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Nondestructive enzymatic deamination enables
single-molecule long-read amplicon sequencing
for the determination of 5-methylcytosine and
5-hydroxymethylcytosine at single-base resolution
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Lana Saleh,' Mala Samaranayake,' Shengxi Guan,' Nan Dai,' Ivan R. Corréa Jr.,’
Sriharsa Pradhan,’ Theodore B. Davis,' Thomas C. Evans Jr.,' and Laurence M. Ettwiller’

'New England Biolabs, Incorporated, Ipswich, Massachusetts 01938, USA; “?Génomique Métabolique, Genoscope, Institut Francois
Jacob, CEA, CNRS, Université d’Evry, Université Paris-Saclay, 91000 Evry, France

The predominant methodology for DNA methylation analysis relies on the chemical deamination by sodium bisulfite of
unmodified cytosine to uracil to permit the differential readout of methylated cytosines. Bisulfite treatment damages the
DNA, leading to fragmentation and loss of long-range methylation information. To overcome this limitation of bisulfite-
treated DNA, we applied a new enzymatic deamination approach, termed enzymatic methyl-seq (EM-seq), to long-range
sequencing technologies. Our methodology, named long-read enzymatic modification sequencing (LR-EM-seq), preserves
the integrity of DNA, allowing long-range methylation profiling of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine
(5hmC) over multikilobase length of genomic DNA. When applied to known differentially methylated regions (DMRs),
LR-EM-seq achieves phasing of >5 kb, resulting in broader and better defined DMRs compared with that previously report-
ed. This result showed the importance of phasing methylation for biologically relevant questions and the applicability of
LR-EM-seq for long-range epigenetic analysis at single-molecule and single-nucleotide resolution.

[Supplemental material is available for this article.]

Long-read technologies have been a breakthrough in high-
throughput sequencing for their abilities to phase and resolve var-
iations and repeats over large segments of the human genome (Jain
et al. 2018; Pollard et al. 2018). Phasing of methylation at single-
molecule resolution represents a significant advance in addressing
the mechanisms and relevance of epigenetic modifications, partic-
ularly in repeats, imprinted genes, and distant regulatory regions.

Recently, a few studies have successfully identified cytosine
methylation in CpG context with increased accuracy using the
ability of the Nanopore sequencer to directly “read” the modifica-
tion (Flusberg et al. 2010; Rand et al. 2017; Simpson et al. 2017). By
using this method, methylation can be examined over large frag-
ments of genomic DNA. Nonetheless, because the methylation
status is not preserved during amplification, only native nonam-
plified DNA can be used. Although enrichment strategies using
Cas9 have been applied (Gilpatrick et al. 2020) for targeting specif-
ic regions in the genome (Giesselmann et al. 2019; Hafford-Tear
et al. 2019), the required starting material is very high and the en-
richment is relatively low.

Although a number of methodologies have been developed
to study cytosine modification (Kurdyukov and Bullock 2016;
Liuetal. 2019), bisulfite sequencing is still the predominant meth-
od used for methylome analysis. Bisulfite sequencing is based on
the differential reactivity of cytosine (C) and 5-methylcytosine
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(5mC) with sodium bisulfite. Unmodified cytosines are deaminat-
ed to uracils (U’s) and will be read as thymine (T) during sequenc-
ing, whereas SmC is unchanged and will be read as “C” (Frommer
et al. 1992). Nonetheless, all bisulfite-based methods introduce
DNA strand breaks and result in highly fragmented DNA. This ran-
dom fragmentation of the deaminated DNA remains the major
roadblock to studying epigenetic modifications over large genomic
regions using bisulfite sequencing. Indeed, the largest amplicons
obtained and sequenced from bisulfite-deaminated DNA does
not exceed 1500 bp in length (Yang et al. 2015).

Recognizing the substantial limitation of bisulfite sequencing
in preserving DNA integrity, two bisulfite-free, enzyme-based
methods have been recently developed. The first method, TAPS-
seq, uses TET1 dioxygenase to oxidize both SmC and 5hmC to
5-carboxylcytosine (5caC), and pyridine borane reduces 5caC to
dihydrouracil (DHU), which is read as thymine (Liu et al. 2019).
The modification of this method, IrTAPS-seq, was adapted for
long-read sequencing (Liu et al. 2020) and achieved targeted
base-resolution sequencing of several-kilobase templated DNA
(for comparison between bisulfite-free methylation detection
methods, see Supplemental Table S1). Recently, a second method
used APOBEC3A cytidine deaminase to achieve base-resolution se-
quencing of 5-hydroxymethylcytosine (5ShmC) while avoiding
most of the DNA damage (Schutsky et al. 2018). APOBEC3A is a
member of the activation induced cytidine deaminase/apolipo-
protein B mRNA editing enzyme, catalytic polypeptide-like (AID/
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APOBEC) family of deaminases and has been shown to be critical
to immunoglobulin diversification and antiretroviral defense
(Salter et al. 2016). APOBEC3A preferentially deaminates cytosine
and SmC, resulting in the formation of uracil and thymine, respec-
tively. Because unmodified cytosine and SmC are both substrates
for APOBEC3A (Schutsky et al. 2018), the identification of SmC us-
ing APOBEC3A alone is currently not possible.

A commercial technology for the determination of 5mC
called EM-seq has recently become available (Methods). This tech-
nology relies on the enzymatic treatment of DNA and thus elimi-
nates the need for bisulfite conversion entirely. In this work, we
show that such enzymatic treatment preserves the integrity of
the DNA with no detectable evidence of fragmentation or damage.
We therefore adapted EM-seq to long-read sequencing of amplicon
using both Pacific Biosciences (PacBio) and Nanopore sequencing
technologies and extended the technology to both SmC and
ShmC detection. The resulting method, termed herein long-
read-EM-seq (LR-EM-seq), use the selective enzymatic protection
of SmC and/or ShmC before enzymatic deamination by
APOBEC3A and large-fragment sequencing sample preparation
to accurately profile both SmC and 5hmC at base resolution.
The preservation of DNA integrity allows the locus-specific ampli-
fication of several kilobases of genomic DNA and the long-range
phasing at molecular resolution of 5mC and 5hmC. Applied to
known differentially methylated regions (DMRs) in the mouse ge-
nome, LR-EM-seq accurately identifies SmC and ShmC in >5-kb-
long amplicons, allowing the assignment of cytosine modifica-
tions to specific alleles. Compared with the existing bisulfite-free
methods discussed above, LR-EM-seq provides direct and accurate
measurements for both SmC and ShmC in an easy to use protocol.

Results

Accurate identification of 5mC and 5hmC modification

To enzymatically discriminate epigenetically important cytosine
modifications, we use the overall strategy depicted in Figure
1A. The basic principle of the method consists of selectively mod-
ifying cytosine modifications in order to protect them from deam-
ination by APOBEC3A. To protect ShmC from deamination,
S5hmC is glucosylated with DNA beta-glucosyltransferase (BGT)
before deamination.

To discriminate SmC from C, the SmC needs to be protected
from deamination before APOBEC3A treatment. 5SmC is converted
to either glucosylated hydroxymethylcytosine (5gmC) or ScaC us-
ing a combination of 5SmC dioxygenase TET2 and BGT (EM-seq)
(Ito et al. 2011). All these oxidative products have been shown to
be protected from deamination by APOBEC3A4, including ShmC
after glucosylation by BGT (EM-seq) (Schutsky et al. 2018).

We validated the APOBEC(SmC) strategy illustrated in Figure
1A using mouse embryonic stem (mES) cell (E14) genomic DNA
spiked with unmethylated lambda. We also performed whole-ge-
nome bisulfite sequencing (WGBS) on the same starting material
using two widely used bisulfite conversion kits, BS kit 1 and BS
kit 2, (Methods) for comparison. Two technical replicates were per-
formed for all the three protocols (APOBEC(5mC), BS kit 1, and BS
kit 2) to assess reproducibility of the methods. The conversion rates
and methylation results were highly consistent between all the
technical replicates (Supplemental Fig. S1A,B).

Analysis of unmethylated lambda control showed a near
complete C-to-U conversion rate of 99.8% with no apparent se-
quence preference of the enzymatic deamination from both repli-

cates (Fig. 1B,C; Supplemental Fig. S1A). The conversion rates of
bisulfite-treated lambda DNA range from 98.2%-99.6% depending
on the BS kit used, which is in line with the usual conversion rates
reported in the literature for WGBS (Supplemental Table S2). We
also observed a higher level of residual unconverted cytosines in
CpA context in the WGBS libraries made from both bisulfite con-
version Kits (Fig. 1C), and this CpA bias is also observed in the pub-
lished WGBS data sets (Fig. 1C; Supplemental Table S3). This bias
leads to sixfold to 23-fold more false-positive methylated CpA
from unmethylated lambda in WGBS compared with enzymatic
conversion even after binomial correction (Supplemental Fig.
S1C).

Identification of CpG methylation in the mouse E14 DNA re-
veals consistent results between enzymatic deamination and
WGBS (Supplemental Text S1). In brief, CpG methylation calls be-
tween enzymatic conversion and the two WGBS are in ~96%
agreement (Supplemental Fig. S1D). Furthermore, CpG methyla-
tion levels revealed using the enzymatic conversion method are
well correlated with repressive and active chromatin markers in
the mouse stem cells, showing expected depletion in the active
transcription regions (H3K4me3 and H3K27ac) and promoters
(RNA polymerase II binding sites) (Fig. 1E; Supplemental Fig.
S1F). Genome-wide investigation of the read distribution in the
mouse genome reveals that the enzymatic deamination method
produces more even sequencing coverage than the bisulfite con-
version-based sequencing methods (Supplemental Text S1;
Supplemental Fig. S2).

To show that this strategy also results in an accurate identifi-
cation of ShmC, we prepared enzymatic ShmC libraries using 50
ng of mouse E14 genomic DNA spiked with unmethylated lambda,
cytosine methylated XP12, and hydroxymethylated T4gt phage
genomic DNAs. Lambda and XP12 control DNAs were used to mea-
sure the deamination rates of APOBEC3A on C and 5mC, respec-
tively, and T4gt DNA was used to monitor ShmC protection by
BGT. By using these controls, we calculated the nonconversion
rates to be 0.2% for unmodified cytosines and 2.5% for SmC
(Supplemental Table S4). The converted methylated cytosines in
XP12 showed no sequence preference (Fig. 1D), showing the lack
of context bias by APOBEC3A. These nonconversion rates are in
line with those reported for TAB-seq and ACE-seq (Supplemental
Table S4; Yu et al. 2012; Schutsky et al. 2018). We observed a
98.3% protection rate of ShmC by BGT, which is higher than the
previously published TAB-seq (75%-92%) (Supplemental Table
S4; Yu et al. 2012). Thus, our method is expected to have fewer
false-negative hydroxymethylation calls compared with the wide-
ly used TAB-seq method and is in line with the performance of
ACE-seq (Schutsky et al. 2018). We also made enzymatic ShmC li-
braries from 1 ng genomic DNA of mES cells and show similar
hydroxymethylation results as the 50-ng libraries (Supplemental
Table S6). For both the 1-ng and 50-ng libraries, the identification
of ShmC relative to available mES ChIP-seq data sets reveals, as ex-
pected, deposition of ShmC at TET1 binding sites and other epige-
nomic features, such as enhancers, active histone mark H3K27ac,
and CTCF binding sites (Fig. 1E; Supplemental Text S2).

To measure the range of sensitivity, we made ShmC libraries
of enzymatically treated DNA derived from five mouse cell types/
tissues that have been reported to have a wide range of global
ShmC levels (Globisch et al. 2010). We also included DNMT
triple-knockout (TKO) J1 embryonic stem (ES) cells as a negative
control (Supplemental Table S5). The average CpG hydroxymeth-
ylation level measured after sequencing correlated well with liquid
chromatography with tandem mass spectrometry (LC-MS/MS)
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LR-EM-seq identifies 5mC and 5hmC on long reads
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Figure 1. 5mC and 5hmC detection by enzymatic deamination method. (A) Principle of the methodology: genomic DNA can either be treated with
TET2 and BGT (left) to protect both 5mC and 5hmC or with BGT alone (right) to protect 5hmC. Subsequent deamination by APOBEC3A followed by
PCR amplification allows the distinction between the unprotected substrate (read as T) from the protected cytosine derivatives (read as C). The TET2
and BGT treatment results in the distinction of 5mC and 5hmC from C, whereas BGT treatment results in the distinction of 5hmC from C and 5mC.
(B) Deaminated cytosines from unmethylated lambda genome display no observable sequence preference by APOBEC(5mC) deamination method.
(C) False-positive methylation calling rate (nonconversion error rate) of each cytosine dinucleotides sequence context (CpA [CA], CpC [CC], CpG [CG],
and CpT [CT]) estimated from the unmethylated lambda genome for the enzymatic deamination method (APOBEC(5mC), two WGBS performed in
this study, i.e., BS kit 1 and BS kit 2, and six published WGBS experiments sampled from the ENCODE Project) (Supplemental Table S3).
(D) Deamination of 5mC in the fully methylated XP12 genome results in no observable sequence preference by APOBEC(5hmC) enzymatic deamination
method. (£) Distribution patterns of 5mCpG (blue) and 5ShmCpG (red: 50 ng library; pink: 1 ng library) at various protein/DNA interaction sites. The ab-
solute (smooth lines) and normalized (dotted lines) 5hmC and 5mC levels in the CpG context are depicted around TET1, RNA polymerase Il, and CTCF
binding sites, as well as at active transcription chromatin mark (H3K4me3), repressive chromatin mark (H3K27me3), active enhancer mark (H3K27ac),
and general enhancer (H3K4meT1 in the absence of H3K4me3) regions. Unbound sites that are randomly sampled from the reference genome server as
a control. (F) Pearson’s correlation between 5hmC measured using sequencing of enzymatically deaminated DNA (x-axis) versus LC-MS (y-axis) for various
genomic DNA. There are two technical replicates of the APOBEC(5hmC) sequencing method for each sample. 5hmC levels are presented as 1000 percent-
age, and both axes use the log scale.

data (r=0.99) (Fig. 1F). The correlation was linear across a wide gated the ability of the method in preserving the integrity of the

range of global ShmC levels, showing that the sensitivity is accu- DNA, particularly for long genomic DNA fragments.
rate across levels of ShmC typically found in mammals To directly assess the DNA integrity after bisulfite and enzy-
(Globisch et al. 2010). TKO control showed 0.1%~0.2% of false- matic treatments, we separately addressed the loss of amplifiable
positive ShmC calls, indicating an exceptional low nonconversion material for small and large target sizes. For small target sizes (<1
error rate. kb), we used real-time PCR-based assay to quantify the amount
Conducting both enzymatic 5mC and ShmC sequencing in of intact material. At all measured target sizes, bisulfite-treated
parallel enabled for the first time the simultaneous investigation DNA samples resulted in a lower amplification level compared
of 5SmC and ShmC using the same baseline enzymatic reaction with enzymatically deaminated DNA (Fig. 2A). At the largest mea-
(Fig. 1E; Supplemental Text S2; Supplemental Fig. STF). sured target size of 809 bp, the relative amount of damage-free

amplifiable template in the bisulfite-treated samples was 94% re-
duced compared with enzymatic deamination (Fig. 2A), which is
consistent with previously reported degradation rates of bisulfite

Enzymatic deamination preserves DNA integrity method (Grunau et al. 2001).
Having shown the specificity and sensitivity of the enzymatic To assess the loss of material for large DNA fragments, E14 ge-
method toward the identification of 5SmC and ShmC, we investi- nomic DNA was fragmented to an average size of 15 kb, and
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Figure 2. Enzymatic deamination preserves the integrity of the DNA. (A) gPCR results show the quantities of undamaged amplifiable DNA templates of

different sizes after the enzymatic deamination (green) and bisulfite treatments (orange and blue). All quantifications are normalized to the values obtained
for the enzymatic deamination experiments. (B) Agilent 2100 Bioanalyzer trace on RNA 6000 pico chip comparing equal amounts of mouse E14 genomic
DNA sheared to an average of 15 kb and treated with sodium bisulfite (green), APOBEC(5hmC) (red), or APOBEC(5mC) (blue) over the control ssDNA
(cyan). Bisulfite treatment fragmented the DNA to an average of 800 bp, whereas enzymatically treated DNA shows no notable size differences compared
with control DNA. (C) Agarose gel images of end-point PCR of six amplicons ranging from 388-4229 bp illustrating upper amplicon size limit for sodium-
bisulfite-, APOBEC(5mC)-, or APOBEC(5hmC)-treated E14 genomic DNA. (D) The 731-bp amplicons from the E14 genomic DNA shown in C were cloned
and sequenced, and the methylation status was determined by bisulfite treatment (left), the enzymatic deamination method for 5mC (center), and the
enzymatic deamination method for 5ShmC (right) (Supplemental Data S1). Open and closed circles indicate unmethylated and methylated CpG sites,

respectively.

fragment size distribution was profiled before and after enzymatic
or bisulfite treatment. The average fragment size after bisulfite
treatment dropped substantially from 15 kb to only 0.8 kb (Fig.
2B). Sharply contrasting to bisulfite conversion, enzymatic treat-
ment of the same starting amount of DNA conserved the original
15-kb average size profile observed in the control DNA (Fig. 2B).
This result shows that the enzymatic deamination method does
not introduce strand breaks even in the case of large DNA
fragments.

To assess the ability to amplify the DNA material described
above, we designed six pairs of primers with a range of predicted
amplicon sizes ranging from 388-4226 bp. In line with the DNA
integrity assessment data, amplification products from bisulfite-
treated DNA were only detected up to 731 bp. In contrast, all
amplicon sizes were amplifiable after enzymatic deamination for
both 5SmC and ShmC detection (Fig. 2C). Sanger sequencing of
the 731-bp amplicons showed a nearly identical methylation pro-
file for both enzymatic and chemical deamination methods (Fig.
2D), confirming that the enzymatic deamination method can pro-
vide the same accuracy of methylation detection as bisulfite treat-
ment without damaging the DNA.

Lastly, the enzymatic method does not introduce additional
PCR bias (Supplemental Text S3; Supplemental Fig. S3;

Supplemental Methods). In comparison, bisulfite-treated DNA
clearly shows overestimation of methylation after library amplifi-
cation (Supplemental Fig. S3).

5mC and 5hmC phasing using long-read sequencing

Preserving the integrity of genomic DNA after enzymatic deamina-
tion offers the unique opportunity to study long-range epigenetic
marks at single-base and single-molecule resolution beyond the re-
ported 1.5-kb region achieved using single-molecule real-time
(SMRT)-BS (Yang et al. 2015). As a proof of principle, we applied
LR-EM-seq to a 5378-bp region of the mouse genome using DNA
derived from ES cells. Two control DNA consisting of CpG methyl-
ated pUC19 and of unmethylated lambda DNA were added to the
mouse genomic DNA before any enzymatic reactions. For ShmC
detection, an additional control consisting of T4gt genomic DNA
was included to the spike-ins in order to monitor the ShmC protec-
tion rate. Following enzymatic treatment, a 5378-bp mouse ampli-
con, a 3233-bp lambda amplicon, a 1774-bp CpG methylated
pUC19 amplicon, and a 5349-bp T4gt amplicon (for ShmC detec-
tion) were obtained and sequenced using all three major sequenc-
ing platforms: Oxford Nanopore, PacBio, and Illumina. In the case
of Illumina sequencing, the amplicons were subsequently
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fragmented to a mean of 500 bp for compatibility with short-read
sequencing.

Using Illumina data for SmC detection, lambda amplicon
shows nonconversion error rates of 0.1%, whereas the CpG meth-
ylated pUC19 amplicon shows 97.4% SmC protection rate by the
TET2/BGT enzymes. For ShmC detection, the nonconversion error
rate of cytosine is 0.1%, the nonconversion error rate of SmcC is
0.6%, and the protection rate of ShmC measured using the T4tg
amplicon is 99.4% (Table 1). These values are consistent with
our WGBS data obtained with short fragments. In these experi-
ments, the enzymatic treatment and amplification were per-
formed on an unfragmented genomic template, showing that
the enzymatic deamination method is applicable for the long
DNA fragments as effectively as for the short DNA material of
the WGBS applications.

PacBio sequencing gave very similar estimates to the Illumina
results. Nanopore sequencing generated slightly higher incorrect
methylation calls on unmethylated cytosines in both the lambda
and the CpG methylated pUC19 (CpH context). Nanopore se-
quencing also generated slightly lower correct SmC calls in the
CpG methylated pUC19 control (APOBEC(SmC), CpG context)
and lower correct ShmC calls in the T4gt control (APOBEC
(5hmC), all context). The intrinsic higher error rate of Nanopore
sequencing (Table 1), resulting in a higher base call errors at
both cytosines and thymines, is presumably the explanation for
these observations. At single-base resolution, both the methyla-
tion and hydroxymethylation levels at CpG sites are highly corre-
lated across sequencing platforms, and the overall modification
profiles are in good agreement across platforms (Fig. 3A,B). We
also compared ShmC results with publicly available data sets de-
rived from Pvu-Seal-seq (Sun et al. 2015) and TAB-seq (Yu et al.
2012) from the same cell line and found consistent results with
our data (Supplemental Fig. S4). These results suggest that the
LR-EM-seq method is compatible with all the major sequencing
platforms and produces accurate identification of both SmC and
ShmC. Most significantly, at single-molecule resolution LR-EM-
seq coupled with long-read sequencing technologies (PacBio and
Nanopore) can provide complete SmC and ShmC information of
entire molecules (Fig. 3C) and thus make it possible to study the
relationships between distant cytosine sites on the same molecule
as well as between individual molecules.

Table1. Percentage of 5SmC or 5ShmCin CpG and CpH contexts (with
H=A or T or C) in amplicons derived from lambda (unmethylated cy-
tosines), CpG methylated pUC19 (CpG methylation), T4gt (hydroxy-
methylated cytosines), and mouse genomic DNA measured using
three sequencing platforms (lllumina, PacBio, and Oxford Nanopore)

5-mC 5-hmC

lllumina PacBio Nanopore Illumina PacBio Nanopore

Lambda
CpG 0.1 0.1 11 0.1 0.1 1.1
CpH 0.1 0.1 1.6 0.1 0.1 1.7
puUC19
CpG 97.4 97.6 90.2 0.6 0.9 2.1
CpH 0.2 0.4 2.0 0.2 0.6 1.7
T4gt
CpG NA NA NA 99.9 99.8 87.6
CpH NA NA NA 99.4 98.5 91.0
Mouse
CpG 73.3 76.2 67.3 5.5 59 5.8
CpH 0.4 0.5 1.9 0.1 0.1 1.2

Next, we applied LR-EM-seq using SMRT sequencing to a
4614-bp region (Chr 7: 135,829,567-135,834,180; mm?9) contain-
ing a known 367-bp DMR upstream of a previously described im-
printed gene, Inpp5f_v2, in the mouse brain (Choi et al. 2005).
Based on the methylation call in CpC and CpT context, the overall
conversion rate of the APOBEC3A-treated DNA was 99.8%
(Supplemental Table S7), which is consistent with the perfor-
mance of EM-seq and corresponds to about a 10-fold lower non-
conversion rate compared with the previously published SMRT-
BS sequencing (97.3%) (Yang et al. 2015). The methylation profiles
showed a clear segregated pattern at the known DMR, confirming
the differential methylation of this region (Fig. 4A). Phasing the
entire 4614-bp region allowed a precise delimitation of the boun-
dary of the DMR at molecule resolution. As a result, we report a
more than twofold increase in the size of the reported DMR region
from 367 bp to 1 kb (Fig. 4A,B). Moreover, when correlating long-
range methylation patterns, we found two subdomains flanking
both sides of the newly identified DMR (Fig. 4B). This suggests
the occurrence of differentially methylated domains, whose meth-
ylation patterns do not completely follow the core DMR but are
correlated with it. Whether such domains are derived from the
core DMR under relaxed pressure, serve as a buffer between
DMRs and non-DMRs, or indicate independent frans-acting tran-
scription factor binding sites awaits further investigation.
Another interesting observation is that the CpA methylation is
missing from the DMR but displayed an oscillating pattern outside
the DMR region (Supplemental Fig. S5A,B). It may suggest a role of
high-level chromatin structure, for example, nucleosome position-
ing, in the deposition of DNA modification and gene regulation
near the DMR.

We also successfully phased ShmC in the same region.
However, we did not observe any significant segregation pattern
of hydroxymethylation (Fig. 4A,B). At the population level, the av-
erage CpG hydroxymethylation abundance significantly de-
creased at the DMR and generally followed the trend of SmC
across the entire region (Supplemental Fig. S5C), implying that
in this region, the hydroxymethylation level may be largely deter-
mined by the substrate availability.

We used LR-EM-seq to validate previously reported allele-spe-
cific DMRs in the mouse genome of two inbred mouse strains:
129X1/Sv] (129) and Cast/Ei] (Cast) (Xie et al. 2012). We repeated
the analysis performed on BALB/c strain for the Inpp5f v2 locus
and investigated three new regions (H13, Gnas [also known as
Gnas1], and Peg12). For both the 129 and Cast strains, we observed
similar segregations of two distinct populations of molecules ac-
cording to their methylation status, that is, hypermethylated ver-
sus hypomethylated (Supplemental Fig. S5D). This result confirms
the existence of DMRs for all four loci in both 129 and Cast strains.
Moreover, all the DMRs are hundreds of base pairs to several kilo-
bases larger than the reported ones, with long-read sequencing
providing precise boundaries (Supplemental Fig. S5D).

To show allele-specific methylation, we used LR-EM-seq and
simultaneously phased heterozygous SNPs with DNA methylation
in two DMRs near the imprinted Inpp5fand Gnas genes. To acquire
alarge enough number of heterozygous SNPs for the identification
of alleles over kilobase regions, we performed crosses between two
inbred mouse strains 129X1/Sv] (129) and Cast/EiJ (Cast) as previ-
ously described (Xie et al. 2012). Consistent with the DMR results
of the two inbred strains 129 and Cast, we observed larger DMRs
than previously reported (Xie et al. 2012) in both Inpp5f and
Gnas regions in the hybrid strain. Because we used the same strain
and same organ (frontal cortex) as the reference paper, the most
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Figure 3. 5mC and 5hmC phasing using long-read sequencing. (A) Scatter plots and Pearson’s correlations of calculated methylation (top) and hydrox-
ymethylation (bottom) levels of all CpG sites within the 5378-bp region from the mouse E14 genome between the three sequencing platforms: PacBio,
Nanopore, and lllumina. (B) Dot plots showing methylation (left) and hydroxymethylation (right) levels of individual CpG sites within the 5378-bp region
calculated by the LR-EM-seq method using three major sequencing platforms: lllumina (red), Nanopore (green), and PacBio (blue). The fitted lines are
drawn using the LOESS method. (C) Single-base single-molecule cytosine modification maps of the 5378-bp region generated by the LR-EM-seq method
coupled with PacBio SMRT sequencing (top) and Nanopore sequencing (bottom). Methylated (left) and hydroxymethylated CpG sites are depicted by red

dots, and unmodified CpG sites are depicted by beige dots.

plausible explanation for the DMR size differences is the limitation
of the original detection technique, which uses Illumina short-
read sequencing.

Reliable heterozygous SNPs in both amplicons were identified
with the methylation pattern segregating perfectly with the het-
erozygous SNP (Fig. 5A,B). In the case of the Inpp5flocus, we iden-
tified a heterozygous SNP that is ~2 kb upstream of the DMR (Fig.
5A), showing our method’s capability of phasing DMR with distal
SNPs, which is especially critical for study regions with rare SNPs.
And in those cases, it is necessary to have long-read sequencing to
properly identify allele specific methylation.

The ability to obtain large amplicons greatly expands the ge-
nomic ranges that are amenable to phasing of sequence variation
with epigenetic information, thus making LR-EM-seq a conve-
nient and promising technology for the identification of allele-
specific methylation.

Discussion

In this study, we provided compelling evidence for the benefits of
enzymatic deamination to identify both SmC and ShmC using
long-read sequencing technology. Importantly, the converted ge-
nomic DNA can be amplified, and the information regarding the
methylation status is preserved, allowing for locus-specific interro-
gation of methylation on low amounts of starting material.
Although not shown here, LR-EM-seq can also be adapted to
whole-genome sequencing to find de novo DMRs. In this case, ge-
nomic DNA will need to be fragmented to an average of 5-kb frag-
ments before adaptor ligation. EM-seq treatment can be performed

as described in this study, and amplified DNA could be used to pre-
pare PacBio or Nanopore libraries.

Adapting EM-seq to long-read sequencing workflow surpasses
bisulfite deamination, primarily in producing deaminated DNA
without detectable damage. These advances eliminate the fore-
most roadblocks encountered using bisulfite sequencing for de-
cades. As we have shown in this study, longer DNA material
enabled by LR-EM-seq enables the study of the combinatorial ef-
fect of methylation over large regions at single-molecule resolu-
tion. We also showed the importance and advantage of phasing
methylation on long DNA fragments on the study of imprinted
genes by identifying much larger DMR regions than previously ob-
served. These previous studies using short-read sequencing have
relied on statistical methods to acquire methylation haplotype in-
formation and consequently are prone to inaccurate calls. By phas-
ing variation with methylation on a single long-read, LR-EM-seq is
more accurate and expands the fraction of the genome that can be
epigenetically haplotyped.

Phasing methylation has numbers of additional applications,
particularly in cancer detection, where the combinatorial methyl-
ation status of several CpG at single-molecule resolution is expect-
ed to be a much more powerful determinant of tumorigenicity
compared with an average methylation level. Combined with oth-
er genomic information, phasing methylation relative to variants
or epigenetic markers offers an exciting prospective empowered by
LR-EM-seq.

Lastly, the ability to amplify longer amplicon provides greater
flexibility in primer design, especially in encompassing or avoid-
ing repeats or challenging to amplified regions. These results in
larger covered genomic regions with less amplicons.
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of a 4.6-kb region of the imprinted Inpp5f_v2 gene locus (top) in the mouse brain. Red dots represent modified sites, and beige dots represent unmodified
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white, no correlation. The known DMR is indicated by a black outline.

In summary, we described a new technology called LR-EM-
seq for amplicon long-read sequencing of both SmC and ShmcC.
Our result showed the applicability of LR-EM-seq for long-range
epigenetic analysis at single-molecule and single-nucleotide reso-
lution, further expanding the range of biologically relevant ques-
tions that can be addressed.

Methods
El4 ES cell culture

ES cells were cultured as previously described (Kinney et al. 2011).
Briefly, cells were grown in GMEM media (Thermo Fisher
Scientific) containing 10% FBS (Gemcell), 1% nonessential amino
acids (NEAA, HyClone), 1% sodium pyruvate (Thermo Fisher
Scientific), 50 uM beta-mercaptoethanol (Sigma-Aldrich), and 1 x
LIF (MilliporeSigma). To maintain the undifferentiated state, ES
cells were grown on 0.1% gelatin-coated culture dishes (Stem
Cell Technologies).

Genomic DNAs

Mouse genomic DNA from brain, spleen, heart, and liver tissues
were obtained from BioChain; mouse NIH 3T3 and human

Jurkat DNA were from NEB. E14 genomic DNA was extracted
with a DNeasy blood and tissue kit (Qiagen). Genomic DNA
from DNMT TKO J1 ES cells were obtained from Dr. Yi Zhang.

Control DNAs

Fully CpG methylated pUC19 DNA was acquired by incubating for
2hat 37°C 3 pg of dam-dcm- plasmid DNA in a 50-uL reaction con-
taining 20 U of M.SssI methylase (NEB), 1x NEBuffer 2, and freshly
prepared 160 uM S-adenosylmethionine, followed by heat inacti-
vation of the enzyme for 20 min at 65°C and SPRI beads purifica-
tion. LC-MS/MS analysis was used to verify completeness of
methylation status. T4gt (amC87(42-), amES51(56-), NB5060
(ArlIB- denB- ac), unf 39(alc)), and XP12 phage genomic DNAs
were extracted as described previously (Sambrook 1989). 5SmC
free lambda genomic DNA was purchased from Promega.

5mC and 5hmC phasing of a 5.4-kb mouse genomic region using
LR-EM-seq
Enzymatic deamination for 5mC detection

For 5SmC detection, 200 ng of mouse E14 genomic DNA was mixed
with 10 ng unmethylated lambda DNA, 10 ng of XP12 phage DNA,
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Figure 5. Phasing of 5mC with heterozygous variants using LR-EM-seq. (A) Phasing of 5mC with SNP of a 3.1-kb region in the imprinted Inpp5f_v2 gene

promoter of the mouse cortex brain from a F1 offspring of a cross between two inbred mouse strains (129X1/Sv) male and Cast/Ei| female). Methylation
state of individual CpG sites at the single-molecule level is denoted by either a beige dot (unmodified) or a red dot (methylated). The heterozygous SNP
near the 5" end of the region was either highlighted in red for paternal allele (A) or blue for maternal allele (G). The orange boxes denote previously iden-
tified DMRs. Our result not only confirmed the existence of the imprinted DMR but also revealed much extended boundaries of the imprinted DMR.
(B) Phasing of 5mC and SNP in the imprinted promoter of the Gnas gene in the mouse cortex from a cross between the inbred mouse strains 129X1/Sv|
(male) and Cast/Ei) (female). Methylation state of individual CpG sites at single-molecule level is denoted by either a beige dot (unmodified) or a red dot
(methylated). The heterozygous SNP was highlighted in red for paternal allele (A) and blue for maternal allele (G). The orange box denotes a previously iden-
tified DMR. Our result confirmed the existence of the imprinted DMR and further extended this DMR in both directions particularly into the CpG island.

and 1 ng of CpG methylated pUC19 DNA and then incubated with
16 pg of TET2 enzyme (NEB EM-seq component E7130A) for 30
min at 37°C in 50 pL 1x reaction buffer (EM-seq TET2 Reaction
Buffer [reconstituted], E7128A, and E7131A diluted) followed by
a 30-min incubation with 20 U of T4 BGT (NEB EM-seq compo-
nent E7129A) in the same buffer at 37°C. Oxidized genomic
DNA was incubated additional 30 min with 0.8 U of Proteinase K
(NEB) at 37°C and subsequently purified with a Genomic DNA
Clean & Concentrator kit (Zymo Research). Purified DNA was
then denatured at 90°C in presence of 29% of formamide for
10 min and deaminated with 100 U of APOBEC3A (NEB EM-seq
components E7133AA and E7134AA) in 100 uL reaction volume
for 3 h. Three microliters of deaminated genomic DNA and control
DNAs was used without further purification for PCR amplifica-
tions with Phusion U hot start DNA Polymerase (Thermo Fisher
Scientific) using primer pairs listed in Supplemental Table S9. For
some amplicons (Supplemental Table S9, eight to 11 primer pairs),
we used the enzymatic EM-seq conversion module (NEB E7125)
for SmC detection.

Enzymatic deamination for 5hmC detection

For ShmC detection, 200 ng of mouse E14 genomic DNA was
mixed with 10 ng unmethylated lambda DNA, 10 ng of T4gt phage
DNA, and 1 ng of CpG methylated pUC19 DNA and then incubat-
ed with 20 U of BGT (NEB) in 1x NEBuffer 2 for 2 h at 37°C.
Glucosylated genomic DNA was incubated additional 30 min
with 0.8 U of Proteinase K (NEB) at 37°C and purified with a
Genomic DNA Clean & Concentrator kit (Zymo Research).
Purified DNA was then denatured at 90°C in presence of 29% of
formamide for 10 min and deaminated with 100 U of
APOBEC3A (EM-seq components E7133AA and E7134AA) in
100 pL reaction volume for 16 h. Three microliters of deaminated
genomic DNA and control DNAs were used without further purifi-
cation for PCR amplifications with Phusion U hot start DNA
Polymerase (Thermo Fisher Scientific) using primer pairs listed in
Supplemental Table S9.

High-throughput sequencing of the enzymatically deaminated amplicons

5SmC and ShmC amplicons were pooled with the control ampli-
cons, respectively, and were sequenced using the Illumina,
Nanopore, and PacBio platforms (Supplemental Methods). In
brief, for lllumina sequencing, 50 ng of each amplicon pool was
fragmented to an average size of 500 bp using the Covaris S2 in-
strument in 50 pL of 0.1x TE buffer. Sonicated DNA was used to
construct libraries with a NEBNext ultra DNA library prep kit
(NEB) and sequenced on an Illumina MiSeq instrument. For
Nanopore sequencing, the 1D Native barcoding genomic DNA
kit (Oxford Nanopore Technologies EXP-NBD103 and SQK-
LSK108 kits) was used for library preparation. Five hundred nano-
grams of each SmC and 5ShmC amplicon pool was barcoded and
sequenced on the same flow cell (FLO-MIN106 Rev D) for a total
of 11 h on a MinIlON (Oxford Nanopore Technologies). Raw
fastS data were generated using MinKNOW version 18.12 and
base-called using Guppy base caller version 2.1.3. For PacBio se-
quencing, 400 ng of the SmC and ShmC amplicon pools was re-
spectively prepared and sequenced on a PacBio Sequel platform
following the manufacturer’s protocols (Pacific Biosciences
Sequencing primer v3 and Sequel binding Kit 2.1, Sequel sequenc-
ing Kit 2.1). One SMRT cell (SMRT Cell 1M v2) was used for each
library with a 600-min movie. Circular consensus sequences
(CCSs) were generated using the SMRT Link (version 6.0.0.47841).

5mC and 5hmC phasing of mouse DMRs using LR-EM-seq

Mice

Three different mice strains are used for this project: (1) Cast/EiJ
(Cast), (2) 129 x 1/Sv] (129), and (3) the F1 offspring of Cast (fe-
male) X129 (male). The crosses of Cast and 129 mice were per-
formed by the Jackson Laboratory. The frontal cortex samples of
the male mice F1 offspring and a male mouse of each parental
strain were collected at 8-10 wk at the Jackson Laboratory and
were shipped to the investigator at NEB on dry ice (compliant
with the provisions of the Public Health Service Policy on
Humane Care and Use of Laboratory Animals).
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Genomic DNA extraction and purification

The genomic DNA was extracted from ~10-mg frozen brain cortex
samples using the NEB Monarch genomic DNA purification kit
(NEB). Four microliters of RNase A (100 mg/mL) has been added
to the tissue lysate (and incubated 5 min at room temperature)
in both protocols to prevent the inhibition of APOBEC3A by
RNA during the deamination process. The extracted genomic
DNA was purified again using AMPure XP beads.

Preparation of LR-EM-seq long amplicons

Twenty nanograms of purified genomic DNA was glucosylated by
incubating with 20 U of BGT (NEB) for 2 h at 37°C (for ShmC
detection). Glucosylated genomic DNA was incubated an addi-
tional 30 min with 0.8 U of Proteinase K at 37°C and subsequently
purified with Genomic DNA Clean & Concentrator kit (Zymo
Research, USA Research). For SmC detection, mouse brain geno-
mic DNA (200 ng) was oxidized by incubating with 16 pg of
TET2 (EM-seq TET2 reaction buffer [reconstituted], E7128A,
E7131A diluted, and E7130A) for 30 min at 37°C followed 30-
min incubation with BGT (NEB EM-seq component E7129A) in
the same buffer at 37°C. Oxidized brain genomic DNA was incu-
bated an additional 30 min with 0.8 U of Proteinase K at 37°C
and subsequently purified with Genomic DNA Clean &
Concentrator kit (Zymo Research, USA Research). Purified DNA
was denatured at 80°C in presence of 66% of formamide and was
deaminated with 0.3 pg of APOBEC3A in 100 mL reaction volume
(EM-seq components E7133AA and E7134AA) for 16 h for ShmC
detection and 3 h for SmC detection. We then purified DNA
with Genomic DNA Clean & Concentrator kit (Zymo Research,
USA Research). Targeted DMRs were amplified from each of the pu-
rified deaminated DNA wusing custom designed primers
(Supplemental Table S9).

SMRT sequencing

The purified long amplicons were prepared for PacBio SMRT se-
quencing (Pacific Biosciences) following the “amplicon template
preparation and sequencing” protocol. One library was prepared
for each region and for each modification type and was loaded
onto the SMRT cell using the MagBead method. The LR-EM-seq li-
braries were sequenced on a PacBio RSII machine with 5.5-h mov-
ie. Consensus sequences of individual sequenced molecules (read
of insert) were generated by the “RS_ReadsOfInsert” protocol using
the SMRT portal (version 2.3.0.140893). Reads that were shorter
than the expected amplicon size were removed from downstream
analysis. We then corrected the quality scores of the SMRT consen-
sus sequences using the BBmap tools (Bushnell B; sourceforge.net/
projects/bbmap/) and then conducted phasing analysis (see below
“5SmC and ShmC phasing analysis”).

Bioinformatics analysis

Data processing and 5mC, 5ShmC calling of Illumina libraries

Raw reads were first trimmed by the Trim Galore software (https
://github.com/FelixKrueger/TrimGalore) to remove adapter se-
quences and low-quality bases from the 3’ end. Unpaired reads ow-
ing to adapter/quality trimming were also removed during this
process. The trimmed read sequences were C-to-T converted and
were then mapped to a composite reference sequence including
the mouse genome (mm?9) and the complete sequences of lambda,
pUC19, phage XP12, and T4 controls using the Bismark program
(Krueger and Andrews 2011) with the default Bowtie 2 setting
(Langmead and Salzberg 2012). We used the GRCm37 (mm9) as-
sembly to map all sequencing reads from mouse origin in this

study because many annotations were not available or were in-
complete for the GRCm38 (mm10) build when we started our
study. GRCm38 is not known to have a significant difference
from mm?9 in base composition nor in cytosine content. In addi-
tion, because our study compares results between different meth-
ods or compares to the previous work, which also used mm?9 as
reference sequence, mapping the reads to GRCm38 (mm10)
should not significantly affect our conclusions.

The aligned reads were then subjected to three postprocessing
QC steps: First, alignment pairs that shared the same alignment
start positions (5 ends) were regarded as PCR duplicates and
were discarded. This deduplication step was skipped for loci-specif-
icamplicon libraries. Second, the first 5 bp at the 5’ end of R2 reads
were removed to reduce end-repair errors, and third, reads that
contained excessive cytosines in non-CpG context (e.g., more
than five for 5SmC libraries and more than three for ShmC libraries)
were removed to reduce nonconversion errors. CpH-based filtering
for bisulfite experiments of mammalian samples have been used to
reduce nonconversion errors (Lister et al. 2009). This filtering
method is not applicable to organisms that have appreciable levels
of non-CpG methylation (e.g., most plants). The remaining good
quality alignments were then used for cytosine methylation and
hydroxymethylation calling by a Bismark methylation extractor.

For additional 5SmC and ShmC analysis of the Illumina librar-
ies, see the Supplemental Methods.

5mC and 5hmC phasing analysis

We used Bismark (Krueger and Andrews 2011) to map full-length
reads from PacBio SMRT sequencing and Oxford Nanopore se-
quencing to the mouse reference genome (mm?9) with the follow-
ing parameters: --bowtie2 -N1 -L15 --score_min L,0,-0.6. The
modification states of individual CpG sites were called by the bis-
mark_methylation_extrator program. We then extracted the con-
text-specific methylation information of individual molecules
and plotted in R (R Core Team 2017). SNPs were called from the
same PacBio sequencing reads using the SAMtools package (Li
et al. 2009). We used the SNPs that are consistent with the previ-
ously reported heterozygous SNPs (Xie et al. 2012) to distinguish
paternal and maternal copies in the F1 sample for phasing analysis.
The conversion rates were calculated using all the cytosines in CpC
and CpT context by following formula: converted C(C/T)/total
C(C/T). We exclude CpA from the calculation of nonconversion
error rate because it was previously reported that brain DNA has
a high level of CpA modification (Xie et al. 2012; Lister et al.
2013; Guo et al. 2014).

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE141908.
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