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DNA methylation is a broadly studied epigenetic modification that is essential for normal mammalian development. Over the

years, numerous methodologies were developed trying to cope with the intrinsic challenge of reading the “second dimension”

epigenetic code. The recent rapid expansion of sequencing technologies has made it possible to fully chart the methylation

landscape of different cell types at single-base resolution. Surprisingly, accumulating data suggest that, in addition to the

massive epigenome remodeling during early development, cell type and tissue specification is associated with high levels of

DNA methylation dynamics at distal regulatory elements. However, current methods provide only a static “snapshot” of DNA

methylation, thus precluding the study of real-time methylation dynamics during cell fate changes. Here we review the

principles of a new approach that enables monitoring loci-specific DNA methylation dynamics at single-cell resolution.

We also discuss potential applications and promises for implementing this methodology to study DNA methylation changes

during development and disease.

In vertebrates, DNA methylation consists of the addi-

tion of methyl groups to the fifth carbon atom of cytosine

nucleotides, mostly in the symmetrical form of CpG dinu-

cleotides (Smith and Meissner 2013). As one of the first

epigenetic alterations to be identified (Holliday and Pugh

1975; Riggs 1975), DNA methylation represents perhaps

the most studied and mechanistically best-understood mo-

dification. The methyl marks are established by de novo

DNA methyltransferases (Dnmt3a and Dnmt3b) and car-

ried through to daughter cells via specific maintenance

methylase (Dnmt1) in a tightly regulated manner, thus

providing a robust heritable mechanism (Morgan et al.

2005). Once established, DNA methylation is a rather per-

manent and stable modification and in agreement with that

the bulk genomic methylation patterns are mostly static

between cell types and tissues. However, in marked con-

trast to the overall stability of methylation in adult tissues,

global methylation patterns are highly dynamic during two

stages that are cornerstones of developmental biology. (i)

After fertilization, the genome is broadly demethylated

followed by global de novo methylation in the postimplan-

tation embryo. Subsequently, during later development

and cellular differentiation, local demethylation correlates

with the activation of tissue-specific genes. (ii) During

primordial germ cell specification, global as well as par-

ent-specific methylation marks are erased to be reestab-

lished in a sex-specific manner during gametogenesis

(Heard and Martienssen 2014; Lee et al. 2014).

DNA methylation is essential for normal mammalian

development as indicated by embryonic and postnatal

lethality upon Dnmt1 and Dnmt3 deletion in mice

(Li et al. 1992; Okano et al. 1999). These mutant mice

provided a genetic tool to study the effect of DNA me-

thylation on imprinting (Li et al. 1993), X inactivation

(Panning and Jaenisch 1996), and cancer (Laird et al.

1995). In humans, misregulation of DNA methylation is

associated with numerous diseases including imprint-

ing disorders, neurodegenerative syndromes, and repeat

sequence instability (Robertson 2005). Furthermore, mul-

tiple lines of evidence have indicated that changes in

methylation are correlated with different stages of cancer

progression and metastasis in various types of tumor (Bay-

lin and Jones 2011). The potential cellular consequences

of global DNA methylation changes are diverse, ranging

from chromosomal instability and genetic mutation to re-

activation of cellular oncogenes and down-regulation of

tumor suppressors (Feinberg and Vogelstein 1983; Chen

et al. 1998; Eden et al. 2003; Gaudet et al. 2003).

In recent years, development and improvement of next-

generation sequencing methodologies (Lander 2011) en-

abled genome-wide base-resolution methylomes of mul-

tiple tissues and cell types across different species (Hon

et al. 2013; Smith et al. 2014; Roadmap Epigenomics

Consortium et al. 2015; Schultz et al. 2015). This unprec-

edented increase in available data has revolutionized the

field, promising to significantly enhance our understand-

ing of the role of DNA methylation, together with other

epigenetic modifications, in maintaining and regulating

cell fate (Rivera and Ren 2013; Romanoski et al. 2015).

In this article, we first review the key methodologies used

in the field to study DNA methylation, ranging from base-

and locus-specific to genome-wide methods (Harrison

and Parle-McDermott 2011). We then focus on a recent

novel experimental approach that enables a real-time

readout of locus-specific methylation changes at single-

cell resolution (Stelzer et al. 2015).
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READING THE METHYLOME:

FROM SINGLE-SITE TO WHOLE-

GENOME ANALYSIS

Numerous technologies have been developed to address

the inherent challenge of reading the “second-dimension”

epigenetic modifications. Different approaches, ranging

from nonspecific to whole-genome DNA methylation

analysis with single-base resolution, are summarized in

Table 1. Following the seminal papers of Holliday, Pugh,

and Riggs in the mid-1970s, methods to discriminate be-

tween methylated (5mC) and unmethylated cytosines

were developed. In the late 1970s researchers used iso-

schizomers, pairs of restriction enzymes that show intrin-

sic sensitivity to 5mC, reporting on the methylation state

of single CpG dinucleotides (Bird and Southern 1978;

Cedar et al. 1979). Subsequently, reversed-phase high-

performance liquid chromatography (RP-HPLC) was

used to quantitatively measure total 5mC levels (Kuo

et al. 1980). The technology was further improved by

incorporating mass spectrometry (Annan et al. 1989)

and restriction endonucleases, thus facilitating discrimi-

nation between methylated and unmethylated cytosines

(Bestor et al. 1984). These methods were implemented

to extensively compare ballpark differences across differ-

ent species (Gama-Sosa et al. 1983) and between tissues

(Bestor et al. 1984; Monk et al. 1987). However, RP-

HPLC and mass spectrometry are limited as only relative

ratios between methylated and unmethylated cytosines

can be compared.

Two major breakthroughs that revolutionized the field

allowed the measurement of genome-wide distribution of

DNA methylation at single nucleotide resolution: (i) the

discovery that 5mC is accessible to specific antibodies

(Adouard et al. 1985), thus facilitating the generation

of anti-5mC monoclonal antibodies (Oakeley et al.

1997); (ii) recognition that treatment of DNAwith sodium

bisulfite (Hayatsu et al. 1970) results in differential deam-

ination between methylated and unmethylated cytosines

(Frommer et al. 1992; Clark et al. 1994), leading to the

establishment of methylation-specific polymerase chain

reaction (MS-PCR) methods for detection of endogenous

methylation levels (Herman et al. 1996). Following the

establishment of DNA microarray technology (Southern

et al. 1999), both immunoprecipitation (Weber et al. 2005;

Keshet et al. 2006) and bisulfite sequencing (Gitan et al.

2002; Sandoval et al. 2011) approaches were implemented

with array-base methods, allowing quantifying methyla-

tion levels throughout the genome. Although DNA micro-

array approaches are relatively affordable and enable us to

compare multiple samples simultaneously, they rely on

predesigned probes that limit and bias the genomic areas

that are being covered. Furthermore, only sequencing-

based approaches allow studying inherent variations at

single-base resolution. In recent years, advancement in

next-generation sequencing technologies enabled the ap-

plication of immunoprecipitation-based (Maunakea et al.

2010) and bisulfite sequencing–based (Meissner et al.

2005) methodologies to study DNA methylation sequenc-

es in segments of the genome. Finally, treatment of DNA

with bisulfite facilitated full methylome with single-base

resolution. In 2008, the complete map of Arabidopsis

thaliana methylome was published (Cokus et al. 2008),

followed by the first human single-base-resolution meth-

ylome obtained from embryonic stem cells and fibroblasts

(Lister et al. 2009). In a combined effort of several labo-

ratories in the field, recent studies established full single-

base methylomes of multiple human tissues and cell types

(Smith et al. 2014; Roadmap Epigenomics Consortium

et al. 2015; Schultz et al. 2015). The recent expansion of

high-quality data allows novel insights into the interplay

between DNA methylation and other epigenetic mecha-

nisms and into the regulation and maintenance of cell

identity during development and disease (Rivera and

Ren 2013; Romanoski et al. 2015).

LIMITATIONS OF CURRENT

METHODOLOGIES

Methods that are currently used to study DNA meth-

ylation share two fundamental experimental constraints.

(i) Most methods require the examination of multiple

cells, thus precluding assessment of methylation hetero-

geneity at the single-cell level. Notably, single-cell ge-

nome-wide sequencing was recently reported (Guo et al.

2013; Smallwood et al. 2014; Farlik et al. 2015), albeit

with limited coverage. Nevertheless, similar to recent ad-

vancement in single-cell RNA sequencing (Deng et al.

2014; Jaitin et al. 2014; Klein et al. 2015), future im-

provement of current methodologies will most likely

allow us to obtain high-quality single-cell DNA methyl-

ation maps. (ii) More importantly, all approaches require

the extraction of DNA and thus provide only a static

“snapshot” view of methylation at a given cell state.

This is a serious limitation as it precludes monitoring

dynamic changes of DNA methylation. Furthermore, cur-

Table 1. Summary of methods for analyzing CpG methylation

Method Authors (year)

Site-specific methylation-sensitive
restriction enzymes

Bird and Southern (1978)
Cedar et al. (1979)

RP-HPLC Kuo et al. (1980)
Restriction endonucleases HPLC Gama-Sosa et al. (1983)

Bestor et al. (1984)
Mass spectrometry HPLC Annan et al. (1989)
Bisulfite sequencing Frommer et al. (1992)
Methylation-specific PCR Herman et al. (1996)
Anti-5mC Oakeley et al. (1997)
Bisulfite-based microarrays Gitan et al. (2002)
Immunoprecipitation-based

microarrays
Weber et al. (2005)
Keshet et al. (2006)

Reduced representation bisulfite
sequencing

Meissner et al. (2005)

Whole-genome bisulfite
sequencing

Lister et al. (2009)

Single-cell bisulfite sequencing Guo et al. (2013)
Smallwood et al. (2014)
Farlik et al. (2015)

Reporter for loci-specific
methylation changes with
single-cell resolution

Stelzer et al. (2015)

RP-HPLC, reversed-phase high-performance liquid chromatography;
PCR, polymerase chain reaction.
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rent methods do not allow the prospective isolation of

cells with a given change in methylation, thus impeding

mechanistic studies of methylation and gene regulation

during cell fate transitions.

ESTABLISHING A TRACEABLE READOUT OF

ENDOGENOUS DNA METHYLATION STATE

We have recently established a reporter system that

allows monitoring endogenous changes in DNA methyl-

ation at single-cell resolution (Stelzer et al. 2015). To

obtain a signal that correlates with the methylation state

of a given region of interest, we sought to translate en-

dogenous methylation levels into a traceable transcrip-

tional readout. The design of the reporter was based on

using the activity of a gene promoter to reflect the meth-

ylation state of the surrounding sequences. We reasoned

that the promoter should be activated or repressed by the

DNA methylation state of adjacent sequences without

being a target of trans-acting factors that affect methyla-

tion. The most widespread classes of promoters in the

mammalian genome are associated with housekeeping

genes or developmentally regulated genes. Housekeeping

genes are expressed in all tissues and consist of high-

density CpG regions in their promoters (termed CpG is-

lands, CGIs) that are protected from de novo methylation

(Fig. 1A; Jones 2012). Most of the developmentally reg-

ulated genes exhibit low-density CGIs in their promoter

region that can be repressed by de novo methylation or

activated by demethylation in a tissue-dependent manner

(Cedar and Bergman 2012; Jones 2012). Therefore, both

types of promoters cannot be used as methylation report-

ers for surrounding sequences (Fig. 1B).

Parental imprinting is a form of epigenetic regulation

that results in parent-of-origin monoallelic gene ex-

pression (Reik et al. 2001). The imprinted marks are es-

tablished by differential DNA methylation in the germ

cells, also known as germline differentially methylated

regions (gDMRs). During fertilization, gDMRs are pro-

tected from demethylation, allowing for the imprints to be

faithfully maintained throughout the development of the

embryo. Subsequently, at the blastocyst stage a new meth-

ylation landscape is established by the de novo DNA meth-

yltransferases (Dnmt3a and Dnmt3b) during subsequent

cellular differentiation. At this stage transcriptionally as-

sociated secondary DMRs (or somatic DMRs) are estab-

lished at the promoters of many imprinted genes (Morgan

et al. 2005; Ferguson-Smith 2011). These somatic DMRs

depend on the regional gDMRs, which serve as cis ele-

ments mediating the allele-specific marks.

Figure 1. Regulatory principles of different types of
mammalian promoters in adult tissues. (A) House-
keeping genes usually comprise high-density CpG
islands (CGIs) in their promoter region, which in-
clude a transcription factor (TF) binding motif that
protects from de novo methylation. (B) Developmen-
tally regulated genes show low-density CGI in their
promoter region, which is regulated by the methyla-
tion machinery in a tissue-dependent manner. (C)
Imprinted gene promoters are controlled by differ-
entially methylated regions (DMRs) in their promot-
er. Note that in most cases the methylated allele
represses the expression of the downstream gene, re-
sulting in monoallelic expression solely from the
unmethylated allele. Following their establishment
in the germline or following fertilization, the promot-
er-associated DMRs are resistant to the global deme-
thylation and de novo methylation imposed on the
genome during early development.

DNA METHYLATION DYNAMICS AT SINGLE-CELL RESOLUTION 201

 Cold Spring Harbor Laboratory Press on October 25, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


Unlike housekeeping or developmentally regulated

genes, imprinted genes that contain somatic DMRs in

their promoter region can serve as natural methylation

reporters (Fig. 1C) as they fulfill the following criteria:

(i) the promoter-associated DMR regulates the parent-of-

origin expression of its downstream gene; and (ii) follow-

ing their establishment, somatic DMRs are maintained

throughout development and are not regulated by trans-

acting signals from the DNA methylation machinery

(Fig. 1C). Most importantly, expression of the imprinted

gene strictly depends on the methylation state of the ad-

jacent sequences (DMR) and is not susceptible to trans-

acting factors (Fig. 2A). To generate a DNA methylation

reporter, we used the small nuclear ribonucleoprotein

polypeptide N (Snrpn) gene promoter region which re-

sides in the Prader–Willi/Angelman region (Edwards

and Ferguson-Smith 2007). Snrpn was chosen because,

unlike other imprinted genes that contain DMR in their

promoter region (e.g., Meg3, Gnas, Kcnq1ot1, Peg10), it

is expressed in most, if not all, tissues and therefore can

serve as a general reporter.

The basic assumption for construction of the reporter

was the concept that methylation can spread from adja-

cent sequences into the promoter and regulate its expres-

sion. The notion of spreading of DNA methylation from

cis-acting foci is based on early studies identifying spe-

cific sequence elements that protect CGIs from de novo

methylation (Brandeis et al. 1994; Macleod et al. 1994).

Elimination of transcription factor (TF) binding motifs

results in de novo methylation of the CGIs. However,

many CpGs outside of the core sequence motifs are af-

fected and become methylated, suggesting that methyla-

tion can be propagated and affect adjacent sequences,

(Fig. 2A; Turker 2002; Irizarry et al. 2009). To test this

hypothesis, we designed an experimental system in which

the promoter-associated CGIs of Dazl and Gapdh genes

were cloned upstream of the Snrpn promoter. Dazl repre-

sents a developmentally regulated gene that shows hyper-

methylation in ESCs. Therefore, upon introduction to

ESCs the Dazl CGI acquired de novo methylation, which

spread downstream into the Snrpn promoter region, result-

ing in its transcriptional silencing (Fig 2B; Stelzer et al.

2015). Gapdh represents a housekeeping gene that shows

stably hypomethylated CGI in its promoter region. We

therefore introduced an in vitro methylated Gapdh report-

er construct into ESCs resulting in demethylation of the

Gapdh CGI and the Snrpn promoter region, (Fig. 2C;

Stelzer et al. 2015).

REPORTING ON THE METHYLATION STATE

OF GENOMIC SEQUENCES

We showed that the Snrpn promoter construct senses

DNA methylation and demethylation of surrounding se-

quences and thus can faithfully report on the methylation

state of endogenous sequences as well as on methylation

dynamics during cell-state changes (Stelzer et al. 2015).

Using the Snrpn reporter we visualized the state of meth-

ylation and the dynamic changes associated with three

types of endogenous sequences.

Endogenous Promoters

We used CRISPR/Cas gene editing to integrate the

Snrpn promoter downstream from CGIs associated with

both housekeeping (Gapdh) and tissue-specific (Dazl)

gene promoters. Similar to the transgene experiments

Figure 2. Characteristics of the methylation reporter. (A) The principles of activation and repression of the Snrpn promoter by
spreading of methylation and demethylation into the promoter region (upper panel), resulting in differential expression of green
fluorescent protein (GFP). (B) Stable integration of Dazl reporter construct into ESCs results in silencing of Snrpn transcriptional
activity by means of spreading of de novo methylation from the Dazl CGI into the promoter region. (C ) Stable integration of the in vitro
methylated Gapdh reporter construct into ESCs results in reactivation of Snrpn transcriptional activity by demethylation of both the
Gapdh CGI and the downstream Snrpn promoter regions.
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(Fig. 2B,C), targeting of endogenous promoters resulted

in differential methylation and activity of the Snrpn re-

porter (Fig 2A). These results showed that the Snrpn

reporter effectively reflects local methylation patterns

associated with gene promoters without affecting the en-

dogenous epigenetic state (Stelzer et al. 2015).

Enhancers

In addition to CGIs located at gene promoters, we also

showed that it is possible to use the Snrpn promoter to

report on the methylation state of noncoding super-

enhancer (SE) regions (Hnisz et al. 2013; Whyte et al.

2013; Stelzer et al. 2015). Unlike gene promoters, SEs are

large regions comprising low-density CpGs that are im-

plicated to regulate cell type–specific transcription. In

this case, integrating the Snrpn promoter within the

boundaries of a large regulatory region may represent a

different mechanism by which the methylation reporter

can be used. Thus, the Snrpn promoter may serve as a

regional sensor for methylation changes, as the entire

region is subjected to epigenomic changes in a tissue-

dependent manner.

Imprinted DMRs

As the majority of tissue-specific methylation changes

occur in noncoding distal regulatory regions, a valuable

application of the Snrpn promoter would be reporting on

discrete genomic elements such as DMRs. To test this,

we performed allele-specific targeting of the methyla-

tion reporter in proximity to an imprinted gDMR region,

resulting in correct parent-of-origin differential expres-

sion of the Snrpn promoter (Y Stelzer, et al., unpubl.).

Allele-specific methylation reporter of an imprinted

DMR may allow monitoring of the erasure and establish-

ment of the parental marks in the germline, as well as

maintenance in adult tissues. Furthermore, successful

targeting of a distinct imprinted DMR suggests that the

Snrpn promoter holds the promise to faithfully report on

methylation changes associated with discrete tissue-spe-

cific regulatory elements in the context of development

and disease.

APPLICATIONS OF THE DNA

METHYLATION REPORTER

Establishing a locus-specific readout of endogenous

methylation states holds great promise for mechanistic

studies with potential broad implications for the field.

An attractive feature of the methylation reporter is that

it allows monitoring DNA methylation dynamics during

cell fate changes both in vitro and in vivo (Stelzer et al.

2015). This enables tracing methylation changes during

development and disease (Fig. 3A). For example, it will

be of interest to use the methylation reporter to study

kinetics of demethylation and de novo methylation fol-

lowing fertilization, germ cell development, and embry-

onic differentiation, which constitute cornerstones of

developmental biology in which DNA methylation is

most dynamic (Lee et al. 2014). Furthermore, using DNA

methylation reporter together with conventional gene

expression reporters will allow studying the elusive inter-

play between epigenetics and gene regulation. Alterna-

tively, replacing the fluorescent protein with Cre

recombinase will allow for the permanent marking of

cells following locus-specific methylation changes, thus

establishing epigenetic lineage-tracing maps during de-

velopment or disease (Fig. 3B).

Recent advances in high-throughput single-cell RNA

sequencing technology show overwhelming cell-to-cell

heterogeneity in different cell types and tissues (Deng

et al. 2014; Jaitin et al. 2014; Klein et al. 2015). How-

ever, little is known about the epigenetic heterogeneity,

which may introduce additional complexity to our under-

standing of gene regulation and cell identity. Together

with recent promising advances in single-cell methyla-

tion sequencing (Guo et al. 2013; Smallwood et al.

2014), the DNA methylation reporter will allow us to

further evaluate the magnitude of cell-to-cell heteroge-

neity (Fig. 3C). Furthermore, the methylation reporter

enables us to measure dynamics of heterogeneous cell

populations over time, with single-cell resolution. This

facilitates a unique experimental system that allows mea-

surement of the effects of external cues, such as culture

conditions or perturbations, on the overall levels of het-

erogeneity (Fig. 3C).

Another potential application of obtaining locus-spe-

cific methylation readout involves unbiased screens to

identify putative regulators of methylation and demeth-

ylation at different genomic contexts (Fig. 3D). In addi-

tion, as alterations in DNA methylation are known to play

a role in cancer and disease (Robertson 2005), an attrac-

tive aspect of such screens would be to search for small

molecules or drugs that reverse the epigenetic phenotype

(Fig. 3D). Finally, perturbation in parental imprinting is

known to play a role in disease (Stelzer et al. 2011, 2014)

and transformation (Stelzer et al. 2013). However, using

current methodologies to identify rare events of loss of

imprinting in heterogeneous cell populations is highly

challenging. Using the Snrpn promoter to report on the

methylation state of imprinted DMRs allows us to detect

and isolate cells that show loss of imprinting during de-

velopment and disease (Fig. 3E).

LIMITATIONS AND CHALLENGES

As with any fluorescent protein-based reporter system,

the accuracy of tracing real-time changes in gene expres-

sion depends on the half-life of the respective protein.

Therefore, facilitating the reporter to study fast kinetics

of de novo DNA methylation would require the use of a

destabilized fluorescent protein. Alternatively, an intrin-

sic limitation of the reporter is that endogenous deme-

thylation changes are translated to a readout through

transcription of the Snrpn promoter, therefore represent-

ing merely a close estimation of the real-time demethyla-

tion kinetics.

Because the design of the reporter is based on translat-

ing endogenous methylation levels into transcription
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readout, blocking the transcription of the Snrpn promoter

by means other than DNA methylation will result in false

readout. Therefore, it is possible that other locus-specific

epigenetic modifications such as chromatin or insulators

will uncouple the transcription of the Snrpn promoter

from its methylation state.

CONCLUSIONS

During the past 50 years, cytosine methylation has been

extensively studied in the context of mammalian deve-

lopment and shown to play diverse roles in regulating

fundamental developmental processes such as parental

imprinting, X inactivation, repetitive elements, and tis-

sue-specific transcription (Jones 2012). DNA methylat-

ion has been associated with transcriptional silencing as

first shown for retroviral genes (Harbers et al. 1981;

Stuhlmann et al. 1981). However, except for regulation

of parental imprinting, transposable elements and some

tissue-specific genes, the correlation between DNA me-

thylation and gene silencing is not well established (Schü-

beler 2015). The recent discovery of the 10–11

translocation (TET) family of proteins that oxidize 5mC,

and thymine DNA glycosylase (TDG)-mediated base ex-

Figure 3. Potential applications of methylation reporter. (A) Monitoring dynamics of methylation during cell fate transitions with
single-cell resolution. (B) Using Cre recombinase would allow the generation of locus-specific epigenetic lineage-tracing maps. (C)
The methylation reporter allows studying cell-to-cell heterogeneity in steady-state and during population dynamics. (D) Having a
traceable readout facilitates unbiased screens for locus-specific methylation regulators. Examples of commonly used screening
platforms are shown: small molecules, Crispr/Cas9, and viruses-mediated screens. (E) The methylation reporter allows tracing
rare events of loss of imprinting in heterogeneous cell populations during development and disease.
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cision repair (Kohli and Zhang 2013), support a more

complex role for DNA methylation in regulating gene

expression and tissue-specific programs.

Epigenomic maps obtained from multiple tissues

showed unexpected methylation dynamics at distal non-

coding regulatory regions (Schübeler 2015). These cell

type–specific DMRs establish an attractive list of candi-

date regions to generate methylation reporter cell lines

(Stelzer et al. 2015). Combining this methodology with

genome-wide methods and gene-expression reporters fa-

cilitates the framework to experimentally address open

questions in the field, such as the interplay between

DNA methylation and cell type–specific programs in

development and disease.

Finally, as the design of the reporter is based on a

minimal promoter region of Snrpn, which is highly con-

served among placental mammals, it will be of interest

to test the methylation reporter in other model organ-

isms and human cells. Moreover, as cytosine methyla-

tion is also widespread in fish and plants, it will be of

interest to establish loci-specific methylation reporters in

these species. The same principles that were used to

establish the reporter in mammals may apply for plants,

whereas for fish, which lack parental imprinting, the

transcription of the Snrpn minimal promoter needs to

be tested.
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