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Abstract

High-resolution detection of genome-wide 5-hydroxymethylcytosine (5hmC) sites of small-scale
samples remains challenging. Here, we present hmC-CATCH, a bisulfite-free, base-resolution
method for the genome-wide detection of 5hmC. hmC-CATCH is based on selective 5hmC
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oxidation, chemical labeling and subsequent C-to-T transition during PCR. Requiring only
nanoscale input genomic DNA samples, hmC-CATCH enabled us to detect genome-wide
hydroxymethylome of human embryonic stem cells in a cost-effective manner. Further application
of hmC-CATCH to cell-free DNA (cfDNA) of healthy donors and cancer patients revealed base-
resolution hydroxymethylome in the human cfDNA for the first time. We anticipate that our
chemical biology approach will find broad applications in hydroxymethylome analysis of limited
biological and clinical samples.

Graphical Abstract

Active DNA demethylation in mammals is achieved via ten-eleven translocation (TET)-
mediated oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5ShmC), 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC), followed by thymine DNA glycosylase
(TDG)-mediated excision of 5fC and 5caC.1~3 Emerging evidence reveals that 5ShmC serves
as not only an active DNA demethylation intermediate but also a stable DNA modification
that plays distinct epigenetic roles and impacts a broad range of biological processes.*®
Unlike 5mC, the total mass of 5hmC can vary significantly among different tissues.5’
Furthermore, the reduction of 5hmC in DNA is a hallmark of cancer;8 recent studies also
showed that 5hmC signature in cell-free DNA (cfDNA) could be a biomarker for human
cancer.%-11

To detect genome-wide 5hmC distribution, different technologies have been developed.12:13
For instance, antibody-or biotin-based pull-down methods (hamely 5hmC-DIP, hmC-Seal,
CMS-seq and GLIB-seq) have been used to enrich 5ShmC-containing genomic DNA for
sequencing, although their resolution is limited. On the basis of the unique properties of
endonucleases/exonucleases, several high-resolution 5hmC detection methods (namely Aba-
seq, RRHP, Pvu-Seal-seq and SCL-exo) have also been reported. In particular, two methods,
which are Tet-assisted bisulfite sequencing (TAB-seq) and oxidative bisulfite sequencing
(0xBS-Seq), realize quantitative 5hmC detection at single-base resolution.1415 However, the
two approaches are bisulfite-dependent and hence cause significant DNA degradation,
limiting their application in precious biological and clinical DNA samples. Moreover, they
require a high sequencing depth for whole genome 5hmC detection and are thus very
expensive.1® Previously, bisulfite-free chemistry for 5hmC has been demonstrated;1718
however, their utility in detecting whole-genome hydroxymethylome has not been achieved.

Here we present a bisulfite-free and cost-effective method that detects genome-wide 5hmC
at single-base resolution. Our method is based on: (1) selective oxidation of 5hmC to 5fC
(Figure 1a); (2) subsequent labeling of the newly generated 5fC (Figure 1a); and (3) 5fC
labeling adduct caused C-to-T transition during DNA amplification. Because C, 5mC and
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5caC remain inert during the chemical reactions and the endogenous 5fC is first blocked, our
approach is specific for 5ShmC (Figure 1b). We term such chemical-assisted C-to-T
conversion of 5hmC sequencing “hmC-CATCH”.

To achieve selective 5hmC oxidation, we utilized potassium ruthenate (K,RuOy), a
ruthenium (+6) oxidant that is more oxidative than the reported oxidant potassium
perruthenate (KRuO,4, Ru’*). While KRuO, caused severe DNA degradation® (Figure S1a),
K,RuO4-mediated oxidation is very mild but also complete (Figure S1b,c). We first tested
KoRuO4-mediated oxidation on a 5ShmC-containing, 9-mer synthetic model DNA, and found
by MALDI-TOF that K,RuOQy is capable of efficiently converting 5hmC to 5fC (Figures S1d
and S2). We then carried out the oxidation reaction on the genomic DNA of H1 human
embryonic stem cells (hRESCs), and demonstrated ~94% conversion rate of 5hmC to 5fC
under the optimized conditions (Figure 1c). Importantly, 5mC content in the genomic DNA
remains unchanged (Figure S3).

To ensure specific 5hmC detection, the endogenous 5fC in the genomic DNA was first
blocked by O-ethylhydroxylamine (EtONH,),1° which renders it unreactive in the following
reactions (Figure 1b and Figure S4). For the newly generated 5fC via 5hmC oxidation, we
used an azido derivative of 1,3-indandione (or “Al”, which we reported previously in
“fCCET”29) to achieve selective labeling. Because the adduct is read as a T instead of a C
during PCR (Figure S5), such C-to-T transition is used as a direct readout of 5hmC. In
addition, the azido group allows biotin conjugation and pull-down, thus enriching the 5hmC-
containing DNA for detection (Figure 1b).

To test the specificity and efficiency of hmC-CATCH, we applied the method to multiple
synthetic model DNAs containing either 5mC, 5hmC, 5fC or 5caC (Table S1). First, Sanger
sequencing revealed that 5hmC is selectively converted to T, whereas 5mC, 5fC and 5caC
stay as C (Figure 1d). Second, quantitative PCR analyses showed that only the 5hmC model
DNA, but not the C or 5fC model sequences, was efficiently enriched (Figure S6).

Because the chemistry of hmC-CATCH is very mild, we then applied it to the
hydroxymethylome analysis using 100, 50 and 10 ng hESC genomic DNA, respectively
(Table S2). For all samples, hmC-CATCH demonstrated efficient enrichment of 5hmC-
containing spike-in DNAs during high-throughput sequencing (Figure 2a). Although slightly
lower correlations were found for replicates using lower input material, the overall 5hmC
profiles are highly reproducible between replicates (Figure S7a). At the single-base level, we
observed high conversion rates for 5hmC (~80% and ~97% in the input and IP samples,
respectively), contrasted to a low C-to-T rate for C (0.06%) and 5fC (3.3%) (Figure S8). A
representative view of hmC-CATCH is shown in Figure 2b: within a 5hmC peak of ~200bp,
three individual 5hmC sites (indicated by red and blue lines) were detected. In total, we
detected 607, 021 5hmC sites in the 100 ng hESC samples using hmC-CATCH (Figure
S9a,b). Among the 5hmC sites detected, 99.80% of them are in CG context and the
remaining 0.20% in CH context (0.09% CHG and 0.11% CHH) (Figure 2c), which is
comparable to the CH hydroxymethylation by TAB-seq (~0.11%). We found similar
distribution of 5hmCG and 5hmCH sites in different genomic elements (Figure S9c), and
5hmC sites are enriched for H3K4mel, H3K27ac, open chromatin and binding regions of
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Pol Il, CTCF and MYC (Figures 2d and S9d). We then examined the correlation between
gene expression and 5hmC levels using hmC-CATCH results, and found an enrichment of
5hmC in gene bodies of more highly expressed genes (Figure 2¢e).

Because hmC-CATCH simultaneously enriches 5ShmC-containing DNA and preserves the
base-resolution hydroxymethylome information, we compared the 5hmC profiles detected
by hmC-CATCH with those by hmC-Seal and TAB-seq'#421 hmC-Seal is an enrichment-
based method that detects 5ShmC within tens to a few hundred nucleotides; we found that
5hmC profiles detected by the two methods showed ~87.3% overlap and correlated very
well with each other (Figure 2f and Figure S7b—d). TAB-seq detects 5hmC at base
resolution; we showed that using ~1/10 of the input material (100 ng in hmC-CATCH vs lug
in TAB-seq (a recommended input amount)) and ~1/5 of the sequencing depth, hmC-
CATCH detected very similar pattern of hydroxymethylome in the hESC genome (Figure 2g
and Table S3). To further explore the cost-effective feature of hmC-CATCH, we down-
sampled our sequencing data and found that using ~60 M sequencing reads (equivalent to a
sequencing cost of approximately 200 USD), we can still recover ~84% 5hmC peaks (Figure
S10a). In addition, base-resolution 5hmC sites can be realized at reasonable sensitivity and
specificity as well (Figure S10b,c). Due to the pre-enrichment feature, hmC-CATCH is not
absolute quantitative as TAB-seq; interestingly, using the normalized reads number, we
found a good correlation between hmC-CATCH data and the quantitative data of TAB-seq
for the gene body hydroxymethylation level (Figure S11).

To further demonstrate the utility of hmC-CATCH in analyzing precious clinical samples,
we next applied this approach to sequence the hydroxymethylome of cell-free DNA
(cfDNA). Using cfDNA isolated from ~4 mL peripheral blood of three healthy individuals
and three hepatocellular carcinoma (HCC) patients (Table S4 and S5), we identified
523,895-1,533,074 and 319,983-409,940 5hmC sites in healthy and cancer samples,
respectively. We found very similar 5hmC enrichment profiles in cfDNA by hmC-CATCH
and the previous data obtained from hmC-Seal® (Figure S12a,b). Unbiased analysis using
principal component analysis (PCA) revealed that the HCC patients can be readily separated
from the healthy individuals, based on the hydroxymethylome obtained by hmC-CATCH
(Figure 3a). Moreover, we identified 675 differential genes (Table S6), which could separate
the HCC samples from the healthy samples (Figure 3b). These genes also showed
differential hydroxymethylation in the previously reported cfDNA data by hmC-Seal®
(Figure S12c). Furthermore, using the single-base resolution 5hmC signals, we calculated
the 5hmC motifs in cfDNA. We observed different sequence motifs in healthy and cancer
samples (Figure S13); intriguingly, the top 5hmC motif specific for healthy individuals
partially overlaps with the binding motif of the well-characterized oncogene MY C (Figure
3c). While further work is needed to determine if the observed hypohydroxymethylation at
the MYC binding sites may contribute to carcinogenesis, our results demonstrate the
robustness and sensitivity of hmC-CATCH in analyzing the base-resolution
hydroxymethylome of limited samples.

hmC-CATCH combines a known, selective 5ShmC oxidation reactionl® with an established
5fC labeling and detection method, 20 and hence is straightforward and enables convenient
detection of hydroxymethylome at single base resolution. Because hmC-CATCH builds
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upon selective chemical reactions and is fully independent of enzymatic labeling and the
usage of antibody, it avoids potential enzymatic preference and misinterpretation of genome-
wide profiling data in the antibody-based techniques.22 More importantly, hmC-CATCH is
bisulfite-free and causes no noticeable DNA degradation, thus allowing 5hmC detection in
limited amount of biological and clinical samples. We applied this technique to generate
5hmC maps in nanoscale hESC genomic DNA and cfDNA, and showed that the results are
in good agreement with those by previous methods. Additionally, it generated base-
resolution hydroxymethylome at significantly reduced cost, and could be used to estimate
5hmC level as we did for the gene body hydroxymethylation. Such features may enable
hmC-CATCH to have broad applications in obtaining refined 5hmC signatures for cancer
biomarker identification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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subsequent labeling reaction using an azido derivative of 1,3-indandione (“Al”). (b)
Schematic diagram of hmC-CATCH. Endogenous 5fC is blocked with EtONH,. 5hmC is
then oxidized to 5fC with K,RuOg4. The newly generated 5fC can be specifically enriched
and sequenced using the bisulfite-free, single-base 5fC method “fC-CET".(c) Level of 5hmC
and 5fC (normalized to C) in hESC genomic DNA before and after oxidation were
quantified by LC-MS/MS. Data are represented as mean + SEM, n=2. (d) hmC-CATCH of
model DNA sequences with 5mC, 5hmC, 5fC or 5caC. Sanger sequencing results showed
that 5ShmC was completely converted to T, while 5mC, 5fC and 5caC were still read as C.
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Figure2.
Genome-wide, base-resolution maps of 5hmC in hESC genomic DNA. (a) The enrichment

of spike-in probes by high throughput sequencing with nanoscale input materials (10, 50 and
100 ng). Data are represented as mean = SEM, n=2. (b) Genome browser view of a
representative ShmC-enriched region, which contains three 5hmC sites (identified by C-to-T
and G-to-A [for opposite strand] transition and indicated by red and blue bars). The entire
view is approximately the length of a 5ShmC peak. Results are shown from libraries
generated with 10, 50 and 100 ng of starting hESC genomic DNA. (c) Distribution of
5hmCG and 5hmCH sites in hESCs. (d) Normalized read densities of 5hmC for CTCF and
H3K27ac enriched regions in hESCs. CTCF(GSM822297) and H3K27ac(GSM466732)
ChIP-Seq data are produced by the ENCODE Project Consortium. (e) Metagene profiles of
fold change of 5hmC density in output versus input DNA. Genes are ranked according to
their expression level in hESC RNA-Seq. (f) Scatterplots show high correlation between
hmC-CATCH (using 10 ng genomic DNA, replicate 1) and hmC-Seal (using 25 ng genomic
DNA), with Pearson correlation () displayed. Each dot represents a 5hmC-enriched peak
and the number of points plotted is 82,893. The read counts were transformed to log, base.
(9) The relative enrichment of 5hmC sites detected by hmC-CATCH, TAB-seq and hmC-
seal in different genomic elements.
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Figure 3.
Genome-wide, base-resolution maps of 5hmC in human cell-free DNA. (a) PCA plot of

normalized 5hmC reads number from healthy individuals and HCC (hepatocellular
carcinoma) patients. (b) Heatmap of 675 differential genes detected by hmC-CATCH in
healthy and HCC samples. Hierarchical clustering was performed across genes. (¢) One
representative promoter regions of 5hmC motif found only in healthy individuals (the upper
panel) demonstrates partial sequence overlap with the known binding motif of MYC from
the MotifMap Web site (the lower panel).
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