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Abstract

DNA 5-methylcytosine (5mC)-specific mapping has been hampered by severe DNA degradation 

and the presence of 5-hydroxymethylcytosine (5hmC) using the conventional bisulfite sequencing 

approach. Here, we present a 5mC-specific whole-genome amplification method (5mC-WGA), 

with which we achieved 5mC retention during DNA amplification from limited input down to 10 

pg scale with limited interference from 5hmC signals, providing DNA 5mC methylome with high 

reproducibility and accuracy.

DNA 5mC methylation, as the main postreplication epigenetic mark in mammals, plays 

crucial roles in various biological pathways including gene expression,1 developmental 

regulation,2 and tumorigenesis.3 Insights into the functionality of DNA methylation mainly 

rely on the gold standard bisulfite sequencing (BS-seq), which allows single-base resolution 

mapping of 5mC with quantification of the methylation level at each site.4,5 However, the 

bisulfite treatment is harsh and degrades most DNA.6 Bisulfite-free methods have been 

developed in recent years to avoid severe DNA degradation.7 Alternatively, a method that 

can faithfully amplify the 5mC pattern during DNA amplification would be highly desirable 

for subsequent sequencing such as BS-seq or loci-specific detection approaches. In addition, 

the conventional BS-seq cannot discriminate 5-hydroxymethylcytosine (5hmC), the 

oxidative product of 5mC, from the sole 5mC methylation, which restrains studies of DNA 

methylation dynamics.

Oxidative bisulfite sequencing (oxBS-seq) has been developed for specific 5mC methylome 

mapping,8 but its application has been hampered by severe DNA degradation under the 

oxidative conditions and cannot be applied for limited input samples. Genome-wide 

mapping of 5hmC, when combined with bisulfite sequencing for analysis, also makes the 

5mC-specific detection possible.9,10 However, 5hmC exists in lower abundance and can be 

highly dynamic. Simple subtraction of 5hmC signals from the whole-genome bisulfite 

sequencing may introduce additional variations into the DNA 5mC detection. Because all 

these methods still rely on bisulfite treatment, which degrades most DNA, 5mC-specific 

sequencing or detection from limited input is still a challenge.
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DNA methylation is maintained by three canonical DNA methyltransferases, namely, 

DNMT1, DNMT3A, and DNMT3B. While DNMT3A and DNMT3B are responsible for the 

de novo methylation, DNMT1 installs methyl groups donated by S-adenosylmethionine 

(SAM) on cytosines that are located on hemimethylated CpG sites during DNA replication.
11 Inspired by the conservative methylation regulation during DNA replication, we 

developed a whole-genome amplification method with specific retention of 5mC starting 

from a limited input amount, a conceptually “simple” but potentially highly useful approach 

by preamplifying the limited DNA sample to a higher abundance with retention of 5mC, 

which we named 5mC-retained whole-genome amplification (5mC-WGA). Amplified 

products are compatible with most downstream detection methods, with 5mC modification 

replicated faithfully during the amplification. Followed with the standard bisulfite 

sequencing, our method can identify 5mC sites with limited interference from 5hmC, as 

DNMT1 cannot replicate 5hmC during our isothermal amplification.

Our design started with the incorporation of the strand displacement amplification with the 

DNMT1 methylation (Figure S1a,b). Isothermal DNA amplification allows DNMT1 to work 

under its optimal temperature.12 We started our tests with human brain genomic DNA with 

well-defined CpG methylation information already available. With an optimized 

combination of DNA polymerase phi29 and DNMT1, we successfully amplified input DNA 

by at least 100-fold (Figure S2), ranging from 10 ng down to 10 pg with 5mC marks retained 

faithfully (Table S1). We picked both a known 5mC hypermethylated region (a locus in 

NFATC1) and a nonmethylated region (a locus in MAPK8IP2) for low-throughput 

validation13 (Figure S3a). The amplified products were subjected to bisulfite treatment, PCR 

amplification with predesigned primers, and Sanger sequencing. The results showed that 

5mC-WGA amplified the hypermethylated sites with high accuracy but did not produce 

methylation within the nonmethylated region (Figure 1a). The amplified products were 

further subjected to MeDIP-seq (methylated DNA immunoprecipitation and sequencing) 

along with bulk control. The results again demonstrated faithful retention of the DNA 

methylation during amplification (Figures 1b and S3b).

We then proceeded to the high-throughput sequencing for more accurate validation of our 

method with amplified products starting from 10 pg, 100 pg, and 1 ng genomic DNA, 

respectively. We still detected expected retention of methylation when we amplified targeted 

loci. However, we did observe relatively low genome coverage with lower input down to 10 

pg, which is also commonly observed with single-cell bisulfite sequencing. A careful 

analysis on the high-throughput data revealed that the decrease in genome coverage is 

mainly due to the biased priming with random hexamer during the strand displacement 

amplification. With primer-derived artifacts and sequence-dependent hybridization kinetics, 

amplification bias would be introduced when the input amount is limited.14 Therefore, to 

minimize priming bias, we incorporated a unique DNA primase into our amplification 

system. While most primases use NTPs as substrates to produce RNA primers, TthPrimPol 

uses dNTPs to synthesize DNA primers during polymerization. A recent study applied 

TthPrimPol in DNA amplification together with the highly processive strand displacement 

polymerase phi29 to initiate a true random priming process.15 Such combination 

accomplished near-complete whole-genome amplification with high reproducibility and 

superb genome coverage, which could partially solve the priming bias issue for 5mC-WGA.
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We therefore performed preliminary tests on the primer-free system. Early trials showed that 

TthPrimPol, phi29, and DNMT1 work compatibly in our reaction buffer. With a welltuned 

amplification system and an optimal methylation condition (Figure 2), we can acquire 

similar 5mC-retained amplification verified by our low-throughput analysis on specific loci. 

We then proceeded to test the three-enzyme whole-genome amplification system.

We amplified 10 pg of genomic DNA purified from mES cells, and the products were 

subjected to bisulfite treatment followed by library construction, which altogether we named 

as 5mC-WGA-BS. We analyzed our sequencing results together with two control samples: 

one as 10 pg of gDNA without any treatment and the other amplified without DNMT1 under 

the same condition. When aligned to the bulk positive control, our amplified samples all 

showed methylation retention with a little lower methylation level compared to the direct 

bisulfite bulk control sample, while all CHG and CHH levels remained low (Figure 3a). Our 

negative control without DNMT1 yielded a quite low methylation level, which confirmed 

that DNMT1 is responsible for methylation maintenance during amplification. The GC 

content bias analysis did not show any significant bias toward certain GC contents, 

suggesting a universal amplification of 5mC-containing regions. Compared with the 

standard commercial library construction kits, our method did not incorporate bias during 

amplification (Figure S4). Hierarchical clustering based on CpG methylation levels revealed 

high reproducibility among our replicate libraries generated from low inputs (Figure 3b). 

The high reproducibility was also verified by the high correlation among three different 

samples compared with one another (Figure 3c). The well-overlaid methylation metagene 

plots showed a typical methylation pattern where TSS regions show low methylation while 

gene body regions enrich DNA methylation (Figure 3d). In contrast to the random-hexamer-

assisted amplification we used at the beginning, the primer-free system achieved higher 

specificity and reliability in 5mC retention (Figure S5).

To examine class heterogeneity, we analyzed all unmethylated, methylated, and 

hydroxymethylated C sites derived from 5mC-WGA-BS, oxBS-seq, and TAB-seq (a direct 

5hmC readout method). The oxBS-seq data were generated from our same input, while 

TAB-seq data were acquired from a published data set.16 All methods were analyzed along 

with bisulfite sequencing from bulk input to simultaneously estimate methylation levels and 

hydroxymethylation levels by extracting information from both BS-seq and 5mC-WGA-BS, 

or oxBS-seq, or TAB-seq based on maximum likelihood methylation levels (MLML).17 

While our method showed a similar pattern to that of oxBS-seq, TAB-seq demonstrated a 

different trend as expected (Figure 4a). Our method demonstrated a higher correlation with 

oxBS-seq in 5mC detection than TAB-seq as expected. In addition, subtraction of whole-

genome bisulfite sequencing with 5mC-WGA-BS also detects most 5hmC sites (Figure S6). 

5mC-WGA-BS showed a high correlation with oxBS-seq in 5mC spotting (Figure 4b). 

5hmC tends to exist at lower abundance than 5mC and marks more dynamic 5mC sites. All 

the replicates showed a high correlation to detected 5hmC sites (Figure S7a), confirming 

5hmC as a derivative of 5mC. In addition, because of the known enrichment of 5hmC on 

gene bodies, we did notice a decrease in the 5mC methylation level detected using 5mC-

WGA-BS compared to that of the conventional bisulfite sequencing (Figure 4c). The 5hmC 

sites revealed from 5mC-WGA-BS (subtraction from conventional BS-seq, see Supporting 

Information for details) showed high correlation with results from 5hmC-Seal that captures 
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5hmC-containing DNA fragments (Figure S7b). Examples are plotted to show results from 

different approaches, confirming that 5mC-WGA-BS faithfully uncovers 5mC sites and can 

help extract 5hmC information (Figures 4d and S8).

This 5mC-WGA-BS method works well with 10 pg of isolated genomic DNA. Preliminary 

tests using five cells also showed the retention of 5mC as expected, with CHG and CHH 

levels remaining low (Figure S9a). The metagene plots demonstrated a similar pattern when 

the input was amplified in the presence of DNMT1 but no methylation pattern when 

amplified without DNMT1 (Figure S9b). The ternary plot and the correlation analysis with 

oxBS-seq both corresponded to results from the bulk genomic DNA libraries (Figure S9c,d). 

Our trials at the single-cell level suggested a requirement of a further optimized lysis 

condition to eliminate potential genomic DNA degradation but still ensure full denaturation 

of the chromatin to be ready for amplification. Perhaps a microfluidics device or other 

procedures could help in the future. Because phi29 effectively amplifies only long DNAs, 

the method currently could be employed only to genomic DNA rather than synthetic probes 

or short DNA fragments.

With our high-throughput results, we also investigated the methylation activity of DNMT1 

in the presence of opposite CpG or 5hmCpG. DNMT1 was reported to exhibit an enzymatic 

methylation activity opposite to CpGs, which is about 1/10 of that opposite to 5mCpGs and 

around 1/3 opposite to 5hmCpGs compared with that opposite to 5mCpGs.18 These results 

are consistent with the percentages of the potential reactive sites for methylation based on 

our analyses. However, the interference on quantitative 5mCpGs detection is quite limited, 

as we only observed low methylation levels that stemmed from these activities (Figure 

S10a,b). While potential de novo sites account for about 10% of the detected methylated 

sites, they tend to be low in their methylation levels. Thus, the interference from de novo 
methylation is limited to lower than 5% (Figure S10a). Our method showed little activity 

with CpH methylation, especially when compared with CpG methylation (Figure S10c). All 

these analyses suggested that our approach is a reliable 5mCpG-specific detection method 

for limited input materials. Future studies may further elucidate potential activities of 

DNMT1 at unmethylated CpGs, 5hmCpGs, and CpHs.

In conclusion, we present a 5mC-specific whole-genome amplification system for 

simultaneous DNA amplification and methylation in a one-pot, primer-free reaction. The 

amplified products could be subjected to bisulfite sequencing or other detection platforms 

for faithful methylome mapping or detection using limited input materials. This 

methylation-retained amplification approach could enable facile detection of 5mC in clinical 

samples such as DNA from biopsy or cell-free DNA in plasma in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Method preliminary test. (a) Sanger sequencing for loci- specific detection. The upper two 

panels refer to the known 5mC hypermethylated locus and the lower two refer to the 

nonmethylated locus. The WGA control that was amplified without DNMT1 showed no 

5mC retention, but the 5mC-WGA showed highly faithful retention at the hypermethylated 

region. 5mC-WGA and WGA control both showed no de novo signals. (b) Examples for 

MeDIP-seq validation. 5mC-WGA exhibits a methylation retention similar to that of the 

bulk control.
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Figure 2. 
Method design. Scheme demonstrating the design for primer-free amplification system. Left: 

the DNA primase TthPrimPol synthesizes DNA primers for strand displacement 

amplification by phi29. Right: DNMT1 adds a methyl group to the unmethylated CpG site 

on the hemimethylated locus. Middle: the entire three-enzyme primer-free amplification 

system with methylation retention.
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Figure 3. 
Method evaluation. (a) Methylation levels at CpG, CHG, and CHH sites of the bulk control, 

the limited input control, the negative control that was amplified without DNMT1, and three 

replicates of 5mC-WGA-BS, listing from the top to the bottom. (b) Hierarchical clustering 

based on CpG methylation levels showing high reproducibility of 5mC-WGA-BS. (c) 

Correlation analysis showing high correlation among replicates. Single-base resolution data 

were analyzed. (d) Metagene plot of 5mC-WGA-BS showing low methylation levels at TSS 

regions and high methylation levels at gene body regions for all three replicates.
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Figure 4. 
Method comparison. (a) Ternary plots of C, 5mC, and 5hmC levels at single-base resolution 

sites for 5mC-WGA-BS, TAB- seq, and oxBS-seq. 5hmC sites of 5mC-WGA-BS and oxBS-

seq were extracted based on direct readout of 5mC sites and bulk bisulfite sequencing. 5mC 

sites of TAB-seq were obtained from a subtraction of 5hmC sites from the bulk bisulfite 

sequencing. 5mC-WGA-BS signals showed a similar pattern to oxBS-seq signals, while 

TAB-seq mainly detected 5hmC sites at lower modification levels as expected. (b) 

Correlation analysis for both TAB-seq and 5mC-WGA-BS compared with oxBS-seq. (c) 

Methylation levels across Ensembl gene bodies by oxBS-seq or 5mC-WGA-BS showing 

reduced methylation level compared to traditional bisulfite sequencing. (d) Examples 
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(highlighted with red frames) showing 5mC-sepecific methylation detected by 5mC-WGA-

BS.
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