC and AD
groups were compared with those in HC group. All the differential ShmC-
modified regions (DhMRs) were gathered into four clusters: Disease-en-
riched, AD-enriched, Disease-lost, and AD-lost, with no overlap. AD-re-
lated clusters, AD-enriched and AD-lost, displayed the unique 5hmC
signals in AD patients. Disease-enriched and Disease-lost clusters indicated
the general ShmC changes when colorectal lesions occurred. Cancer patients
with a confirmable adenoma history segmentally gathered in AD-enriched
clusters. KEGG functional enrichment and GO analyses determined distinct
differential ShmC-modified profiles in cfDNA of HC individuals, AD, and
CRC patients. All patients had comprehensive ShmC signatures where Dis-
ease-enriched and Disease-lost DhMR clusters demonstrated similar epige-
netic modifications, while AD-enriched and AD-lost DhMR clusters
indicated complicated subpopulations in adenoma. Analysis of CRC
patients with adenoma history showed exclusive ShmC-gain characteristics,
consistent with the ‘parallel” evolution hypothesis in adenoma, either devel-
oped through the adenoma-to-carcinoma sequence or not. These findings
deepen our understanding of colorectal disease and suggest that the ShmC
modifications of different pathological subtypes (cancer patients with or
without adenoma history) could be used to screen early-stage CRC and
assess adenoma malignancy with large-scale follow-up studies in the future.

Abbreviations

5hmC, 5-hydroxymethylcytosine; AD, precancerous adenoma; cfDNA, cell-free DNA; CRC, colorectal cancer, DhmR, differential 5hmC-
modified regions; gDNA, genomics DNA; HC, healthy control; hMRs, 5hmC-modified regions.
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1. Introduction

Although the overall death rate of colorectal cancer
(CRC) continues to drop in developed countries and
regions with higher socioeconomic status, it is still the
second leading cause of mortality (9.2%) worldwide
[1,2]. Approximately 85% of CRCs are thought to
evolve from adenomas through the adenoma-to-carci-
noma sequence associated with molecular alterations,
including hypermethylation. Conversely, only ~ 0.2-0.6%
of these premalignant lesions, adenomas, are estimated
to transform into adenocarcinoma [3.4]. About 3.4-
7.6% of adenomas have advanced histology (tubular
adenoma > 10 MM, adenoma with at least 25% vil-
lous feature, high-grade dysplasia, or carcinoma), with
three times higher malignant rate than adenomatous
polyps [5]. New evidence is required to further under-
stand the comprehensive biology of colorectal ade-
noma and cancer, to identify potential targets for
tumor screening, and to evaluate persons with average
risk for precancerous adenomas.

Circulating cell-free DNA (cfDNA) in plasma pro-
vides a noninvasive diagnostic technique to mirror
the genomic information contained in malignant tis-
sue and parallel dynamic changes with different ther-
apies [6,7], which offers the promise of exquisite
sensitivity and specificity for the diagnosis, prognosis,
and treatment of cancer [§—11]. The DNA modifica-
tion of 5-hydroxymethylcytosine (ShmC) is a signifi-
cant DNA epigenetic alteration that affects global
gene expression and is involved in tumors, neurode-
generative diseases, and atherosclerosis [12-14]. Gen-
ome-wide ShmC distributions and dynamics in
various human tissues have shown that it is mainly
enriched in the gene body region and has a potential
role in gene regulation in mammalian development
and cell differentiation [15]. ShmC was recently deter-
mined to be a potential cfDNA biomarker for non-
small-cell lung cancer and esophageal cancer [16,17].
In addition, Li er al. [18] demonstrated that ShmC
characteristics from plasma cfDNA could distinguish
CRC patients from healthy individuals with 83% sen-
sitivity and 94% specificity. Moreover, the robustness
of cancer-specific epigenetic ShmC signals was identi-
fied for colon cancers using different technicians and
independent batches of reagents [19]. The present
study aims to deeply understand the comprehensive
biology of colorectal adenomas and tumors through
ShmC sequencing methodology and to discuss the
possibility of using cfDNA 5hmC as candidate
biomarkers for the peripheral blood screening and
surveillance approach in colorectal adenoma and can-
cer clinical treatment.

5hmC cfDNA signature for CRC and precancerous adenoma

Here, we describe genome-wide 5-hmC profiling in
cfDNA and gDNA acquired from 101 samples (63
plasma and 38 paired tissue), collected from 21 early-
stage CRC patients (at least seven with adenoma his-
tory), 21 precancerous adenoma (AD) patients (17
with advanced histological features), and 21 healthy
controls (HCs). A comprehensive review of epigenetic
changes in colon disease, adenoma, and early-stage
CRC was conducted. All the differential ShmC-modi-
fied regions (DhMR) were gathered into four clusters:
Disease-enriched, AD-enriched, Disease-lost, and AD-
lost, with no overlap, suggesting that CRC and ade-
noma displayed different ShmC signatures. Similar
ShmC modification signals were found in colon
patients with differential pathological status (shown in
Discase-enriched and Disease-lost clusters), and a
more complicated ShmC characteristic was detected in
precancerous adenoma, which displayed an elaborate
subpopulation in AD (shown in AD-enriched and AD-
lost clusters). DhMR results of CRC patients with
confirmable adenoma history showed exclusive ShmC-
gain characteristics in the AD-enriched cluster, which
suggested that colorectal adenoma involved a ‘parallel’
evolution rather than a ‘stepwise’ evolution in the ade-
noma process. This indicates that the tumor screening
methodology, using circulating ShmC cfDNAs as diag-
nostic biomarkers, should consider various pathologi-
cal subtypes (i.e., CRC with or without adenoma
history) in the future large-scale follow-up studies.

2. Materials and methods

2.1. Study design and sample preparation

A total of 21 CRC patients and 21 precancerous AD
patients were diagnosed at the Tumor Hospital at Har-
bin Medical University, China, from March to
September 2018. All tissue specimens were collected
from patients who were newly diagnosed and had not
received preoperative neoadjuvant therapy, when
undergoing surgical removal of tumor tissue or biopsy
of precancerous adenoma tissue for pathological diag-
nosis (Table 1). Paired peripheral blood samples were
collected just before surgery. Each methodology per-
formed on human samples was conformed to the stan-
dards set by the Declaration of Helsinki. All early-
stage CRC samples were selected for this study,
including 5 stage I and 16 stage II, as well as conven-
tional types of adenoma samples including 4 non-ad-
vanced tubular adenoma, 17 advanced tubular
adenoma, and villus tubular adenoma (Fig. S1). Both
tissue and plasma samples from each CRC and AD
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Table 1. Clinical characteristics of colorectal cancer (A) and
precancerous adenoma patients (B) and healthy individuals (C).

A

Characteristics

Detail in
characteristics

Total (N = 21) no. of
patients (%)

Age Median [range] 60 [27-76]
Gender Male 17 (80.95)
Female 4 (19.05)
Tumor size > Median (4.5) 12 (57.14)
< Median (4.5) 9 (42.86)
Stage | 5 (23.81)
Il 16 (76.19)
CEA > Median (3.11) 9 (42.86)
< Median (3.11) 8 (38.10)
Adenoma history Yes 7 (33.33)
No 14 (66.67)
B
Detail in Total (N = 21) no. of

Characteristics

characteristics

patients (%)

Age Median [range] 53 [39-69]
Gender Male 14 (66.67)
Female 5 (23.81)
Tumor size > Median (1.5) 14 (66.67)
< Median (1.5) 7 (33.33)
Grade Non-advanced 4 (19.05)
Advanced 17 (80.95)
C
Detail in Total (N = 21) no. of

Characteristics

characteristics

individuals (%)

Age
Gender

Median [range]
Male
Female

55 [40-71]
17 (80.95)
4 (19.05)

patient were tested for sequencing quality, and 1 CRC
and 3 AD tissue specimens were filtered out by quality
control after sequencing. In addition, 21 peripheral
blood samples were collected from HC individuals
who visited the clinic for routine physical examination.
Written informed consent was obtained from all par-
ticipants, and the study was approved by the Ethical
Committee of Medical Research, Tumor Hospital at
Harbin Medical University.

The tumor tissue and precancerous adenoma tissue
were stored at —80 °C after surgical removal. Peripheral
blood samples were stored in cell-free tubes (Streck,
Omaha, NE, USA) at 4 °C for no more than 72 h
before being separated into plasma and stored at
—80 °C. The plasma cfDNA was isolated using the
MagMAX Cell-Free DNA Isolation Kit (Thermo
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Fisher Scientific, Waltham, MA, USA), and the tissue
genomic DNA (gDNA) was isolated using the ZR
Genomic DNA Tissue Kits (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s instructions.
The quality of purified DNA was assessed using a
Qubit® 4.0 Fluorometer (Life Technologies, Carlsbad,
CA, USA), and the DNA fragment size composition
was analyzed using a Fragment Analyzer (Agilent,
Santa Clara, CA, USA).

2.2. 5hmC library construction and sequencing

The purified cfDNA (5-20 ng) and gDNA (500 ng)
were used to construct a prelibrary. In brief, gDNA
was fragmented into DNA fragments of approximately
300 bp using an enzymatic method (5X WGS Frag-
mentation Mix (Qiagen, Beverly, MA, USA). The
fragmented gDNA and cfDNA were end-repaired and
A-tailed then ligated with T-adaptors on both ends
using 5X ER/A-Tailing Enzyme Mix and WGS Ligase
(Enzymatics), to produce a prelibrary. Then, the ShmC
library was constructed according to a modified
method previously described [18]. Briefly, T4 bacterio-
phage B-glucosyltransferase was applied to transfer an
engineered glucose moiety containing an azide group
(N3-UDP-GIc) onto the hydroxyl group of ShmC on
DNA fragments. Then, modified ShmC-containing
DNA fragments were labeled by chemical modification
with biotin on the azide group using DBCO-PEG4-
Biotin (Click Chemistry Tools, Scottsdale, AZ, USA)
for further affinity enrichment. PCR amplification was
utilized to amplify the captured DNA fragments using
M270 beads (Thermo), followed by purification of the
PCR products using AMPure XP beads according to
the manufacturer’s instructions. Finally, sequencing
was performed using the Illumina NovaSeq 6000 plat-
form (Illumina, San Diego, CA, USA).

In this study, two similar spike-in probes with
unique sequences, named ShmC spike-in and noShmC
spike-in, were designed and used for library construc-
tion and sequencing, to calculate ShmC-DNA capture
and enrichment efficiency.

Note: 5hmC spike-in sequence: 5'-CGACCGAGT
TGCTCTTGCCC*GGCGTCAACACGGGATAATAC
CGCGCCACATAGCAGAACTTTAAAAGTGCTCAT
CATTGGAAAACGTTCTTCGGGGCGAAAACTCT
CAAGGATCTTACCGCTGTTGAGAT-3; C* means
5hmC modifications. noShmC spike-in sequence: 5'-CCT
GAAGTCCGGCTGGAGTGAGTGGGAAGAGAGC
GCCACGGACAGTATGTCGCAGGTAAAAAGTG
CAGCCACGCAGACCTTTGATGGTATTGCACA
GAATATGGCGGCGATGCTGACCGGCAGTGAG
CAG-3'. These sequences could not be mapped to the
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human reference genome. The 5hmC and noShmC
spike-in sequence DNA fragments were mixed with the
experimental sample before library preparation. After
sequencing, the spike-in reads were extracted and the
enrichment ratios for each sample were calculated.

2.3. Sequencing data processing

The raw sequencing reads were removed with low-
quality (less than Q20) reads and aligned to the human
reference genome (hgl9/GRCh37). Model-based analy-
sis of ChIP-seq [20] was used to identify the ShmC-en-
riched regions in each sample (the g value cutoff for
significant regions was 0.01; model fold = [5, 50]). The
sample with ShmC-DNA capture and enrichment effi-
ciency higher than 100 folds and mapping rate of more
than 90% was used for further analysis. Peaks with
high enrichment and significance (¢ < 1E-12; fold
enrichment > 8) in all samples were considered as
highly reliable peaks and were combined into one uni-
fied catalog by the ‘mergePeak’ function from HOMER
(version 4.9.1) [21] (merged peaks: 3095 for CRC
plasma samples, 2241 for HC plasma samples, 2737
for AD plasma samples, 225 for CRC tissue samples,
and 261 for AD tissue samples).

The genome was divided into 2 kb windows, and
ShmC enrichment levels in each window were
expressed as fragments per kb of ShmC-DNA per mil-
lion fragments mapped (FPKM). The genomic annota-
tion of 5hmC peak regions was performed using
annotatr [22]. The metagene profile of the median
ShmC peak level was generated using ngsplot [23].

2.4. Differential 5hmC peak region detection and
functional annotation

Genes with differential ShmC levels were detected in
all the tissue and plasma samples using the software
EDGER of the R package [24]. The density distribution
of 5ShmC peak number was calculated by the distribu-
tion of the observational frequencies of all peaks. The
differential ShmC peak regions between the HC, AD,
and CRC groups were identified with fold change
(FC) > 1.5 and P value < 0.05. A HEATMAP of R pack-
age (https://cran.r-project.org/web/packages/pheatmap/
index.html) was used to visualize hierarchical cluster-
ing and the distance in a HEATMAP figure [25]. Gene
Ontology (GO) term analyses were performed using R
package ‘topGo’ (http://www.bioconductor.org/packa
ges/release/bioc/vignettes/topGO/inst/doc/topGO.pdf),
and KEGG pathway enrichment was conducted using
KOBAS online tools (http://kobas.cbi.pku.edu.cn) [25].

5hmC cfDNA signature for CRC and precancerous adenoma

3. Results

3.1. 5hmC modification profiling of clinical
specimens

We first compared the ShmC features of cfDNA in
plasma among early-stage CRC, AD, and HC groups,
and gDNA in tissue of the CRC and AD groups using
the sensitive ShmC sequencing method (Fig. S2) [26].
The protocol comprised of DNA extraction, adapter
ligation, selective labeling, click chemistry, ShmC cap-
ture, and PCR amplification. The ShmC profiles of
cfDNA and gDNA were acquired from 63 plasma and
38 tissue samples, respectively, collected from 21 CRC
patients (at least seven with adenoma history), 21 AD
patients (17 with advanced histological features), and
21 HC individuals (Fig. 1). Detailed information
regarding subject characteristics, tumor features, and
adenoma characteristics is illustrated in Table 1 and
Table S1. The age and gender distributions among the
three groups were unbiased based on the Kruskal-
Wallis H-test (Fig. S3). Both tissue and plasma sam-
ples from each CRC or AD patient were tested for
sequencing quality, and one CRC and three AD tissue
specimens were filtered out by quality control after
sequencing.

3.2. Genome-wide distribution of 5hmC
modifications

High-throughput sequencing revealed that the global
cell-free ShmC features in plasma were different
among early-stage CRC, AD, and HC groups. The
genome-wide distribution of 5ShmC metagene profiles
of cfDNAs (left in Fig. 2A) revealed that ShmC modi-
fication levels in CRC patients were lower than those
in HC and AD patients with P values of 2.75E-18 and
2.67E-18 in Wilcoxon signed rank. The ShmC signal
difference between the HC and AD groups was less
significant, with a P value of 0.01. Figure 2B shows
the results of ShmC-modified regions (hMRs) analysis
carried out in ¢fDNAs for the CRC, AD, and HC
groups, as well as gDNAs for the CRC and AD
groups. We identified 9389, 8636, and 7097 hMRs in
plasma from CRC patients, AD patients, and HC indi-
viduals, respectively. The majority of these hMRs were
located in the intragenic and promoter regions,
whereas fewer were found in the intergenic regions,
which is consistent with previous investigations [17,27].
In the tissue samples, 729 and 668 hMRs were identi-
fied from the CRC and AD groups, respectively, and
aligned mostly to the transcript unit regions. We
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1 CRC and 3 AD tissues
filtered out by QC

20 CRC
21 colorectal gDNA
cancer
patients
Tissue 18 AD
gDNA
S5hmC
21 ad'enoma 21 CRC -Seq
patients cfDNA
Plasma 21 AD
cfDNA
21 healthy 21 HC
individuals cfDNA -

Fig. 1. Schematic flowchart of sample collection and filtering.

observed that more hMRs were enriched in the pro-
moter and exon regions of CRC tissue (16.6% and
9.3%) than those of AD tissue (5.8% and 5.5%), but
there was not much difference among plasma samples
of the CRC, AD, and HC groups. The ShmC-modified
regions enriched in the promoter and exon regions
were more in tissue than plasma, which could attribute
to that cfDNA was depleted more at transcription
start sites and transcription factor binding peaks com-
pared to the flanking areas.

To further analyze this highly gene-body-enriched
feature of ShmC in cfDNA and gDNA, we enumer-
ated the ShmC enrichment ratio across differential
genomics regions (i.e., for each group, ShmC-enriched
peaks in each gene body region of each sample com-
pared to those of all gene body regions of that sample)
(Fig. 2C). The 5hmC peaks in cfDNA and gDNA
were both mainly distributed in the intron regions, fol-
lowed by intergenic regions or exon regions. However,
the ShmC signals from gDNA of early-stage CRC
patients were higher in the promoter and exon regions
than those of AD patients (P value of 0.02 and 0.01,
respectively, based on the Mann—Whitney rank test,
right in Fig. 2C), which is inconsistent with the

Z. Xiao et al.

cfDNA results of the CRC and AD groups (P value
of 0.14 and 0.001, respectively, left in Fig. 2C). We
also calculated the density distribution of ShmC peak
number in five sample groups, and Fig. 2D demon-
strates the diverse distribution of ShmC peak density
among the three plasma samples with a median num-
ber of 33 197, 28 881, and 16 770 for the CRC, AD,
and HC groups, respectively. The CRC group exhib-
ited the broadest distribution, while the HC group dis-
played the sharpest. In contrast, the density of the
ShmC peak number in CRC tissue showed a narrower
and sharper curve compared with the AD hMR result.

3.3. Pathogenic-associated 5hmC characteristics
in cfDNA among the CRC, AD, and HC groups

To compare the cfDNA 5hmC modification changes
among the CRC, AD, and HC samples, we identified
the DhMRs across these three groups with the thresh-
olds of FC > 2 and P value <0.01 (Fig. 3A). Unsur-
prised hierarchical clustering was performed across all
samples with detailed pathological status (Fig. S1),
stage I or II in CRC patients and non-advanced or
advanced AD patients. All cfDNA DhMRs result was
visualized in a heatmap figure (Fig. 3A), which dis-
tinctly gathered into four clusters, Disease-enriched,
AD-enriched, Disease-lost, and AD-lost. None of the
DhMRs overlapped with each other, and each cluster
demonstrated its exclusive trend. Disease-enriched
cluster had higher ShmC tags in CRC and AD patients
but lower in the HC group; AD-enriched cluster
showed higher ShmC signals in AD samples but lower
in the CRC and HC groups; Disease-lost cluster had
higher ShmC signature in the HC group but lower in
the CRC and AD groups; and AD-lost cluster had less
ShmC reads in AD patients than in the CRC and HC
groups. Two AD-related clusters, AD enrich and
AD-lost, displayed the unique 5ShmC signals in precan-
cerous adenoma patients. And Disease-enriched and
Disease-lost clusters indicated the general ShmC
changes when colorectal lesions occurred. There was

Fig. 2. Genome-wide distribution of 5hmC modifications in cfDNA and gDNA (A) Metagene profiles of mean values of 5hmC read count in
all plasma and tissue samples. The left is the cfDNA metagene profile in CRC, AD, and HC plasma. The right is the gDNA metagene profile
in CRC and AD tissue. Wilcoxon signed rank test was used to determine significance. (B) The overall 5hmC peak distribution of hMRs.
From left to right on the top: plasma from HC individuals, CRC patients, and AD patients. From left to right on the bottom, tumor tissue and
adenoma tissue. (C) The column diagram of the 5hmC enrichment score across distinct genomic regions. Mann-Whitney rank test was
used to determine significance. The differences of CRC vs AD gDNA in the promoter, exon, and 3’ UTR regions are 0.02, 0.01, and 0.01,
respectively. The differences of CRC vs AD cfDNA in the exon and intron regions are 0.001 and 0.002, respectively. The differences of CRC
vs HC cfDNA in the 5’UTR, exon, intron, and intergenic regions are 0.03, 4.66E-05, 0.02, and 0.03, respectively. All other differences are not
significant. (D) Density distribution of the peak number. The left from cfDNA and the right from gDNA in (C) and (D), respectively.
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no difference of DhMRs between the stage I and 11
CRC patients, as well as between the non-advanced
and advanced AD patient statuses. We further ana-
lyzed the DhMRs in each cluster one by one and dis-
covered CRC patients with a confirmed history of
adenoma were segmentally gathered in the AD-en-
riched cluster (Fig. 3B), while rest of the patients were
scattered in the other three clusters (Fig. S4).

All DhMRs were annotated to gene, and most
annotated genes were found to be exclusive in each
cluster (Fig. 4), 120 for Disease-enriched, 114 for AD-
enriched, 136 for Disease-lost, and 97 for AD-lost.
Shared genes between 2 clusters accounted for a small
portion (Table S3), 14 for Disease-enriched and AD-
enriched (both higher 5ShmC tags in AD), 10 for Dis-
ease-enriched and Disease-lost, 7 for Disease-enriched
and AD-lost (both higher ShmC signals in CRC), 12
for AD-enriched and Disease-lost (both lower ShmC
signature in CRC), 6 for AD-enriched and AD-lost,
and 16 for Disease-lost and AD-lost (both lower
ShmC feature in AD). Few DhMR-annotated genes
emerged in three clusters (Table S3); 2 for Disease-
enriched, AD-enriched, and Disease-lost; 6 for Dis-
ease-enriched, AD-enriched, and AD-lost; and 1 for
AD-enriched, Disease-lost, and AD-lost. No annotated
gene was found in any of the four clusters. The ShmC
characteristics in the early-stage CRC group were
more comprehensive and had two trends: One was
similar to the HC (AD-enriched and AD-lost), and the
other was similar to AD patients (Disease-enriched
and Disease-lost), implying two different carcinogene-
sis of CRC based on 5ShmC features.

3.4. Functional annotation of differential 5hmC
change regions in ¢cfDNA among the CRC, AD,
and HC groups

KEGG pathway enrichment and annotation analysis
was performed on four clusters, Disease-enriched, AD-
enriched, Disease-lost, and AD-lost. Figure 5 shows the
enriched pathways with a P value lower than 0.01. Each
cluster had exclusive pathways with two exceptions, ret-
rograde endocannabinoid signaling [28] shown in AD-
enriched and AD-lost, and nicotine addiction [29,30] in
Disease-enriched and AD-enriched. To gain insight into
the detailed 5ShmC changes in ¢cfDNAs, KEGG func-
tional enrichment analysis in three one-to-one compar-
isons was carried out. Nicotine addiction and
retrograde endocannabinoid signaling were both shown
in upregulated DhMR-enriched pathways between
CRC patients and HC individuals (Fig. S5A), along
with neuroactive ligand-receptor interaction [31,32],
axon guidance [33,34], and glutamatergic synapses [35],

Z. Xiao et al.

all of which are linked to cancer development. All these
pathways were also found in the comparison sets of
CRC vs. AD (Fig. S5B) and AD vs. HC (Fig. S5C).

In the reciprocal statistics of DhMR comparison
among CRC patients, AD patients, and HCs, that is
CRC vs. HC, CRC vs. AD, and AD vs. HC (Fig. S6
and Table S4), all genes in the top 20 DhMRs
(Table S5) were identified according to the P values.
Most genes are associated with cancer pathogenesis.
For instance, the top 1 gene in DhMRs between CRC
patients and HCs was TP63, a new promising thera-
peutic member of the well-known TP53 family, which
can suppress tumor cell growth, induce cell apoptosis,
and cooperate with chemotherapy with low dose and
less side effects [36]. The top hit between AD and HC
groups, KLK4, kallikrein-related peptidase 4, has been
implicated in many types of cancer and has potential
as a tumor biomarker [37-39] which also predicts
short-term relapse in colorectal adenocarcinoma
patients [40]. These annotated genes of the top 20
DhMRs among the three comparison sets underwent
unsupervised hierarchical clustering (Fig. S7) and
revealed distinction in comparison.

We also performed GO function annotation analysis
on four clusters. The most significant GO function
items hit by DhMRs of each cluster fall into the cell
periphery, plasma membrane, postsynaptic membrane,
cytoplasm, dendrite, axon, cell junction, Golgi appara-
tus, etc. in cell component, accounting for a broad
function of various protein bindings in molecular func-
tion as well as cellular signaling transduction, axon
guidance, cell adhesion, immune response, regulation
of apoptotic process and cell proliferation, skeletal sys-
tem development, small molecule metabolic process,
and protein phosphorylation in biological processes
(Table So).

4. Discussion

We sequenced cfDNA to generate genome-wide ShmC
profiles in the plasma of CRC patients, precancerous
AD patients, and HC individuals, and sequenced the
gDNA in the corresponding CRC and AD tissues. The
robust tumor-associated gDNA and cfDNA ShmC sig-
natures were identified in the gene body and promoter
regions of the CRC and AD groups compared with
the HC group. The majority of genome-wide hMR dis-
tribution in all three plasma samples were observed in
the intragenic and promoter regions, whereas fewer
were found in the intergenic regions, which is consis-
tent with the results of previous investigations [17,27].
The 5hmC metagene profiles in CRC gDNAs were
higher than those in the AD group in the entire
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Fig. 4. Venn diagram of DhMR-annotated genes overlap in 4
clusters, Disease-enriched, AD-enriched, Disease-lost, and AD-lost.

genomic region (P value of 2.67E-18), whereas the
cfDNA 5hmC metagene profiles showed an overall
reduction in CRC, consistent with previous studies

A Disease enriched

-Log,, (P value)
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[41,42]. More CRC tissue hMRs were enriched in pro-
moter (16.6%) and exon (9.3%) regions than in AD
tissue hMRs (5.8% and 5.5%). This phenomenon indi-
cated that the ShmC-signal changes in gDNAs between
CRC and AD are quite remarkable, but might be
heavily diluted in the plasma cfDNAs or with different
ShmC modification features in cfDNAs. The diverse
distribution of ShmC peak number density among the
three plasma samples illustrated a gradual widening
distribution in ¢fDNA 5hmC enrichment from HC to
AD then CRC, and CRC density of ShmC peak num-
ber in tissue showed a narrower and sharper curve
compared with the AD result. The irrelevance of the
epigenetic features between plasma cfDNA and tissue
gDNA for ShmC signals was also found in stomach
and colon cancers reported by Li et al. [18]. All the
ShmC DhMR identified in our cohort had been per-
formed on the CRC and HC cohort studied by Li
et al. [18]. The cancer patients and the healthy individ-
uals were clustered quite clear (data not shown), which
could reinforce our results.

Fig. 5. KEGG enrichment analysis
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All the cfDNA DhMRs were gathered into four
clusters: Disease-enriched, AD-enriched, Disease-lost,
and AD-lost, with no overlap. This suggests that the
cfDNA 5hmC modifications among HCs, AD patients,
and CRC patients are quite distinct. None of the clus-
ters could separate pathologic subtypes of stage I and
II CRC or non-advanced and advanced adenoma, and
the comparison result in different stages CRC was sim-
ilar to a previous investigation of CRC [I18]. The
KEGG functional enrichment results also indicated
that the HC, AD patients, and early-stage CRC
patients mostly had very different DhMR profiles in
cfDNA. But nicotine addiction, retrograde endo-
cannabinoid signaling, neuroactive ligand-receptor
interaction, axon guidance, and glutamatergic synapses
might involve in AD malignance and CRC origin
(Fig. S95).

The 5hmC signature in the CRC group was more
comprehensive and contained two features: one similar
to the HC group (AD-enriched and AD-lost), and the
other similar to the AD patients (Disease-enriched and
Disease-lost). This was in agreement with previous evi-
dence that a major part of CRCs evolved through the
adenoma-to-carcinoma sequence, and the remainder
did not [3,43]. AD patients involved in this study
exhibited an independent property in their ShmC pro-
files compared to CRC patients and HC individuals,
and CRC patients with a confirmable adenoma history
segmentally gathered in the AD-enriched cluster. As
we know, adenoma has various pathological subtypes
and only about 5% of adenoma with advanced histol-
ogy (tubular adenoma > 10 MM, adenoma with at
least 25% villous features, or high-grade dysplasia or
carcinoma) would be malignant [5]. Conversely,
approximately 85% of CRCs are thought to arise from
the adenoma-to-carcinoma sequence related to molecu-
lar alterations, including hypermethylation [3]. It had
been suggested that colorectal adenoma involved a
‘parallel’ evolution rather than a ‘stepwise’ evolution
in progression [44], which implied that variable clonal
subpopulation in adenoma derived from two ways,
one being the conventional adenoma-to-carcinoma
sequence, and the other regressed from the malignant
progress [45]. The clonal dynamics could be similar to
intratumoral heterogeneity arising through the evolu-
tion of genetically diverse subclones during the tumor
process [46]. Our work provides a global overview of
5hmC modification changes in early-stage CRC, AD,
and HC individuals and offers an insight on using
ShmC signals of various pathological subtypes, includ-
ing CRC with or without adenoma history, for early
CRC diagnosis and adenoma malignancy evaluation.
However, the limitation of the low number in this

5hmC cfDNA signature for CRC and precancerous adenoma

cohort should be noted. To further investigate the
potential application of c¢fDNA ShmC signature in
clinical prevention, a large-scale long-term cohort
study must be performed and included more propor-
tion of CRC patients with and without confirmable
AD history.

5. Conclusions

In summary, we generated ShmC profiles of cfDNA
from Chinese CRC patients, AD patients, and HC
individuals, as well as the gDNA 5hmC profiles for
tumor and adenoma tissue. Large-scale ShmC changes
in promoter and gene body regions were detected. All
the cfDNA DhMRs were gathered into four clusters:
Disease-enriched, AD-enriched, Disease-lost, and AD-
lost, which did not overlap. CRC patients with a con-
firmable adenoma history segmentally gathered in the
AD-enriched cluster. This provides a comprehensive
and global overview of epigenetic changes in colon dis-
ease states between adenoma and early-stage CRC. It
suggested that there are two pathologic subtypes of
precancerous adenoma: one could progress to malig-
nant lesion through adenoma-to-carcinoma sequence
and the other not. The 5hmC modification changes
with clear pathological evidences, that is, CRC with or
without adenoma history, could expand the molecular
biological knowledge of the colorectal disease process
and benefit early-stage CRC screening. This finding
suggests the potential values of using ShmC as diag-
nostic biomarkers to develop new strategies for CRC
diagnosis through large-scale studies on patients with
clear colorectal disease history and long-enough fol-
low-up surveys to evaluate the possibility of adenoma
malignancy.
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Fig. S5. KEGG enrichment analysis of significant
ShmC regulated regions increased (left and red) and
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