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Outline

i. Overview of methods for interrogation of DNA methylation
• Overview of important concepts
• Enrichment & targeted-based methods
• Genome-wide methods

ii. How to access epigenomics services for your research project at Sweden’s 
National Genomics Infrastructure (NGI)



Short intro: Conversion

Bisulfite coversion has been the ”Gold standard” for DNA methylation analysis. 
Provides ”single nucleotide resolution”.

5-methyl-cytosine is resistant 
to chemical coversion!!!!!



• Very harsh chemical that degrades 
and fragments DNA

What you need to know about bisulfite
conversion

Control 
DNA

Bisulfite 
treated 
DNA



New innovation- Enzymatic conversion!

WGBS is the gold standard for methylome analysis, but
the chemical bisulfite reaction:
I. Damages / degrades DNA 
II. Results in fragmentation / loss
III. Can result in CG bias and uneven genome coverage

Enzymatic methylation sequencing (EM-seq)
TET2 enzymatically oxidizes 5mC and 5hmC through a 
cascade reaction into 5-carboxycytosine (5caC)

A second enzymatic step uses APOBEC to deaminate
cytosine to uracil, but does not affect 5caC.

5-methylcytosine (5mC) → 5-hydroxymethylcytosine (5hmC) 
→ 5-formylcytosine (5fC) → 5-carboxycytosine (5caC)

Gentle with little/no strand breakage!

Figure: www.NEB.com

http://www.neb.com/


Base-pair resolution and quantitative 
measurement of methylation levels

C = methylated

U->T = unmethylated

At all cytosines, not only CpGs!



Short intro: ”NGS” libraries

Double stranded genomic DNA

Shearing to make DNA 
fragments shorter (with 

bisulfite treatment optional)

Ligate platform-specific 
sequencing adapters



Short intro: ”NGS” libraries

+ Bisulfite conversion
Do distinguish C from 
5mC 

Makes DNA single-
stranded!

- Amplification
PCR and whole genome
amplification (WGA) do not 
copy epigenetic marks like 
DNA methylation!!!



Different approaches to reduce the genome to regions of interest
(typically those with many CpG sites)

• Cost saving (less sequencing required)
• Less computationally intensive (less data generated)
• High throughput (some approaches)

Enrichment & targeted-based methods



Enrichment-based methods

Figure from:
Lan, et al. (2011) High Resolution Detection and Analysis of CpG 
Dinucleotides Methylation Using MBD-Seq Technology. 
https://doi.org/10.1371/journal.pone.0022226 

https://doi.org/10.1371/journal.pone.0022226


Enrichment-based methods

Pros:

• Works for different 
species

Cons:

• Not base-pair 
resolution

• Indirect measurement 
of DNA methylation can 
be more difficult to 
interpret

• Lab-intensive and not 
easily automated



Target-Capture
Target-capture of pre-defined genomic regions, 
NGS library preparation, uses bisulfite conversion.

Pros:

• Focused set of targets regions: can achieve high 
coverage on target 

• “Cost-effective” 

• Captures millions of CpG sites (3-5M)

Cons:

• Typically only for Human, other species possible on 
some platforms

• Standard conversion cannot distinguish between 5mC 
and 5hmC

Seq-Cap enrichment
(Roche) –
5M CpGs

SureSelectXT Methyl-Seq
Target Enrichment Kit 

(Agilent Technologies) –
3.7M CpGs

Twist Custom Methylation
Panel – 3.2M CpGs

PCR & NGS

Genomic DNA

Library prep

Bisulfite
conversion

Enrichment
with target-
specific probes



• Bisulfite converted DNA
• >800,000 CpG sites
• 96% CpG islands
• 99% Refseq genes 
• CpG sites outside of CpG islands
• Non-CpG methylated sites 

identified in human stem cells
• Differentially methylated sites 

found in cancer and several tissue 
types

• FANTOM 4 promoters
• DNase hypersensitive sites
• miRNA promoters

DNA methylation arrays

 32 

 
Figure 7. Schematic depiction of DNA methylation assays. (A) Bisulfite is applied 
to genomic DNA to convert unmethylated cytosines to uracils. In the GoldenGate 
Assay, the methylation levels are assayed using allele-specific oligos that hybridize 
to the site of interest. Ligated constructs are then amplified by PCR with three uni-
versal primers: Two fluorescently labeled allele specific primers (shown in red and 
green) and a reverse primer universal to each template (shown in gray). The PCR 
products are hybridized to BeadArrays by their complementary address sequences 
(yellow) and the methylation status is deduced by the signals from the two fluoro-
phores. (B) Thirty percent of the 450k probes on the Infinium Human Methylation 
450k BeadChip are type I, based on allele-specific hybridization followed by single 
base extension with fluorescently labeled nucleotides that measure the methylation 
status of CpG sites with two different bead types in one color channel. (C) The re-
maining (type II) probes are based on allele-specific base extension by fluorescently 
labeled nucleotides. Type II probes are analyzed in two color channels, one color for 
methylated and the other for unmethylated cytosines on one bead type.  

8 samples per chip 
2 chips in parallel

Beta value (β) = M
M + U + 100



DNA methylation arrays
Pros:

• The most popular method on the market
• Base-pair resolution
• Compatible with FFPE DNA
• Compatible with 5hmC detection
• Many R packages available for data analysis and 

publically available datasets
• Cons

• Human only* (Mouse Methylation BeadChip
available with 285k CpG sites or flexible iSelect
Methyl Custom BeadChip, but $$)

• 850k out of 29M CpG sites 



• ”reduces” the genome to informative regions with high CG content 

• Based on restriction digestion with an enzyme that cuts at CCGG (MspI)

Reduced Representation Bisulfite 
Sequencing (RRBS)

Pros:
• Compatible with most species 
• Low cost 
• Base-pair resolution (bisulfite)
• reads are heavily concentrated to CpG 

islands
• High throughput
Cons
• Does not capture all promoters or CpG 

islands
• Results can vary depending on input 

DNA quality / contaminants in the 
sample



RRBS

Figure adapted from Meissner et al. Nature 454 
(2008) https://doi.org/10.1038/nature07107

HCNE: 
highly conserved non-coding element

https://doi.org/10.1038/nature07107


Whole Genome Methylome Sequencing

• Many acronyms ; WGBS, 
MethylC-seq, BS-seq

• ”Unbiased” – no selection or 
enrichment

• Genome-wide coverage of all 
cytosines

• Base-pair resolution
• Uses bisulfite conversion or 

enzymatic conversion to 
distinguish methylated from 
unmethylated cytosines



Many different approaches …
sheared gDNA

Conventional approach
MethylC-seq

library preparation

bisulfite conversion

PCR amplification

Tagmentation-based
T-WGBS

gDNA

library preparation

bisulfite conversion

PCR amplification

Post-bisulfite
library 

preparation 

sheared or 
unsheared gDNA

bisulfite conversion

Accel-NGS

AdaptaseTM

extension and 2nd ligation

PCR amplification

TruSeq DNA 
methylation

NNNNNN

random priming/extension

3’ end tagging
NNNNNNX

PCR amplification

NNNNNN

3’ adapter ligation
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SPLAT

X
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Post-Bisulfite Adapter Tagging
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First random priming + first strand
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ReBuilT

sheared gDNA

modified library preparation

bisulfite conversion

extension and ligation

wash and elute

(A) (D)

(E)
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Fig. 1 Schematic overview of Illumina compatible short-read library preparation methods. (A) In the conventional methyl-seq approach meth-
ylated adapters are ligated to fragmented DNA, followed by bisulfite conversion and PCR. (B) The first step in the tagmentation-based WGBS
approach (T-WGBS) involves a transposon cleaving the DNA while simultaneously tagging the double-stranded DNA with a universal partial
adapter sequence. Tagmentation is followed by bisulfite conversion and PCR. (C) In post-bisulfite library preparation approaches, DNA can
be sheared or left unsheared prior to bisulfite conversion. The bisulfite converted single-stranded DNA is subsequently tagged with adapters
using different approaches: adaptase (Accel-NGS), splinted adapter ligation (SPLAT), random priming (TruSeq DNA methylation and PBAT), or
TACS ligation (tPBAT). Limited-cycle PCR amplification is then applied in most protocols. (D) The ReBuilT protocol uses a combined pre- and post-
bisulfite library preparation approach. (E) EM-seq is based on enzymatic conversion of non-methylated cytosine bases. With the exception of the
enzymatic deamination step, the EM-seq libraries are typically prepared according to the conventional library preparation approach.

J Nordlund, Chapter Eleven - Advances in whole genome methylomic sequencing, 
Epigenetics Methods, Academic Press (2025), https://doi.org/10.1016/B978-0-12-
819414-0.00011-2

DNA

Bisulfite conversion

Prepare library

Short-read sequencing

https://doi.org/10.1016/B978-0-12-819414-0.00011-2
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Whole Genome Methylome Sequencing
Direct read out of DNA modifications by single molecule, long read technologies (PacBio, Oxford Nanopore)

Pros: Phased information! Allelle specific methylation. ImprintingCons; need a lot of native DNA for sequencing + compute

In theory can detect all sorts of DNA modification-Challenge is to train models to correctly detect specific modifications



Short vs long-read sequencing, what’s
the difference?

Short-read
Illumina
Pros:
• Low cost
• High throughput
• Detect 5mC & 5hmC *depending 

on library prep applied
• Species agnostic

Cons:
• Requires conversion of 

(un)modified bases DNA with 
chemicals or enzymes

• 5mC cannot be distinguished 
from 5hmC (and other types of 
marks) without specific 
conversion approaches

Long-read
PacBio/ONT
Pros:
• Base modification can be read directly from 

sequencing
• Maintain phasing information
• Detect 4mC, 5mC, 5hmC, 5fC, 5caC, 6mA, etc
• Species agnostic

Cons:
• Cost (high coverage needed) – limiting for 

large genomes 
• Difficult to detect signals
• Low throughput



Reproducibility & quality
Foox J, Nordlund J, et al. The SEQC2 epigenomics quality control (EpiQC) study. Genome Biol 2021:
https://doi.org/10.1186/s13059-021-02529-2

EPIC arrays 
• duplicate/triplicate at 3 labs

WGBS  
• TruSeq DNA methylation (Illumina)
• Accel-NGS methyseq (Swift)
• SPLAT (Raine et al, NAR 2017)  

OXBS
• TrueMethyl oxBS-seq (NuGEN)

Enzymatic deamination
• EM-seq (NEB)

ONT: direct methylation calling

7 cell lines

Alignment and methylation calling: 
• BISMARK
• BitMapperBS
• BSSeeker2
• Bwa-meth
• Gem-bs

Microarray normalization
• 26 between-array and within-

array normalization methods 



Reproducibility & quality

Foox J, Nordlund J, et al. The SEQC2 epigenomics quality control (EpiQC) study. Genome Biol 2021: https://doi.org/10.1186/s13059-021-02529-2

Overall, no major quantitative 
difference between pipelines but 
bwa-meth was easiest to implement 
and retained most data.

Noticeable inter- and intra-library 
differences

https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
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Reproducibility & quality

Foox J, Nordlund J, et al. The SEQC2 epigenomics quality control (EpiQC) study. Genome Biol 2021: https://doi.org/10.1186/s13059-021-02529-2

Overall, no major quantitative difference between methylation (beta-values) called after 
libraries were normalized for nr reads mapped (see next slide).

But they did differ in number of CpG sites detected!

https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
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Reproducibility & quality

Foox J, Nordlund J, et al. The SEQC2 epigenomics quality control (EpiQC) study. Genome Biol 2021: https://doi.org/10.1186/s13059-021-02529-2 

Correlation in DNA methylation estimation decreases as coverage decreases

https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2
https://doi.org/10.1186/s13059-021-02529-2


Reproducibility & quality
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Figure �: Sequencing and alignment ofwholemethylome libraries. (a) Total reads captured for eachGenome
in a Bottle (GIAB) cell line across common epigenetic library preparations. Each stacked bar represents one
replicate per library (combining technical replicates), and different shades for EMSeq represent libraries pre-
pared at two sites. (b)Median insert size estimates derived fromdistance between aligned paired end reads.
(c) Cumulative coverage plot, averaged across the GIAB cell line genomes, for each genomic assay. (d) Dis-
tribution of mean coverage of cytosines in CpG contexts across assays, here shown just for chromosome
� within HG��� replicates. (e) Normalized GC coverage bias per assay, calculated as dividing the number
of aligned bases by the number of ���bp windows in the genome that match a given %GC. (f) Nucleotide
distribution per assay, showing the log� distribution of covered versus expected mono- and di-nucleotide
patterns. (g) Read retention rate per assay, showing the fraction of total reads that are �ltered by each step
in the alignment process. (h) Mean depth of coverage per CpG dinucleotide versus the total number of reads
sequenced per assay, showing the relationship of sequencing required to achieve a certain level of capture.

��

Foox J, Nordlund J, et al. The SEQC2 epigenomics quality control (EpiQC) study. Genome Biol 2021: https://doi.org/10.1186/s13059-021-02529-2
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Reproducibility & quality

Foox J, Nordlund J, et al. The 
SEQC2 epigenomics quality
control (EpiQC) study. Genome
Biol 2021:
https://doi.org/10.1186/s13059-021-
02529-2

funnorm + RCP 
worked best on 
these samples



Single-cell WGBS
Single cell WGBS

ü Single stranded library prep
ü FACS sorting required (384 plates)
ü Plate- based low throughput (although autmation

enable troughput of >1000 cells/exp)
ü Expensive
ü Sparse information-At most 50% CpG sites coverage, 

usually a lot less

Slide courtesy of Amanda Raine



From ”bulk” to single cells

Lee, J. et al. Single-cell multiomics: technologies and data analysis methods. Exp Mol 
Med 52, 1428–1442 (2020). https://doi.org/10.1038/s12276-020-0420-2

Numerous protocols exist for scWGSB, RRBS, etc – and even integrate
transcriptomics in and DNA methylation measurements from the same cell! 

https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1038/s12276-020-0420-2
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In summary, there are many approaches
for studying DNA methylation

Page 3 of 16Yong et al. Epigenetics & Chromatin  (2016) 9:26 

hybridized to the array. Using CHARM, Irizarry et al. dis-
covered that most DNA methylation differences between 
colon cancer and adjacent normal tissues occurred in 
sequences up to 2 kb away from CGIs, termed CpG island 
shores (CGI shores) [36]. Unexpectedly, differentially 
methylated regions (DMRs) in CGI shores have a strong 
inverse relationship with differential gene expression. 
CHARM, as a restriction enzyme-based method, is able 
to detect DMRs at CGI shores, which are otherwise not 
detectable with CpG-directed enrichment methods such 
as methylated DNA immunoprecipitation (MeDIP).

Affinity enrichment-based methods
Affinity enrichment-based methods use either methyl-
CpG-binding domain (MBD) proteins or antibodies 
specific for 5mC (as in MeDIP) to enrich methylated 
DNA regions. The results from an MBD protein-based 
approach, which relies on the capacity of MBD proteins 
to bind specifically to methylated DNA sequences, could 
be profiled using microarray (MBD-chip) or sequencing 
(MBDCap-seq/MethylCap-seq [37], methylated DNA 
capture by affinity purification) technologies. Serre et al. 

used MBDCap-seq to study 3 isogenic colon cancer cell 
lines, and the results confirmed known methylated loci 
and regions and identified differential methylation in 
ZEB1, VASH2 and PODXL2 between the HCT116 and 
DICER1-truncated DICERex5 cell lines [38].

Methylated DNA immunoprecipitation (MeDIP)
MeDIP utilizes an anti-methylcytosine antibody to immu-
noprecipitate DNA with methylated CpG sites [39]. The 
DNA fractions enriched by MeDIP can be evaluated using 
tiling arrays (MeDIP-chip) or high-throughput sequencing 
(MeDIP-seq) [40]. MeDIP-seq typically yields a resolution 
of 100–300 bp and could not discriminate methylation con-
text. This can be an issue when research topics are context-
specific. Because the methylation statuses of neighboring 
CpG sites are correlated, MeDIP-seq can be a cost-effec-
tive approach when single-base resolution is not desired 
[41] (Table 1). Taiwo et al. reported that a minimum of 1× 
coverage can cover up to 70 % of all CpGs in human, sug-
gesting that the majority of the methylated CpGs can be 
interrogated by MeDIP given that 60–80  % of the CpGs 
are methylated in a genome [42]. MeDIP-seq generates the 

Fig. 1 Commonly used methods for genome-wide DNA methylation analysis. a The procedures may involve fragmentation of genomic DNA by 
restriction enzyme digestion or sonication. The genomic DNA can be subjected to MBD enrichment, antibody enrichment, bisulfite conversion or 
TET oxidation before analyzing by microarray or next-generation sequencing platform. b Single-cell DNA methylation analysis that involves the iso-
lation of single cells allows the assessment of methylation heterogeneity in cell populations while other genome-wide DNA methylation profiling 
methods using pooled heterogeneous cell populations are not capable to dissect the methylation heterogeneity. Blue concrete dots represent 5mC, 
and hollowed ones represent C. Each track represents 1 read
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Abstract 
DNA methylation is an epigenetic modification that plays an important role in regulating gene expression and 
therefore a broad range of biological processes and diseases. DNA methylation is tissue-specific, dynamic, sequence-
context-dependent and trans-generationally heritable, and these complex patterns of methylation highlight the 
significance of profiling DNA methylation to answer biological questions. In this review, we surveyed major methyla-
tion assays, along with comparisons and biological examples, to provide an overview of DNA methylation profiling 
techniques. The advances in microarray and sequencing technologies make genome-wide profiling possible at a 
single-nucleotide or even a single-cell resolution. These profiling approaches vary in many aspects, such as DNA 
input, resolution, genomic region coverage, and bioinformatics analysis, and selecting a feasible method requires 
knowledge of these methods. We first introduce the biological background of DNA methylation and its pattern in 
plants, animals and fungi. We present an overview of major experimental approaches to profiling genome-wide DNA 
methylation and hydroxymethylation and then extend to the single-cell methylome. To evaluate these methods, we 
outline their strengths and weaknesses and perform comparisons across the different platforms. Due to the increas-
ing need to compute high-throughput epigenomic data, we interrogate the computational pipeline for bisulfite 
sequencing data and also discuss the concept of identifying differentially methylated regions (DMRs). This review 
summarizes the experimental and computational concepts for profiling genome-wide DNA methylation, followed by 
biological examples. Overall, this review provides researchers useful guidance for the selection of a profiling method 
suited to specific research questions.
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Background
DNA methylation, one of the most studied epigenetic 
modifications, involves the addition of a methyl group 
to the fifth carbon of cytosine (C), forming 5-methyl-
cytosine (5mC), catalyzed by DNA methyltransferases 
(Dnmts) [1]. DNA methylation predominantly occurs 
in CpG dinucleotides (CpGs) but is also found less fre-
quently in non-CpG contexts (e.g., CHG and CHH, 
where H = A, T or C). These contexts affect gene func-
tion and structure differently [2]. The de novo DNA 
methyltransferases Dnmt3a and Dnmt3b are responsi-
ble for catalyzing the methylation of Cs, and the mainte-
nance methyltransferase Dnmt1 enables the propagation 
of DNA methylation patterns during cell division [3–5]. 

DNA methylation has been associated with numerous 
cellular processes, such as transcriptional repression, 
X chromosome inactivation, embryonic development, 
genomic imprinting, the alteration of chromatin struc-
ture and transposon inactivation [6, 7]. The methyl marks 
are heritable, that certain methylation patterns have 
transgenerational effects [8]. The patterns of these marks 
are also dynamically remodeled during distinct repro-
gramming phases throughout the life cycle of an organ-
ism [9]. DNA methylation does not occur exclusively on 
C residues; methylation can also present as N6-methy-
ladenine (6mA) in Chlamydomonas reinhardtii (algae) 
[10], Caenorhabditis elegans (nematode) [11], Drosophila 
melanogaster (insect) [12] and vertebrates such as Xeno-
pus laevis, mouse and human [13]. In addition to 5mC, 
5-hydroxymethylcytosine (5hmC) is another epigenetic 
mark in the mammalian genome associated with DNA 
demethylation. 5hmC is produced via the oxidation of 
5mC catalyzed by the ten-eleven translocation (TET) 
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New methods coming

TET-assisted pyridine borane sequencing (TAPS) 

Infinium Methylation Screening Array (48 samples/array)
Ultra high throughput, reduced cost
~270k CpG sites
50ng DNA input

Whole genome analysis of 6-bases in 1* experiment

Illumina 5-base library prep
**Convert methylated 
cytosine instead of 
unmethylated cytosine



So which method should I choose?
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Analysis of DNA methylation patterns relies increasingly on 
sequencing-based profiling methods. The four most frequently 
used sequencing-based technologies are the bisulfite-based 
methods MethylC-seq and reduced representation bisulfite 
sequencing (RRBS), and the enrichment-based techniques 
methylated DNA immunoprecipitation sequencing (MeDIP-seq) 
and methylated DNA binding domain sequencing (MBD-seq). 
We applied all four methods to biological replicates of human 
embryonic stem cells to assess their genome-wide CpG coverage, 
resolution, cost, concordance and the influence of CpG density 
and genomic context. The methylation levels assessed by the 
two bisulfite methods were concordant (their difference did 
not exceed a given threshold) for 82% for CpGs and 99% of 
the non-CpG cytosines. Using binary methylation calls, the two 
enrichment methods were 99% concordant and regions assessed 
by all four methods were 97% concordant. We combined MeDIP-
seq with methylation-sensitive restriction enzyme (MRE-seq) 
sequencing for comprehensive methylome coverage at lower 
cost. This, along with RNA-seq and ChIP-seq of the ES cells 
enabled us to detect regions with allele-specific epigenetic 
states, identifying most known imprinted regions and new loci 
with monoallelic epigenetic marks and monoallelic expression.

DNA methylation plays a vital role in embryonic development, main-
tenance of pluripotency, X-chromosome inactivation and genomic 
imprinting through regulation of transcription, chromatin structure 
and chromosome stability1. It occurs at the C5 position of cytosines 
within CpG dinucleotides2–4 and at non-CpG cytosines in plants and 
embryonic stem cells (ESCs) in mammals. 5-Hydroxymethylation 
of cytosine also occurs in certain human and mouse cells5,6 and is 
catalyzed by Tet proteins acting on methylated cytosine7. Several 

experimental methods detect methylation but not hydroxymethyla-
tion, whereas others detect both but cannot distinguish them.

Understanding the role of DNA methylation in development and 
disease requires knowledge of the distribution of these modifications 
in the genome. The availability of reference genome assemblies and 
massively parallel sequencing has led to methods that provide high-
resolution, genome-wide profiles of 5-methylcytosine8–16. In contrast 
to arrays, sequencing-based methods can interrogate DNA methyla-
tion in repetitive sequences and more readily allow epigenetic states 
to be assigned to specific alleles. The unique characteristics of each 
method leave uncertainty about how to select the method best suited 
to answer particular biological questions. DNA methylation maps are 
being produced by many laboratories worldwide, and their integra-
tion forms a basis for emerging international epigenome projects17. 
Thus, it is critical to determine the precision of each method, and how 
reliably they can be compared.

Here, we provide a detailed and quantitative comparison of four 
sequencing-based methods for genome-wide DNA methylation 
profiling. We focused on two methods that use bisulfite conversion 
(MethylC-seq8 and RRBS9), and two methods that use enrichment of 
methylated DNA (MeDIP-seq10,11 and MBD-seq12). We also devel-
oped an integrative methodology combining MeDIP-seq to detect 
methylated CpGs with MRE-seq13,14 to detect unmethylated CpGs. 
Unlike the enrichment methods alone, the integrative method can 
accurately identify regions of intermediate methylation which—in 
conjunction with single nucleotide polymorphism (SNP) profiling 
from the sequencing data—permits genome-wide identification of 
allele-specific epigenetic states.

RESULTS
Generation of DNA methylation profiles from human ESCs
Four individual sequencing-based methods and one integrative 
method were used to generate and compare DNA methylation pro-
files of three biological replicates of H1 ESCs. MethylC-seq (data used 
here is from ref. 8) involves shotgun sequencing of DNA treated with 
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Abstract 
DNA methylation is an epigenetic modification that plays an important role in regulating gene expression and 
therefore a broad range of biological processes and diseases. DNA methylation is tissue-specific, dynamic, sequence-
context-dependent and trans-generationally heritable, and these complex patterns of methylation highlight the 
significance of profiling DNA methylation to answer biological questions. In this review, we surveyed major methyla-
tion assays, along with comparisons and biological examples, to provide an overview of DNA methylation profiling 
techniques. The advances in microarray and sequencing technologies make genome-wide profiling possible at a 
single-nucleotide or even a single-cell resolution. These profiling approaches vary in many aspects, such as DNA 
input, resolution, genomic region coverage, and bioinformatics analysis, and selecting a feasible method requires 
knowledge of these methods. We first introduce the biological background of DNA methylation and its pattern in 
plants, animals and fungi. We present an overview of major experimental approaches to profiling genome-wide DNA 
methylation and hydroxymethylation and then extend to the single-cell methylome. To evaluate these methods, we 
outline their strengths and weaknesses and perform comparisons across the different platforms. Due to the increas-
ing need to compute high-throughput epigenomic data, we interrogate the computational pipeline for bisulfite 
sequencing data and also discuss the concept of identifying differentially methylated regions (DMRs). This review 
summarizes the experimental and computational concepts for profiling genome-wide DNA methylation, followed by 
biological examples. Overall, this review provides researchers useful guidance for the selection of a profiling method 
suited to specific research questions.
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Background
DNA methylation, one of the most studied epigenetic 
modifications, involves the addition of a methyl group 
to the fifth carbon of cytosine (C), forming 5-methyl-
cytosine (5mC), catalyzed by DNA methyltransferases 
(Dnmts) [1]. DNA methylation predominantly occurs 
in CpG dinucleotides (CpGs) but is also found less fre-
quently in non-CpG contexts (e.g., CHG and CHH, 
where H = A, T or C). These contexts affect gene func-
tion and structure differently [2]. The de novo DNA 
methyltransferases Dnmt3a and Dnmt3b are responsi-
ble for catalyzing the methylation of Cs, and the mainte-
nance methyltransferase Dnmt1 enables the propagation 
of DNA methylation patterns during cell division [3–5]. 

DNA methylation has been associated with numerous 
cellular processes, such as transcriptional repression, 
X chromosome inactivation, embryonic development, 
genomic imprinting, the alteration of chromatin struc-
ture and transposon inactivation [6, 7]. The methyl marks 
are heritable, that certain methylation patterns have 
transgenerational effects [8]. The patterns of these marks 
are also dynamically remodeled during distinct repro-
gramming phases throughout the life cycle of an organ-
ism [9]. DNA methylation does not occur exclusively on 
C residues; methylation can also present as N6-methy-
ladenine (6mA) in Chlamydomonas reinhardtii (algae) 
[10], Caenorhabditis elegans (nematode) [11], Drosophila 
melanogaster (insect) [12] and vertebrates such as Xeno-
pus laevis, mouse and human [13]. In addition to 5mC, 
5-hydroxymethylcytosine (5hmC) is another epigenetic 
mark in the mammalian genome associated with DNA 
demethylation. 5hmC is produced via the oxidation of 
5mC catalyzed by the ten-eleven translocation (TET) 
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The activity of genes, and thus the establishment and main-
tenance of cellular identity, is regulated by a diverse set of 
transcription factors (TFs), chromatin regulators, noncoding 

RNAs, factors regulating genome topology and more. Large-scale 
consortia such as the Encyclopedia of DNA Elements (ENCODE)1, 
the National Institutes of Health (NIH) Roadmap Epigenomics 
Project2 and the International Human Epigenome Consortium3 
have applied DNase I hypersensitivity4, chromatin immunoprecipi-
tation (ChIP)5 and bisulfite sequencing (among others) to charac-
terize chromatin structure, TF occupancy and DNA methylation in 
many cell types and tissues. These genome-wide assays have identi-
fied a large diversity of functional regulatory elements and a pleth-
ora of chromatin factors that bind these elements. However, these 
aggregate maps represent averaged signals over populations of cells 
and thus mask cellular and regulatory heterogeneity. There is now 
increasing recognition of the importance of cell-to-cell variation 
within tissues6 and also measurements of the physical co-occurrence  
between different chromatin modifications or chromatin regulators 
at individual loci7,8. Methods for single-cell and single-molecule 
epigenomic analysis are therefore required to parse the mechanisms 
of gene regulation across the diverse cellular landscape in develop-
ment and disease.

Advances in molecular biology, microfluidics and imaging 
technologies have catalyzed a boom in the number of epigenomic 
modalities that can be measured at single-cell and single-molecule 
resolution (Table 1 and refs. 9,10). Recent reports have described high-
throughput single-cell chromatin11 and DNA methylation12 analyses  
powering epigenomic studies to tens of thousands of cells13–15. 
Furthermore, the surge of technological innovations for single-cell 
transcriptomics promises to further accelerate the development of 
single-cell epigenomic technologies6,16,17. These assays can be used 
to characterize cell types in complex tissues13–15,18,19; however, as  
single-cell transcriptomics is also a widely accessible and robust 
technology for de novo discovery of cell states6, why then are single-
cell epigenomic studies a worthwhile endeavor? In this Perspective, 

we focus on the unique biology that may be uncovered by single-cell 
analysis of the epigenome (Box 1). We present a number of motivating  
concepts unique to single-cell epigenomic analysis: for example, 
the unbiased discovery of cis and trans regulators and their activity 
profiles across cell states within complex tissues. We also explore 
how these technologies can be used to answer long-standing ques-
tions in cell biology, such as how do cells choose lineage fates and is  
lineage choice first encoded in the epigenome or in gene expression? 
Additionally, we investigate the biology underlying epigenomic 
analysis at the single-molecule scale. Last, we describe what may be 
the next generation of single-cell and single-molecule epigenomic 
tools to further progress our understanding of gene regulation.

Single-cell-resolved epigenomic regulation
Single-cell epigenomic assays provide an opportunity to define reg-
ulators, and thus mechanisms, of chromatin structure underlying  
cell identity. Single-cell measures of DNA methylation20, chro-
matin accessibility13–15,18,19 or histone modifications21 can define  
cis-regulatory elements that govern the expression of nearby genes 
(for example, enhancers) and master regulator trans factors, such as 
TFs, that control the activity of these regulatory elements. In addi-
tion, methods to measure genome structure in single cells may be 
used to define the 3D structure of the genome22 in order to under-
stand the contribution of topology to gene regulation. Below we 
draw on examples from single-cell and bulk studies to highlight the 
future potential for single-cell epigenomics analyses.

Gene expression programs are tightly controlled by the con-
certed action of TFs, chromatin modifiers and other regulatory 
factors23. Genome-wide epigenomic assays are therefore instrumen-
tal for determining key regulators of gene expression and refining 
gene regulatory network (GRN) models. Many years of work—
from classical investigations of TF function to modern genome-
wide epigenomic assays—have demonstrated that TFs control cell 
states in a hierarchical manner, wherein a subset of TFs, the ‘master  
regulators,’ control cell fate determination. In extreme cases, for 

Single-cell and single-molecule epigenomics to 
uncover genome regulation at unprecedented 
resolution
Efrat Shema" "1,2,4, Bradley E. Bernstein1,2 and Jason D. Buenrostro" "2,3*

Recent advances in single-cell and single-molecule epigenomic technologies now enable the study of genome regulation and 
dynamics at unprecedented resolution. In this Perspective, we highlight some of these transformative technologies and discuss 
how they have been used to identify new modes of gene regulation. We also contrast these assays with recent advances in 
single-cell transcriptomics and argue for the essential role of epigenomic technologies in both understanding cellular diversity 
and discovering gene regulatory mechanisms. In addition, we provide our view on the next generation of biological tools that we 
expect will open new avenues for elucidating the fundamental principles of gene regulation. Overall, this Perspective motivates 
the use of these high-resolution epigenomic technologies for mapping cell states and understanding regulatory diversity at 
single-molecule resolution within single cells.
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Single-cell multiomics: technologies and data
analysis methods
Jeongwoo Lee1, Do Young Hyeon1 and Daehee Hwang1

Abstract
Advances in single-cell isolation and barcoding technologies offer unprecedented opportunities to profile DNA,
mRNA, and proteins at a single-cell resolution. Recently, bulk multiomics analyses, such as multidimensional genomic
and proteogenomic analyses, have proven beneficial for obtaining a comprehensive understanding of cellular events.
This benefit has facilitated the development of single-cell multiomics analysis, which enables cell type-specific gene
regulation to be examined. The cardinal features of single-cell multiomics analysis include (1) technologies for single-
cell isolation, barcoding, and sequencing to measure multiple types of molecules from individual cells and (2) the
integrative analysis of molecules to characterize cell types and their functions regarding pathophysiological processes
based on molecular signatures. Here, we summarize the technologies for single-cell multiomics analyses (mRNA-
genome, mRNA-DNA methylation, mRNA-chromatin accessibility, and mRNA-protein) as well as the methods for the
integrative analysis of single-cell multiomics data.

Introduction
Recent advances in single-cell isolation and barcoding

technologies have enabled DNA, mRNA, and protein
profiles to be measured at a single-cell resolution. Various
experimental protocols have been developed and applied
to diverse cellular systems to demonstrate the power of
single-cell level analyses1–4. For example, Tirosh et al.5

applied single-cell RNA sequencing (scRNA-seq) to
human melanoma and identified two groups of malignant
cells with high expression of the microphthalmia-
associated transcription factor (MITF) gene: a master
melanocyte transcriptional regulator group (MITF-high
cells) and a group expressing the AXL gene conferring
resistance to targeted therapies (AXL-high cells).
Although bulk analysis showed that each tumor could be
classified as MITF-high or AXL-high, the single-cell
analysis further revealed that every tumor contained
both groups of malignant cells, but the MITF-high tumors
harbored a subpopulation of AXL-high cells that were

undetectable through bulk analysis and vice versa.
Moreover, Villani et al.6 clustered human blood dendritic
cells (DCs) and monocytes using scRNA-seq and identi-
fied a subpopulation of DCs with a potent T cell activation
ability. These studies demonstrate that single-cell analyses
provide unique insights into cell subpopulations and their
functions associated with pathophysiological processes.
Multiomics analyses at the bulk tumor level have been

reported to provide a comprehensive understanding of
cellular processes through the integration of different
types of molecular data (e.g., data on mutations, mRNAs,
proteins, and metabolites). For example, proteogenomic
analyses have been applied to colorectal7,8, ovarian9,10,
breast11,12, and gastric cancers13. Mun et al.13 identified
correlations between somatic mutations (e.g., nonsynon-
ymous somatic mutations in the ARID1A gene, a com-
ponent of SWI/SNF chromatin remodeling complexes)
and altered signaling pathways (e.g., PI3K-AKT and
MAPK signaling), which facilitate the interpretation of the
functional associations of somatic mutations and signal-
ing pathways in gastric cancers. Moreover, they found
that patient subtypes identified on the basis of mRNA
expression patterns could be further divided according to
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Latest techniques to study DNA methylation
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Bisulfite sequencing is a powerful technique to detect 5-methylcytosine in DNA that has
immensely contributed to our understanding of epigenetic regulation in plants and ani-
mals. Meanwhile, research on other base modifications, including 6-methyladenine and
4-methylcytosine that are frequent in prokaryotes, has been impeded by the lack of a com-
parable technique. Bisulfite sequencing also suffers from a number of drawbacks that are
difficult to surmount, among which DNA degradation, lack of specificity, or short reads with
low sequence diversity. In this review, we explore the recent refinements to bisulfite se-
quencing protocols that enable targeting genomic regions of interest, detecting derivatives
of 5-methylcytosine, and mapping single-cell methylomes. We then present the unique ad-
vantage of long-read sequencing in detecting base modifications in native DNA and highlight
the respective strengths and weaknesses of PacBio and Nanopore sequencing for this ap-
plication. Although analysing epigenetic data from long-read platforms remains challenging,
the ability to detect various modified bases from a universal sample preparation, in addition
to the mapping and phasing advantages of the longer read lengths, provide long-read se-
quencing with a decisive edge over short-read bisulfite sequencing for an expanding number
of applications across kingdoms.

Introduction
Genomic DNA is composed of the canonical DNA bases A, T, C, and G. Modified DNA bases do not
change the underlying sequence, but instead carry an extra layer of information that often dictates how that
DNA sequence is utilised: for example identifying sequences as endogenous or modulating transcription
[1–3]. The DNAmod database catalogs 43 DNA modifications encountered in natural DNA [4], some
with regulatory roles but the majority resulting from DNA damage [5].

N6-methyladenine (6mA), 4-methylcytosine (4mC), and 5-methylcytosine (5mC) are frequent in bac-
teria and have roles not only in cellular defence but also in the regulation of gene expression, with effects
on virulence and physiology [1]. 5mC is also the most frequent, most studied and best understood modi-
fication in plants and animals [6–8]. This is in part due to the accurate bisulfite-based short-read sequenc-
ing techniques available to measure 5mC [9,10]. However, bisulfite sequencing suffers from a number of
limitations and is not easily applicable to the detection of other base modifications.

On the other hand, emerging long-read sequencing techniques offer exciting possibilities to study a
wide range of modifications, with the advantages inherent to long reads and single-molecule sequencing.
In this review, we will discuss the current gold-standard in detection of 5mC and its oxidised derivatives
and compare it to the current and future possibilities offered by long-read sequencing from Pacific Bio-
sciences and Oxford Nanopore technologies. We note, however, that there are many alternative methods
available to measure 5mC that we will not discuss here, each of which may be useful in specific applications
and warrant consideration (reviewed in [11–13]).

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).
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• Species
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• DNA quality
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Epigenomics services offered by the National 
Genomics Infrastructure (NGI)

NGI-Uppsala
• SNP&SEQ Technology Platform (UU)
• Uppsala Genome Centre (UU)

NGI-Stockholm
• SciLifeLab Solna (KTH, KI, SU)

NGI is a facility within the 
SciLifeLab Genomics
Platform located at two nodes:



NGI’s project portal

https://ngisweden.scilifelab.se/orders/

• All projects submitted through a common order system

• Projects are dynamically allocated between Stockholm/Uppsala depending on type of application, 
queue situation, or request by researcher 

https://ngisweden.scilifelab.se/orders/


From single SNPs to whole genomes

Short-reads

Long-reads

Genotyping
x2

x2.5

x1 x1 x3

x1

x2 x1

Available for walk-
up sequencer



Genomics Platform:
Expertise, infrastructure and services in genomic technologies and applications

Our mission:

- Enabling research that 
would not otherwise be 
possible

- Added value by pre- and 
post-project consulting

- Flexibility for most sample 
types and quality

- High data quality & 
reproducibility – ISO17025 

- Up to date equipment
- Cheap
- Flexible
- …



Statistics for 2024:
• 1147 projects / 90,000 samples (70k 

sequencing, 20k genotyping)
(1012) of sequence data

As of Jan 1, 2025 NGI has delivered a total 
of 8.3 Petabases (1015) of sequencing data



Support
Pre support
• Project design via discussions with expert project coordinators
• Advise in sample collection and/or preparation
• DNA extraction services available for specific applications
• Sample quality (QC) for all incoming samples and user-made libraries

Post support
• Control over produced data: making sure data meet our high standards in terms of quality 

and yield.
• Open source Bioinformatic pipelines for a wide range of applications: NF-core 
• Data delivered via SciLifeLab Data Delivery System (DDS)



Epigenetic methods available at NGI
EPIC Arrays:

500 ng DNA

Minimum sample size 15 
samples: lower cost per 
sample for large projects

RRBS:

500 ng DNA
~2000 SEK/sample

*limited availability

Short-read 
Whole genome

methylome sequencing
with SPLAT (WGBS) or 

EM-Seq

Twist targeted
methylation

~500 ng DNA

Long-read 
whole genome

sequencing (+base
modifications)

PacBio Sequell II / 
Oxford Nanopore

PromethIOn

Cost depends on genome
size and epigenetic marks 

analyzed

Single-cell:

scATAC-seq (10x 
Genomics)

scWGBS with SPLAT

ATAC-seq

>50.000 cells
~2000 SEK/sample

*limited availablility

HiC

method for mapping
genome-wide DNA 

contacts



NGI OpenLab
• Located at BMC C10:1

• Open for users from Swedish academia, 
access available to others if capacity
allows (full cost model)

• Operates on trust, mutual respect and a 
shared commitment for taking care of the 
equipment and common labs pace

https://ngisweden.scilifelab.se/applications/n
gi-openlab/

https://ngisweden.scilifelab.se/applications/ngi-openlab/
https://ngisweden.scilifelab.se/applications/ngi-openlab/
https://ngisweden.scilifelab.se/applications/ngi-openlab/
https://ngisweden.scilifelab.se/applications/ngi-openlab/


NGI OpenLab

i. Sample quality control
ii. Sequencing Library
preparation
iii. Sequencing

Coming soon- Single-cell

Workstations



Follow us!

LinkedIn: SciLifeLab National 
Genomics Infrastructure - NGI

Information about sequencing applications that NGI supports: 
https://ngisweden.scilifelab.se

Don’t hesitate to reach out to NGI’s project coordinators: 
support@ngisweden.se

-or me-

Jessica.nordlund@medsci.uu.se

https://ngisweden.scilifelab.se/
mailto:support@ngisweden.se

