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ABSTRACT
Background: Elucidating epigenetic mechanisms could provide new biomarkers for disease 
diagnosis and prognosis. Technological advances allow genome-wide profiling of 5-hydroxy-
methylcytosines (5hmC) in liquid biopsies. 5hmC-Seal followed by NGS is a highly sensitive 
technique for 5hmC biomarker discovery in cfDNA. Currently, 5hmC Seal is optimized for EDTA 
blood collection. We asked whether heparin was compatible with 5hmC Seal as many clinical and 
biobanked samples are stored in heparin.
Methods: We obtained 60 samples in EDTA matched to 60 samples in heparin from the Prostate, 
Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial. Samples were comprised of 30 
controls and 30 individuals who were later diagnosed with colon cancer. We profiled genome- 
wide 5hmC in cfDNA using 5hmC-Seal assay followed by NGS. The 5hmC profiling data from 
samples collected in EDTA were systematically compared to those in heparin across various 
genomic features.
Results: cfDNA isolation and library construction appeared comparable in heparin vs. EDTA. 
Typical genomic distribution patterns of 5hmC, including gene bodies and enhancer markers, 
were comparable in heparin vs. EDTA. 5hmC analysis of cases and controls yielded highly 
correlated differential features suggesting that both anticoagulants were compatible with 5hmC 
Seal assay.
Conclusions: While not currently recommended for the 5hmC-Seal protocol, blood samples 
stored in heparin were successfully used to generate analysable and biologically relevant genome- 
wide 5hmC profiling. Our findings are the first to support opportunities to expand the biospeci-
men resource to heparin samples for 5hmC Seal and perhaps other PCR-based technologies in 
epigenetic research.
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Introduction

Epigenetic modifications play critical roles in gene 
regulation and disease development. Besides the 
more widely investigated DNA methylation (i.e., 
5-methylcytosines or 5mC), DNA hydroxymethyla-
tion (i.e., 5-hydroxymethylcytosines or 5hmC) at 
CpG dinucleotides has been demonstrated to be 
relevant to gene regulation in various normal and 

pathological processes [1,2]. Technological advances 
have allowed the interrogation of genome-wide 
5hmC in clinically relevant biospecimens, such as 
circulating cell-free DNA (cfDNA) isolated from 
peripheral blood for clinical applications [2,3]. Of 
note, the 5hmC-Seal [4,5], a highly sensitive chemi-
cal labelling technique when coupled with NGS, is 
a powerful tool for biomarker discovery in 
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circulating cfDNA. This assay requires, for example, 
only a few nanograms of cfDNA from <5 mL of 
plasma. Our laboratory and others have applied 
the 5hmC-Seal technique in cfDNA to explore diag-
nostic and prognostic biomarkers for a wide range 
of human diseases, including cancers [6–12], cardi-
ovascular diseases [13], and diabetic complications 
[14–17], as well as 5hmC underlying cancer sub-
types and population differences [18,19].

The current protocol recommends the use of 
EDTA-coated blood collection tubes for the assay 
as heparin can interfere with polymerase chain 
reaction (PCR) [20], a step in the 5hmC-Seal 
library construction required to amplify chemi-
cally labelled 5hmC-containing cfDNA fragments. 
Characterizing 5hmC-Seal profiling data generated 
from blood samples stored in heparin-coated tubes 
could provide valuable information about whether 
this powerful technique could utilize heparinized 
biospecimens that are widely available in biobanks 
and other clinical resources.

In the current study, we applied the 5hmC-Seal 
technique to cfDNA isolated from 120 plasma 
samples stored in EDTA- or heparin-coated tubes 
obtained from the Prostate, Lung, Colorectal and 
Ovarian (PLCO) Cancer Screening Trial [21], 
a tremendous resource of clinical biospecimens 
for biomarker discovery. The genome-wide 5hmC 
profiles generated from these samples were sys-
tematically compared across various genomic fea-
tures to assess the performance of 5hmC-Seal 
profiling in heparin vs. EDTA stored blood sam-
ples. Findings from this comparison study pro-
vided valuable information about cfDNA 
preparation, library construction, genomic cover-
age, and genome-wide 5hmC distribution for 
blood samples stored heparin vs. EDTA. These 
results serve to expand the sample pool applicable 
for assay by this powerful technique in clinical 
epigenetic research.

Methods

PLCO plasma samples

We designed this study to include PLCO trial 
samples collected from study subjects between 

1998 and 2004 under our collaborative contract 
with the National Cancer Institute 
(U01CA217078). Because race is a confounder in 
genome-wide 5hmC data analysis, we requested 
samples from PLCO study participants of non- 
Hispanic European ancestry. We requested n =  
120 paired (EDTA and heparin) plasma samples 
collected from n = 60 study participants (Figure 1). 
Among the 60 individuals, 30 of them were diag-
nosed later with colorectal cancer within 1 y of the 
3rd sampling (i.e., T3 time point) of the PLCO 
Trial [21], and 30 individuals were age-, gender-, 
and race/ethnicity- matched controls from the 
same T3 sampling time point (Supplementary 
Table S1). The controls were study participants 
who did not develop overt cancer followed for 
15 y after the T3 blood collection time point. All 
the demographic and clinical variables were de- 
identified for these samples.

Isolation of cfDNA from plasma samples

cfDNA was extracted from 0.3 ml plasma per 
PLCO sample using QIAamp Circulating Nucleic 
Acid Kit (Qiagen, Germantown, Maryland) with 
elution into nuclease-free water following the 
manufacturer’s protocol. The cfDNA concentra-
tions were quantitated using the Qubit dsDNA 
High Sensitivity Assay™ (Thermo Fisher 
Scientific, Waltham, MA).

5hmC-Seal library construction and sequencing

Following our established protocol, 8 ng cfDNA 
was used for 5hmC-Seal library construction [7]. 
Briefly, after end-repair and A-tailing using 
KAPA Hyper Prep Kit (Roche, Indianapolis, IN) 
and ligation of the KAPA Unique Dual-Indexed 
Adapter (Roche), the product was purified using 
DCC-5 Clean and Concentrator (Zymo Research, 
Irvine, CA). 5hmC modifications were labelled 
with UDP-azide-glucose (Active Motif, Carlsbad, 
California) and T4 β-glucosyltransferase (βGT) 
enzyme (Thermo Fisher Scientific). The purified 
product (DCC-5 Clean and Concentrate, Zymo) 
was reacted with DBCO-PEG4-biotin (Active 
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Motif). Biotinylated DNA was subsequently 
pulled down and enriched by binding to magnetic 
streptavidin beads (Dynabeads M-270, 
Invitrogen, Waltham, MA). The NGS libraries 

were then constructed using KAPA Hyper Prep 
Kit (Roche) with on-bead PCR amplification and 
subsequently purified with AMPure XP Beads 
(Beckman Coulter, Indianapolis, IN). All libraries 

Figure 1. Study design and workflow. the workflow includes PLCO sample selection, cfDNA extraction, 5hmC-Seal profiling, 
bioinformatic processing, and statistical modelling.
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were QC checked by fragment analyser, normal-
ized, and sequenced using paired-end mode 
(PE50) at The University of Chicago Functional 
Genomics Facility using the NovaSeq6000 
Platform (Illumina, San Diego, CA).

Bioinformatic processing

Bioinformatics analyses were carried out as 
described in our previous publications [7–9]. 
Briefly, adapter sequences were removed from 
raw sequencing reads using Trim_Galore [22]. 
Low-quality bases at the 5’ (phred score < 5) and 
3’ (5 bp-sliding window phred score < 15) were 
trimmed to a minimum length of 30 bp. 
Sequencing reads were aligned to the human gen-
ome reference (hg19) using Bowtie2 with end-to- 
end alignment mode [23]. Read pairs were con-
cordantly aligned with fragment length ≤500 bp 
and an average ≤1 ambiguous base and up to 
four mismatched bases per 100 bp length. 
Alignments with Mapping Quality Score ≥10 
were counted for overlap with GENCODE [24] 
gene bodies using featureCounts [25] without 
strand information. 5hmC profiles were summar-
ized for enhancer markers H3K4me1 and 
H3K27ac derived from GM12878 as provided by 
the Encyclopedia of DNA Elements (ENCODE) 
Project [26]. All 120 raw sequencing read counts 
were normalized using DESeq2 [27], which per-
forms an internal normalization that corrects for 
library size and were included in downstream 
analyses. The raw and processed 5hmC-Seal 
sequencing data are available to investigators 
with appropriate requests.

Differential analysis and simulation

To evaluate whether samples stored in heparin 
vs. EDTA would generate correlated results, we 
compared genomic 5hmC findings between 30 
participants who were later diagnosed with CRC 
(cases), and 30 age-, race-, and gender-matched 
controls who did not develop overt cancers fol-
lowed for up to 15 y. Briefly, the normalized 
5hmC levels (i.e., read counts summarized for 
gene bodies) were compared between cases and 
controls using DESeq2 [27] in the EDTA subset 
and separately in the heparin subset. We 

performed a simulation analysis to estimate the 
significance of shared top differential gene 
bodies between cases and controls as detected 
in samples stored in heparin vs. EDTA. We 
then generated a null distribution. Specifically, 
for each N number of observed top differential 
genes (e.g., the N top differential genes obtained 
from EDTA and heparin samples), the same 
number of N genes is randomly selected from 
the whole genome background, and the null 
distribution was constructed by repeating this 
procedure 10,000 times.

Results

cfDNA quantification and construction of 
5hmC-Seal libraries

After cfDNA was isolated from plasma samples, 
we quantified cfDNA and observed a trend 
towards higher concentrations of total cfDNA 
from the heparin plasma (Figure 2a). This trend 
was consistent between cases and controls 
(Figure 2b–c), though the trend is more significant 
for cases than controls. We also analysed the 
amount and percentage of libraries with a 200– 
1000 bp range generated from cfDNA fragments. 
The pattern of the amount and the size distribu-
tion of libraries were comparable between samples 
collected in EDTA- vs. heparin-coated tubes 
(Figure 2d), which was also consistently observed 
in cases and controls (Figure 2e–f). The resulting 
5hmC-Seal libraries showed similar electrophor-
esis patterns in heparin vs. EDTA. Figure 3a 
shows that we could construct 5hmC-Seal libraries 
from cfDNA isolated from plasma samples stored 
in ETDA- and heparin-coated tubes. Notably, 
library sizes also appeared to be consistent com-
paring samples stored in heparin vs. EDTA 
(Figure 3b). Two random pairs of samples stored 
in EDTA vs. heparin show that the size and dis-
tributions of the 5hmC-Seal libraries were compar-
able in the two collection tubes (Figure 3c–f).

Overview of the 5hmC-Seal sequencing data

Overall, the duplication rates between samples 
stored in EDTA vs. heparin were comparable 
(Supplementary Figure S1), likely reflecting similar 
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levels of genomic complexity (i.e., unique cfDNA 
fragments) under the different storage conditions. 
Of note, PCA plots showed no systematic bias 
observed in the genome-wide 5hmC profiles as 
summarized by gene bodies across all cfDNA sam-
ples by anticoagulant (Figure 4a) or stratified by 
diagnosis (case, control), age group, or gender 
(Figure 4b–d). We further compared the genomic 
coverage between samples stored in different 
anticoagulants. Consistent across a series of cut- 
offs for unique reads (i.e., >10, >20, and >30), in 
terms of gene bodies, the overall coverage was 
comparable between samples stored in EDTA- vs. 
heparin-coated tubes (Figure 5a). Similar observa-
tions were made for promoters and histone mod-
ifications marking enhancers (H3K4me1 and 
H3K27ac) (Figure 5b–c). Furthermore, for those 

gene bodies with >50 unique reads, the majority of 
the covered gene bodies were shared between sam-
ples stored in different anticoagulants (Figure 5d). 
For example, 13,187 gene bodies, 95.2% in total, 
were well covered in cases and 13,012 in controls, 
94.9% in total, comparing samples collected in 
heparin vs. EDTA (Figure 5e–f).

Comparison of the distribution of genome-wide 
5hmC-Seal profiles

Typical 5hmC genomic distributions were 
observed comparing heparin vs. EDTA. 
Specifically, gene bodies exhibited higher 5hmC 
modification levels compared to flanking regions, 
lower modification levels at promoters, and 
enrichment at enhancers, as identified by histone 

Figure 2. Quantification of cfDNA and NGS libraries.
Isolation of cfDNA was performed using the same kit and procedure for all PLCO plasma samples. a. cfDNA from plasma collected in 
heparin-coated tubes shows higher concentration compared to EDTA-coated tubes. The same trend is shown in b. Cases, and c. 
Controls. d. Concentrations of 200–1000 bp libraries from cfDNA fragments are comparable between samples stored in EDTA vs. 
heparin. The same pattern is shown in e. Cases, and f. Controls. 
**p < 0.01; ns: not significant. 

EPIGENETICS 5



modification marks (Figure 6a), which were also 
consistent in latent colorectal cases and controls 
separately (Figure 6a). For the primary genomic 
feature used in previous 5hmC-Seal studies, i.e., 
gene bodies, we showed that samples matched to 
the same individual but stored in different antic-
oagulants had an overall higher correlation than 
sample pairs from non-matched individuals 

(Pearson’s Correlation: 0.988 ± 0.00965 sd. vs. 
0.981 ± 0.0119 sd.) (Figure 6b).

Using a simulation analysis, we further showed 
that the differential results (cases vs. controls) were 
significantly shared between samples stored in dif-
ferent anticoagulants (Figure 6c). For example, the 
top 1000 differential genes showed ~10-fold 
enrichment in overlapping results between 

Figure 3. Distribution of the 5hmC-Seal libraries.
The 5hmC-Seal libraries were constructed following the same experimental protocol for all cfDNA samples. a. Agarose gels of 
representative samples of 5hmC-Seal libraries constructed from cfDNA isolated from plasma samples stored in EDTA (e)- or heparin 
(h)-coated tubes. b. The fragment analyser results show comparable sizes of libraries constructed from samples stored in different 
anticoagulants. c-f. The 5hmC-Seal libraries from samples stored in different anticoagulants have comparable sizes and distributions. 
Shown are two representative pairs of samples stored in EDTA vs heparin. 
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samples stored in EDTA vs. heparin relative to the 
null distribution.

Discussion

Our primary objective was to compare the results 
of 5hmC-Seal analysis for patient-matched sam-
ples stored in heparin vs. EDTA from the PLCO 
trial. We realized that the PLCO samples were 
decades old and at risk for deterioration in DNA 
quality because of the long storage time. A direct 
comparison between matched samples stored in 
different anticoagulants collected at the same 
time point, however, allowed us to focus on the 

potential impact of heparin vs. EDTA on the qual-
ity of 5hmC-Seal data.

Before comparing genome-wide 5hmC profiles, 
we showed that although the extracted cfDNA 
concentrations from heparinized samples were 
higher than matched samples stored in EDTA- 
coated tubes, there were no differences in concen-
trations within the expected molecular weight 
range of 5hmC-Seal libraries (200–1000 nt) built 
from cfDNA fragments. Notably, the 5hmC-Seal 
library construction yielded similar electrophoretic 
patterns (e.g., size and distribution) for cfDNA 
from EDTA- vs. heparin-coated tubes suggesting 
comparable library construction efficiency. This 

Figure 4. Genome-wide 5hmC profiles between samples stored in different anticoagulants.
Principal components analysis (PCA) plots are shown based on the genome-wide 5hmC-Seal profiles generated in samples stored in 
EDTA- vs. heparin-coated tubes. a. All cfDNA samples; b. By diagnosis; c. By age group; and d. By gender. 
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alleviates concerns about heparin inhibition of 
DNA polymerases and supports the feasibility of 
expanding the 5hmC-Seal protocol to include 
heparin-stored samples.

We then systematically compared genome-wide 
5hmC profiles between cfDNA stored in EDTA vs. 
heparin. Firstly, the genomic distributions of the 
5hmC profiles showed typical patterns (i.e., 
enriched in gene bodies and regions with activa-
tion transcription enhancer marks) as reported in 
our previous studies [7,9], regardless of diagnosis 
(cases vs. controls), indicating successful profiling 
of 5hmC in these samples. As noted, the PLCO 
samples were collected decades ago (~20 y), and 
biodegradation (e.g., DNA degradation) could 
occur. Systematic analyses of gene bodies, i.e., the 

primary genomic feature used in previous studies, 
with a series of cut-offs for unique reads (10, 20, 
30, and 50) showed that there were still ~12– 
13,000 gene bodies out of ~19,000 genes covered 
by at least 50 unique reads, supporting the feasi-
bility of performing statistical analyses and model-
ling using these data. The fact that both cases and 
controls showed comparable genome-wide 5hmC 
patterns when analysing samples stored in EDTA 
vs. heparin further supported the robustness of the 
5hmC-Seal profiling methodology for epigenetic 
analysis of these samples.

Since a primary utility of the 5hmC-Seal tech-
nique in cfDNA is biomarker discovery, we further 
separately compared the differential results 
obtained between cases and controls in samples 

Figure 5. Comparison of genomic coverage by unique reads.
Unique sequencing reads are mapped to gene bodies and compared between samples stored in EDTA- vs. heparin-coated tubes. 
A series of cut-offs for unique reads (i.e., >10, >20, and >30) are used to show comparable coverage in a. Gene bodies; b. Promoters; 
and c. Histone modifications marking enhancers (H3K4me1 and H3K27ac). The majority of well-covered gene bodies (>50 unique 
reads) are shared between samples stored in different anticoagulants in d. All cfDNA samples; e. The cfDNA samples from colorectal 
cases; and f. The cfDNA samples from controls. 
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stored in EDTA vs. heparin. Although the primary 
goal of the current study was not biomarker dis-
covery, we showed that the differential genes for 
samples stored in EDTA vs. heparin showed sig-
nificant overlap relative to the null distribution via 
simulation analysis. This further supports our con-
jecture that we can obtain meaningful biological 
information from these samples whether stored in 
heparin or EDTA.

There are some limitations of the current study. 
Firstly, as we emphasized, the depth of our analysis 
has certain limitations due to the extensive dura-
tion of sample storage, with the PLCO samples 

having been collected years ago, raising concerns 
about potential DNA degradation over time. 
Distinct variations may be present when compar-
ing aged samples with their freshly collected coun-
terparts, or samples subject to shorter freezing 
durations, or those exposed to less freeze–thaw 
cycles. Hence, a comparison in freshly collected 
samples stored in EDTA vs. heparin would likely 
provide a more sensitive view of potential differ-
ence between the two storage conditions and con-
firm the current findings. Secondly, the cases from 
the PLCO Trial are pre-diagnostic. Therefore, the 
comparison of 5hmC differences between the 

Figure 6. Distribution of genome-wide 5hmC and correlation.
The genome-wide 5hmC profiles are shown for distribution across various genomic features: gene bodies and flanking regions, 
promoters, and histone modifications marking enhancers (H3K4me1 and H3K27ac) in the cfDNA samples from colorectal cases and 
controls. b. Samples matched to the same individual (diagonal line) but stored in different anticoagulants show an overall higher 
correlation relative to non-matching pairs. c. A comparison of different analyses between cases and controls shows a pattern of 
significant sharing between samples stored in EDTA- and heparin-coated tubes relative to the null distribution (dashed line). 
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PLCO cases and controls was not intended to 
represent a comparison between colorectal cancer 
patients and healthy controls. None of the cases 
had overt colon cancer. Because the primary aim 
of this study was a technical comparison between 
EDTA vs. heparin, we reasoned that the distinc-
tion between case and control would not affect the 
conclusion we drew from the current study. Our 
results support this conclusion.

Taken together, our systematic comparison 
between cfDNA derived from PLCO samples stored 
in EDTA vs. heparin suggests that expanding the 
5hmC-Seal application from EDTA-stored samples 
to heparin-stored samples is feasible, based upon sup-
portive evidence including comparable cfDNA con-
centration for target fragments, library size, genomic 
coverage, 5hmC genomic distribution, and differen-
tial results between cases and controls. Our findings 
demonstrate the potential for broadening the 5hmC- 
Seal assay for biomarker discovery and clinical epige-
netic research to wider storage conditions and poten-
tially increase the value of the PLCO biorepository 
and many other clinical and biobanked samples.
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