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ABSTRACT
Rapid methodological breakthroughs over the past ten years have transformed epigenomics from bulk, 
population-averaged assays into single-cell, multi-omic, and intracellular spatial investigations. This 
review surveys the interconnected technology pillars that now map the epigenome with unprece
dented breadth and resolution. First, advances in next-generation and long-read sequencing empower 
investigators to chart chromatin accessibility, histone and DNA modifications, and three-dimensional 
higher-order chromatin structure in thousands of individual cells while retaining allele-specific informa
tion across kilobase-long molecules. Second, live-cell fluorescence probes and multiplexed chromatin 
tracing enable visualizing the dynamic organization of epigenetic marks and genome architecture of 
intact nuclei and tissues. Third, integrative platforms merge base-level reads with their native 3D 
coordinates, providing a holistic view of gene regulation in physiologic context. We distill key biological 
insights yielded by each methodology, discuss unresolved and persistent limitations, and outline future 
directions toward routine, cost-effective investigations. Together, these innovations are redefining how 
we interrogate chromatin biology in health and disease.

PLAIN LANGUAGE SUMMARY
Epigenomics explores how chemical tags and folding of DNA turn genes on or off without changing DNA 
itself. This review explains three groups of advanced methods to study these marks. First, sequencing reads 
these marks in single cells and long DNA molecules. This helps find what these cells are and see patterns 
passed down from parents. Second, imaging watches how these marks change inside living cells. Third, 
combining sequencing and imaging links DNA information to its physical location inside a cell. Together, 
these methods provide a clearer picture of development, aging, and disease. The article also outlines how 
these methods could be widely used in future research and medicine.
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1. Introduction

Epigenomics investigates chemical modifications on the genome 
that regulate gene expression without altering the DNA 
sequence itself, such as DNA methylation, histone (post-transla
tional) modifications, and the related three-dimensional (3D) 
higher-order chromatin structure. Early epigenomic studies 
relied on bulk cell measurements, such as bisulfite sequencing 
for DNA methylation and chromatin immunoprecipitation 
sequencing (ChIP-seq) for histone modifications [1]. These bulk 
approaches revealed global epigenetic mechanisms, but 
obscured cellular heterogeneity and masked local epigenetic 
regulation. To address these limitations, an explosion of new 
methodologies developed over the past ten years enable 
researchers to interrogate epigenetic states at single-cell resolu
tion, detect modifications on long reads without the need for 
harsh chemical treatments, and integrate multiple data layers 
(transcriptome, accessibility, and modification states) within the 
same cell. Furthermore, developments in imaging-based meth
ods, such as super-resolution microscopy and high-plex fluores
cent in situ hybridization (FISH), have enabled direct visualization 
of higher-order chromatin structure and epigenetic marks in 
their intracellular spatial contexts. Integrated with machine 

learning approaches, these parallel technological revolutions 
(sequencing-based and imaging-based) offer deeper insights 
into how epigenetic modifications shape gene regulation.

In this review, we first delve into sequencing-based epige
nomic methodologies (Section 2). We then survey imaging- 
based approaches and their applications for the intracellular 
spatial and dynamic analysis of the epigenome (Section 3). 
Next, we explore integrative frameworks that combine 
sequencing and imaging to link genomic and epigenomic 
data with intracellular spatial organization information at 
high resolution (Section 4). Finally, we discuss key challenges 
and future prospects (Section 5) before concluding (Section 6). 
By focusing on innovations in recent years, we aim to provide 
a current perspective on the methodological advances and 
biological insights that are advancing this research field 
(Figure 1) (See [2] for an extensive review of the technical 
basis of these advancements.).

2. Sequencing-based methods

The evolution of sequencing-based methodologies studying 
chromatin accessibility, histone modifications, DNA 
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methylation, and the related 3D higher-order chromatin struc
ture, has been driven by three core scientific aspects: resolving 
cell-to-cell variability achieving long-range allelic phasing, and 
capturing multiple molecular layers simultaneously. We can 
now move beyond population averages to dissect the cell- 
to-cell heterogeneity that regulates complex development 
and disease processes. This high-resolution view enables the 
characterization of rare but functionally critical cell subpopula
tions, such as drug-resistant cancer cells or specific progenitor 
lineages, opening new opportunities to investigate their 

precise roles. Concurrently, long-read technologies provide a 
comprehensive view of the genome’s linear structure. By pre
serving the contiguity of DNA molecules, these methods 
enable the direct phasing of epigenetic marks with genetic 
variants across long genomic distances. This capability is cru
cial for deciphering the allelic-specific gene regulation, parti
cularly the long-range interactions between genes and their 
distal enhancers, and raises new questions about how parental 
alleles are differentially controlled. Furthermore, by capturing 
multiple molecular layers from the same cell, multi-omic 
approaches are transforming our understanding of gene reg
ulation from correlational to causal. Integrating these datasets 
provides a holistic picture of the dynamic interplay between 
the epigenome, transcriptome, and other molecular events, 
allowing us to ask fundamental questions about how these 
layers are coordinated to define cellular identity and function.

This section provides an overview of these three major 
developments: (i) single-cell epigenomics, (ii) long-read 
sequencing technologies for epigenetic modifications, and 
(iii) multi-omic approaches that simultaneously measure multi
ple epigenetic layers. Each category has advanced our under
standing of epigenetic heterogeneity, dynamics, and 

Article highlights

● Single-cell and long-read sequencing reveal cell-specific chromatin 
states and allele-specific epigenetic patterns.

● Spatialtemporal imaging techniques map spatial epigenome patterns 
within intact nuclei, linking chromatin organization to transcriptional 
regulation.

● Integrated sequencing-imaging platforms connect nucleotide data 
with spatial coordinates, creating holistic single-cell epigenetic maps.

● Remaining hurdles include data sparsity, high reagent costs, and 
integrating complex multi-omic datasets.

Figure 1. Overview of recent epigenomic methodologies: sequencing-based, imaging-based, and integrative approaches. Key technological concepts are 
summarized.
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regulatory function in unprecedented depth. An overview of 
technological principles, compatible sample types, and key 
features of the methods described in this section is summar
ized in Table 1 and Figure 2.

2.1. Single-cell epigenomics

2.1.1. Single-cell chromatin accessibility
Sequencing of deoxyribonuclease I digestion products (DNase- 
seq) and of transposase-accessible chromatin (ATAC-seq) are 
the main techniques for mapping open chromatin regions 
that likely harbor active enhancers, promoters, and other reg
ulatory elements [3]. While conventional DNase-seq and ATAC- 
seq require tens of thousands of cells and yields their aver
aged profile which masks cellular heterogeneity, single-cell 
ATAC-seq (scATAC-seq) emerges more prominently as a 
high-resolution approach to overcome this limitation [4,5]. 
Two major strategies are employed to isolate individual cells 
for analysis. In the first, single cells are sealed by microfluidic 
devices into oil droplets as independent reactions, to minimize 
sample loss and to increase reaction efficiency [4]. Commercial 
microfluidics systems like 10x Genomics streamline the library 
preparation and, combined with RNA-seq, enable revealing 
the effect of chromatin accessibility on transcript abundance 
at single cell levels. Alternatively, in the second strategy, the 
chromatin is labeled with unique cellular barcodes by combi
natorial indexing (also called a repeated ‘split-pool’ strategy) 
of cell nuclei, followed by pooling for DNA amplification [5]. 
Further improvement of combinatorial indexing and develop
ment of other microfluidic-free droplet approaches will enable 
wider adoption of single-cell chromatin accessibility assays 
without requiring expensive hardware [6].

By providing a cell-by-cell view, single-cell ATAC-seq 
enables simultaneous annotation of rare cell populations in 
heterogeneous mammalian tissues [28,29]. At the same time, 
the cell-specific open chromatin signature are the footprints of 
regulatory transcription factors during mouse forebrain devel
opment [30], human spermatogenesis [31], and rice virus 
infection [32]. These insights are often masked in bulk ATAC- 
seq analysis [33].

2.1.2. Single-cell histone modification and transcription 
factor binding
ChIP-seq revolutionized histone modification and transcription 
factor mapping [34,35], but its requirement for millions of cells 
makes it unsuitable for rare cell populations, and adapting it 
to single cells using microfluidics is still challenging due to 
limited resolution [36,37]. To address this input requirement, 
new approaches like Cleavage under targets and release using 
nuclease (CUT&RUN) and Cleavage under targets and tagmen
tation (CUT&Tag) directly tether a micrococcal nuclease 
(MNase) or Tn5 transposase, respectively, to the antibody- 
bound region [8,38–40]. Instead of immunoprecipitating 
large chromatin fragments, these methods selectively cleave 
and release DNA only at antibody-bound sites, dramatically 
improving efficiency. CUT&RUN increases the signal-to-noise 
ratio and is suitable as a low-cell-input alternative, working 
with as few as 100–1,000 cells. CUT&Tag is often combined 
with combinatorial indexing, to further lower its limit to single 

cell applications. Amplifying Tn5-tagged DNA by in vitro tran
scription demonstrated an alternative way to recover single- 
cell DNA fragments [41].

Single-cell CUT&Tag provided an unbiased and unsuper
vised view of epigenetic dynamics in biological processes 
without prior knowledge, demonstrating the ability to identify 
cell heterogeneity during in vivo brain development, in vitro 
endoderm differentiation and tumor progression [42,43]. 
Another study identified tumor-subtype-specific sites of aber
rant chromatin regulation induced in mixed-lineage leukemia 
[44]. While highly effective for histone modifications, CUT&Tag 
can be less robust for profiling transcription factors compared 
to histone marks, but can still be used in single cells, enabling 
cell type identification [42].

2.1.3. Single-cell DNA methylation
While whole-genome bisulfite sequencing (WGBS) provides a 
gold standard for mapping cytosine methylation (the predo
minant form 5-methylcytosine (5mC) in eukaryotes and its 
oxidized form 5-hydroxylmethylcytosine (5hmC) [45,46], its 
adaptation to single cells has been challenging. The core 
issue is that the underlying principle of unmethylated cyto
sine-to-uracil conversion by sodium bisulfite treatment 
damages DNA and leads to significant sample loss, a critical 
problem when starting with picograms of material. Despite 
this, single-cell approaches like single cell bisulfite sequencing 
(scBS-seq) has only recently become feasible due to optimized 
protocols and improved library preparation efficiency [9], with 
robust population-scale data only emerged in recent years 
with refinements in amplification and barcoding strategies 
[47,48]. This single-cell approach identified differential methy
lation status of cell-type-specific regulatory elements in mam
malian frontal cortex [47]. To overcome the DNA damage 
inherent to bisulfite treatment, an alternative enzymatic con
version (EM-seq) method uses a combination of Ten-eleven 
translocation dioxygenase (TET) and Apolipoprotein B mRNA 
editing enzyme subunit (APOBEC) to convert unmethylated 
cytosine to uracil without damaging the DNA template. 
Carrier-assisted base-conversion by enzymatic reaction with 
end-tagging (Cabernet) is a single cell technique based on 
EM-seq and incorporates tagmentation to minimize sample 
loss [10]. Furthermore, running parallel reactions that omit 
TET activity [49] as Cabernet-H method allows unified distinc
tion between the two forms of cytosine methylation [10]. 
Applying Cabernet revealed the degree of methylation hetero
geneity among the blastomeres during the epigenetic repro
gramming of mouse embryos.

2.1.4. Single-cell analysis of higher-order chromatin 
structure
While the aforementioned methods profile linear epigenetic 
features, understanding gene regulation requires knowledge 
of the genome’s higher-order chromatin structure. 
Chromosome conformation capture (3C) and its genome- 
wide derivative, Hi-C, are foundational for mapping these 3D 
interactions. Although they do not directly measure chemical 
modifications, they are essential for epigenomics as they 
reveal the spatial proximity between elements like enhancers 
and promoters and define structural units such as 

EPIGENOMICS 119



Ta
bl

e 
1.

 S
um

m
ar

y 
of

 s
eq

ue
nc

in
g-

ba
se

d 
m

et
ho

ds
. 

Th
e 

pr
in

ci
pl

es
, 

co
m

pa
tib

le
 s

am
pl

e 
ty

pe
s 

(in
cl

ud
in

g 
fr

oz
en

 a
nd

 F
FP

E-
fix

ed
 s

am
pl

es
), 

an
d 

ke
y 

fe
at

ur
es

 o
f 

th
e 

m
et

ho
ds

 i
nt

ro
du

ce
d 

ar
e 

su
m

m
ar

iz
ed

. 
Se

e 
al

so
 F

ig
ur

e 
2 

fo
r 

te
ch

ni
ca

l p
rin

ci
pl

es
.

M
et

ho
d 

N
am

e

Ep
ig

en
et

ic
 a

nd
 

Tr
an

sc
rip

to
m

ic
 

Fe
at

ur
es

 C
ov

er
ed

Pr
in

ci
pl

e
Sa

m
pl

e 
Ty

pe
Fr

oz
en

 
Co

m
pa

tib
ili

ty
FF

PE
 

Co
m

pa
tib

ili
ty

St
re

ng
th

Li
m

ita
tio

n
Re

f

Si
ng

le
-c

el
l 

ep
ig

en
om

ic
s

sc
A

TA
C-

se
q 

(S
in

gl
e-

ce
ll 

As
sa

y 
fo

r 
Tr

an
sp

os
as

e-
 

Ac
ce

ss
ib

le
 

Ch
ro

m
at

in
 u

si
ng

 
se

qu
en

ci
ng

)

O
pe

n 
ch

ro
m

at
in

 
re

gi
on

s
A 

Tn
5 

tr
an

sp
os

as
e 

is
 u

se
d 

to
 in

se
rt

 s
eq

ue
nc

in
g 

ad
ap

te
rs

 in
to

 o
pe

n 
ch

ro
m

at
in

 r
eg

io
ns

.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(B
ul

k 
AT

AC
-s

eq
 

is
 c

om
pa

tib
ile

.)

Re
so

lv
es

 c
el

lu
la

r 
he

te
ro

ge
ne

ity
 a

nd
 id

en
tif

ie
s 

ra
re

 c
el

l 
po

pu
la

tio
ns

. C
an

 d
et

ec
t 

ce
ll-

ty
pe

-s
pe

ci
fic

 r
eg

ul
at

or
y 

fa
ct

or
 

fo
ot

pr
in

ts
 t

ha
t 

ar
e 

m
as

ke
d 

in
 b

ul
k 

an
al

ys
is

.

Re
qu

ire
s 

ex
pe

ns
iv

e 
m

ic
ro

flu
id

ic
 d

ev
ic

es
 

in
 t

he
 s

ta
nd

ar
d 

pr
ot

oc
ol

. I
nh

er
en

tly
 

sp
ar

se
 d

at
a.

[3
–6

]

CU
T&

Ta
g 

(C
le

av
ag

e 
un

de
r 

ta
rg

et
s 

an
d 

ta
gm

en
ta

tio
n)

H
is

to
ne

 m
od

ifi
ca

tio
ns

, 
tr

an
sc

rip
tio

n 
fa

ct
or

 
bi

nd
in

g

An
 a

nt
ib

od
y 

gu
id

es
 

a 
Pr

ot
ei

n 
A-

Tn
5 

tr
an

sp
os

as
e 

fu
si

on
 

pr
ot

ei
n 

to
 in

se
rt

 
se

qu
en

ci
ng

 a
da

pt
er

s 
ne

ar
 t

ar
ge

t 
si

te
s.

Lo
w

-c
el

l-n
um

be
r 

to
 

si
ng

le
-c

el
l s

am
pl

es
Ye

s
Ye

s
Ac

hi
ev

es
 h

ig
h-

ef
fic

ie
nc

y,
 h

ig
h 

si
gn

al
-t

o-
no

is
e 

da
ta

 f
ro

m
 v

er
y 

sm
al

l i
np

ut
 a

m
ou

nt
s.

 Id
ea

l f
or

 r
ar

e 
ce

ll 
po

pu
la

tio
ns

 a
nd

 
si

ng
le

-c
el

l a
na

ly
si

s.
 R

ap
id

 w
or

kf
lo

w
 (

1–
2 

da
ys

). 
Ca

n 
co

m
bi

ne
 w

ith
 s

pa
tia

l l
ab

el
in

g 
of

 h
is

to
lo

gy
 s

ec
tio

ns
.

Le
ss

 ro
bu

st
 w

he
n 

pr
of

ili
ng

 t
ra

ns
cr

ip
tio

n 
fa

ct
or

s.
 U

se
s 

un
fix

ed
 c

el
ls

 in
 

st
an

da
rd

 p
ro

to
co

ls
.

[7
–9

]

sc
BS

-s
eq

 
(S

in
gl

e-
ce

ll 
bi

su
lfi

te
 

se
qu

en
ci

ng
)

D
N

A 
m

et
hy

la
tio

n
Bi

su
lfi

te
 t

re
at

m
en

t 
co

nv
er

ts
 u

nm
et

hy
la

te
d 

cy
to

si
ne

s 
to

 u
ra

ci
l. 

Ad
ap

to
r 

ta
gg

in
g 

an
d 

ra
nd

om
 p

rim
in

g 
lo

w
er

s 
ce

ll 
nu

m
be

r 
re

qu
ire

m
en

t.

Si
ng

le
 c

el
ls

Ye
s

D
iff

ic
ul

t 
(B

is
ul

fit
e 

tr
ea

tm
en

t 
is

 
D

N
A 

da
m

ag
in

g.
)

D
ire

ct
ly

 a
ss

es
se

s 
he

te
ro

ge
ne

ity
 in

 m
et

hy
la

tio
n 

st
at

us
 b

et
w

ee
n 

ce
lls

. H
as

 b
ee

n 
us

ed
 t

o 
id

en
tif

y 
m

et
hy

la
tio

n 
di

ffe
re

nc
es

 in
 

ce
ll-

ty
pe

-s
pe

ci
fic

 r
eg

ul
at

or
y 

el
em

en
ts

 in
 t

he
 m

am
m

al
ia

n 
co

rt
ex

.

Cr
iti

ca
l D

N
A 

da
m

ag
e 

an
d 

sa
m

pl
e 

lo
ss

 
fr

om
 b

is
ul

fit
e 

tr
ea

tm
en

t 
w

he
n 

st
ar

tin
g 

w
ith

 p
ic

og
ra

m
-le

ve
l D

N
A 

fr
om

 a
 s

in
gl

e 
ce

ll.

[9
]

Ca
be

rn
et

(−
H

) 
(C

ar
rie

r-
as

si
st

ed
 

ba
se

-c
on

ve
rs

io
n 

by
 e

nz
ym

at
ic

 
re

ac
tio

n 
w

ith
 

en
d-

ta
gg

in
g)

D
N

A 
m

et
hy

la
tio

n 
(5

m
C,

 5
hm

C)
Se

qu
en

tia
l e

nz
ym

at
ic

 
re

ac
tio

ns
 w

ith
 T

ET
 a

nd
 

AP
O

BE
C 

en
zy

m
es

 
co

nv
er

t 
un

m
et

hy
la

te
d 

cy
to

si
ne

s 
to

 u
ra

ci
l, 

m
in

im
iz

in
g 

D
N

A 
da

m
ag

e.
 A

 T
n5

 
tr

an
sp

os
as

e 
is

 u
se

d 
to

 
in

se
rt

 s
eq

ue
nc

in
g 

ad
ap

te
rs

 t
o 

m
in

im
iz

e 
sa

m
pl

e 
lo

ss
.

Si
ng

le
 c

el
ls

Ye
s

Ye
s

Av
oi

ds
 t

he
 D

N
A 

da
m

ag
e 

as
so

ci
at

ed
 w

ith
 b

is
ul

fit
e 

tr
ea

tm
en

t. 
Ca

n 
de

te
ct

 5
hm

C 
in

 p
ar

al
le

l b
y 

om
itt

in
g 

th
e 

TE
T 

en
zy

m
e 

re
ac

tio
n.

D
iff

er
en

t 
ge

no
m

ic
 c

ov
er

ag
e 

pr
of

ile
s 

th
en

 b
is

ul
fit

e 
tr

ea
tm

en
t 

m
et

ho
ds

. 
M

ay
 t

ak
e 

tim
e 

fo
r 

st
an

da
rd

iz
at

io
n 

an
d 

w
id

es
pr

ea
d 

ad
op

tio
n 

as
 a

 
ne

w
er

 t
ec

hn
ol

og
y.

[1
0]

sc
H

i-C
/D

ip
-C

 
(S

in
gl

e-
ce

ll 
H

i-C
)

3D
 h

ig
h-

or
de

r 
ch

ro
m

at
in

 s
tr

uc
tu

re
3D

 h
ig

h-
or

de
r 

ch
ro

m
at

in
 

is
 r

an
do

m
ly

 d
ig

es
te

d 
by

 r
es

tr
ic

tio
n 

en
zy

m
e 

an
d 

pr
ox

im
al

 
fr

ag
m

en
ts

 a
re

 li
ga

te
d 

in
ve

rs
el

y 
pr

op
or

tio
na

l 
to

 in
tr

ac
el

lu
la

r 
sp

at
ia

l 
di

st
an

ce
.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(B
ul

k 
H

i-C
 is

 
co

m
pa

tib
ile

.)

Re
ve

al
s 

he
te

ro
ge

ne
ity

 in
 3

D
 g

en
om

e 
ar

ch
ite

ct
ur

e 
be

tw
ee

n 
ce

lls
. C

ap
tu

re
 t

he
 d

yn
am

ic
 n

at
ur

e 
of

 s
tr

uc
tu

ra
l u

ni
ts

 li
ke

 
to

po
lo

gi
ca

lly
 a

ss
oc

ia
tin

g 
do

m
ai

ns
 (

TA
D

s)
.

Sp
ar

se
 d

at
a,

 la
ck

in
g 

lo
ng

-r
an

ge
 in

te
r-

 
ch

ro
m

os
om

al
 in

te
ra

ct
io

ns
 a

nd
 o

ft
en

 
co

nt
ac

ts
 a

ro
un

d 
ce

nt
ro

m
er

es
 a

nd
 

nu
cl

eo
li.

[1
1,

12
]

sc
M

ic
ro

-C
 

(S
in

gl
e-

ce
ll 

M
ic

ro
-C

)

H
ig

h-
re

so
lu

tio
n 

3D
 

hi
gh

-o
rd

er
 

ch
ro

m
at

in
 s

tr
uc

tu
re

3D
 h

ig
h-

or
de

r 
ch

ro
m

at
in

 
is

 r
an

do
m

ly
 d

ig
es

te
d 

by
 m

ic
ro

co
cc

al
 

nu
cl

ea
se

 (
M

N
as

e)
 a

nd
 

pr
ox

im
al

 fr
ag

m
en

ts
 a

re
 

lig
at

ed
 in

ve
rs

el
y 

pr
op

or
tio

na
l t

o 
in

tr
ac

el
lu

la
r 

sp
at

ia
l 

di
st

an
ce

.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(M
N

as
e 

ac
tiv

ity
 

is
 li

ke
ly

 a
ffe

ct
ed

 
by

 f
or

m
al

in
 

cr
os

s-
lin

ki
ng

.)

D
et

ec
ts

 p
ro

m
ot

er
-e

nh
an

ce
r 

in
te

ra
ct

io
ns

 w
ith

 h
ig

he
r 

re
so

lu
tio

n 
th

an
 s

cH
i-C

. H
as

 s
uc

ce
ss

fu
lly

 id
en

tif
ie

d 
m

ul
ti-

 
en

ha
nc

er
 h

ub
s.

Sp
ar

se
 d

at
a,

 la
ck

in
g 

lo
ng

-r
an

ge
 in

te
r-

 
ch

ro
m

os
om

al
 in

te
ra

ct
io

ns
 a

nd
 o

ft
en

 
co

nt
ac

ts
 a

ro
un

d 
ce

nt
ro

m
er

es
 a

nd
 

nu
cl

eo
li.

[1
3]

(C
on

tin
ue

d
)

120 H. OHISHI AND W. K. AU YEUNG



Ta
bl

e 
1.

 (
Co

nt
in

ue
d)

. 

M
et

ho
d 

N
am

e

Ep
ig

en
et

ic
 a

nd
 

Tr
an

sc
rip

to
m

ic
 

Fe
at

ur
es

 C
ov

er
ed

Pr
in

ci
pl

e
Sa

m
pl

e 
Ty

pe
Fr

oz
en

 
Co

m
pa

tib
ili

ty
FF

PE
 

Co
m

pa
tib

ili
ty

St
re

ng
th

Li
m

ita
tio

n
Re

f

sc
SP

RI
TE

 
(S

in
gl

e-
ce

ll 
sp

lit
- 

po
ol

 r
ec

og
ni

tio
n 

of
 in

te
ra

ct
io

ns
 b

y 
ta

g 
ex

te
ns

io
n)

3D
 h

ig
h-

or
de

r 
ch

ro
m

at
in

 s
tr

uc
tu

re
3D

 h
ig

h-
or

de
r 

ch
ro

m
at

in
 

is
 r

an
do

m
ly

 d
ig

es
te

d 
by

 r
es

tr
ic

tio
n 

en
zy

m
e 

an
d 

fr
ag

m
en

ts
 a

re
 

ta
gg

ed
 b

y 
co

m
bi

na
to

ria
l i

nd
ex

in
g 

of
 b

ar
co

de
s.

 S
im

ila
r 

ba
rc

od
es

 r
ef

le
ct

 
sp

at
ia

lly
 p

ro
xi

m
al

 
fr

ag
m

en
ts

.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
D

et
ec

ts
 1

0x
 m

or
e 

pa
irw

is
e 

co
nt

ac
ts

 a
nd

 5
x 

m
or

e 
in

te
r-

 
ch

ro
m

os
om

al
 c

on
ta

ct
s 

w
ith

 fe
w

er
 r

ea
ds

 c
om

pa
re

d 
to

 s
cH

i- 
C.

 S
ig

ni
fic

an
tly

 m
iti

ga
te

s 
th

e 
da

ta
 s

pa
rs

ity
 is

su
e.

Co
m

bi
na

to
ria

l i
nd

ex
in

g 
re

qu
ire

s 
a 

la
rg

e 
nu

m
be

r 
of

 s
in

gl
e 

ce
lls

 t
o 

st
ar

t 
w

ith
. 

M
ay

 t
ak

e 
tim

e 
fo

r 
st

an
da

rd
iz

at
io

n 
an

d 
w

id
es

pr
ea

d 
ad

op
tio

n 
as

 a
 

ne
w

er
 t

ec
hn

ol
og

y.

[1
4]

Th
ir

d 
ge

ne
ra

ti
on

 l
on

g-
re

ad
 e

pi
ge

no
m

ic
s

sc
N

an
oA

TA
C-

se
q2

O
pe

n 
ch

ro
m

at
in

 
re

gi
on

s
Lo

ng
 f

ra
gm

en
ts

 a
re

 
se

qu
en

ce
d 

af
te

r 
Tn

5 
tr

an
sp

os
iti

on
 (

in
st

ea
d 

of
 s

eq
ue

nc
in

g 
sh

or
t 

fr
ag

m
en

ts
 in

 s
cA

TA
C-

 
se

q)
, e

na
bl

in
g 

al
le

lic
 

di
sc

rim
in

at
io

n 
an

d 
lo

ng
-r

an
ge

 c
o-

 
oc

cu
re

nc
e.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(T
ec

hn
ol

og
ic

al
ly

 
fe

as
ib

le
 w

ith
 

le
ng

th
 t

ra
de

-o
ff)

Re
so

lv
es

 a
lle

le
-s

pe
ci

fic
 a

cc
es

si
bi

lit
y 

in
fo

rm
at

io
n 

an
d 

id
en

tif
ie

s 
co

-a
cc

es
si

bi
lit

y 
of

 m
ul

tip
le

 s
ite

s 
on

 t
he

 s
am

e 
al

le
le

. U
se

fu
l 

fo
r 

st
ud

yi
ng

 im
pr

in
tin

g 
an

d 
X-

ch
ro

m
os

om
e 

in
ac

tiv
at

io
n.

M
ay

 t
ak

e 
tim

e 
fo

r 
st

an
da

rd
iz

at
io

n 
an

d 
w

id
es

pr
ea

d 
ad

op
tio

n 
as

 a
 n

ew
er

 
te

ch
no

lo
gy

.

[1
5]

sc
N

an
oS

eq
- 

CU
T&

Ta
g

H
is

to
ne

 m
od

ifi
ca

tio
ns

Lo
ng

 f
ra

gm
en

ts
 a

re
 

se
qu

en
ce

d 
af

te
r 

Tn
5 

tr
an

sp
os

iti
on

 (
in

st
ea

d 
of

 s
eq

ue
nc

in
g 

sh
or

t 
fr

ag
m

en
ts

 in
 

CU
T&

Ta
g)

, e
na

bl
in

g 
al

le
lic

 d
is

cr
im

in
at

io
n 

an
d 

lo
ng

-r
an

ge
 c

o-
 

oc
cu

re
nc

e.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(T
ec

hn
ol

og
ic

al
ly

 
fe

as
ib

le
 w

ith
 

le
ng

th
 t

ra
de

-o
ff)

Re
so

lv
es

 a
lle

le
-s

pe
ci

fic
 a

cc
es

si
bi

lit
y 

in
fo

rm
at

io
n 

an
d 

id
en

tif
ie

s 
co

-o
cc

ur
re

nc
e 

pa
tt

er
ns

 f
or

 h
is

to
ne

 m
od

ifi
ca

tio
ns

 o
n 

th
e 

sa
m

e 
al

le
le

. C
an

 a
cc

ur
at

el
y 

de
te

ct
 m

od
ifi

ca
tio

n 
st

at
us

 o
n 

in
di

vi
du

al
 c

op
ie

s 
of

 r
ep

et
iti

ve
 e

le
m

en
ts

.

M
ay

 t
ak

e 
tim

e 
fo

r 
st

an
da

rd
iz

at
io

n 
an

d 
w

id
es

pr
ea

d 
ad

op
tio

n 
as

 a
 n

ew
er

 
te

ch
no

lo
gy

.

[1
6]

N
at

iv
e 

D
et

ec
ti

on
 

of
 B

as
e 

M
od

if
ic

at
io

ns

N
at

iv
e 

D
N

A/
RN

A 
ba

se
 

m
od

ifi
ca

tio
ns

 (
5m

C,
 

5h
m

C,
 6

 m
A,

 e
tc

.)

M
od

ifi
ed

 b
as

es
 c

au
se

 
ch

ar
ac

te
ris

tic
 d

el
ay

s 
in

 
co

m
pl

em
en

ta
ry

 b
as

e 
in

co
rp

or
at

io
n 

(P
ac

Bi
o)

 
or

 p
ro

du
ce

 u
ni

qu
e 

cu
rr

en
t 

pa
tt

er
ns

 w
he

n 
pa

ss
in

g 
th

ro
ug

h 
a 

pr
ot

ei
n 

na
no

po
re

 
(O

xf
or

d 
N

an
op

or
e)

.

M
ic

ro
gr

am
-s

ca
le

 
na

tiv
e 

hi
gh

- 
m

ol
ec

ul
ar

-w
ei

gh
t 

D
N

A.

Ye
s

Ye
s

D
ire

ct
ly

 d
et

ec
ts

 m
ul

tip
le

 b
as

e 
m

od
ifi

ca
tio

ns
 w

ith
ou

t 
bi

su
lfi

te
 

or
 e

nz
ym

at
ic

 c
on

ve
rs

io
n.

 L
on

g 
re

ad
s 

en
ab

le
 t

he
 r

es
ol

ut
io

n 
of

 c
om

pl
ex

 g
en

om
ic

 r
eg

io
ns

 a
nd

 a
lle

le
 p

ha
si

ng
.

H
ig

he
r 

er
ro

r 
ra

te
 c

om
pa

re
d 

to
 s

ho
rt

- 
re

ad
 p

la
tf

or
m

s.
 R

eq
ui

re
s 

a 
la

rg
e 

am
ou

nt
 o

f 
in

pu
t 

D
N

A.

[1
7–

19
]

M
ul

ti
-o

m
ic

s 
in

 e
pi

ge
no

m
ic

s
SH

A
RE

-s
eq

 
(S

im
ul

ta
ne

ou
s 

hi
gh

-t
hr

ou
gh

pu
t 

AT
AC

 a
nd

 R
N

A 
ex

pr
es

si
on

)

Ch
ro

m
at

in
 

ac
ce

ss
ib

ili
ty

, 
tr

an
sc

rip
to

m
e 

(m
RN

A)

AT
AC

-s
eq

 a
nd

 R
N

A-
se

q 
ar

e 
pe

rf
or

m
ed

 
si

m
ul

ta
ne

ou
sl

y 
in

 
pe

rm
ea

bi
liz

ed
 s

in
gl

e 
nu

cl
ei

. T
n5

 t
ra

ns
po

sa
se

 
ta

gg
ed

 o
pe

n 
ch

ro
m

at
in

 a
nd

 o
lig

o-
 

dT
 c

ap
tu

re
d 

m
RN

A 
ar

e 
ph

ys
ic

al
ly

 s
ep

ar
at

ed
 

fo
r 

pa
ra

lle
l l

ib
ra

ry
 

pr
ep

ar
at

io
n.

Si
ng

le
 c

el
l n

uc
le

i
Ye

s
N

o 
re

po
rt

D
ire

ct
ly

 li
nk

s 
ch

ro
m

at
in

 a
cc

es
si

bi
lit

y 
an

d 
ge

ne
 e

xp
re

ss
io

n 
in

 
th

e 
sa

m
e 

ce
ll,

 a
llo

w
in

g 
th

e 
ca

pt
ur

e 
of

 c
hr

om
at

in
 s

ta
te

 
ch

an
ge

s 
th

at
 p

re
ce

de
 t

ra
ns

cr
ip

tio
na

l a
ct

iv
at

io
n.

Co
m

pl
ex

 p
ro

to
co

l d
ue

 t
o 

pa
ra

lle
l 

ha
nd

lin
g 

tw
o 

m
od

al
iti

es
. S

pa
re

 d
at

a.
[2

0]

(C
on

tin
ue

d
)

EPIGENOMICS 121



Ta
bl

e 
1.

 (
Co

nt
in

ue
d)

. 

M
et

ho
d 

N
am

e

Ep
ig

en
et

ic
 a

nd
 

Tr
an

sc
rip

to
m

ic
 

Fe
at

ur
es

 C
ov

er
ed

Pr
in

ci
pl

e
Sa

m
pl

e 
Ty

pe
Fr

oz
en

 
Co

m
pa

tib
ili

ty
FF

PE
 

Co
m

pa
tib

ili
ty

St
re

ng
th

Li
m

ita
tio

n
Re

f

sc
M

&
T-

se
q 

(S
in

gl
e-

ce
ll 

M
et

hy
la

tio
n 

an
d 

Tr
an

sc
rip

to
m

e 
se

qu
en

ci
ng

)

D
N

A 
m

et
hy

la
tio

n,
 

tr
an

sc
rip

to
m

e 
(m

RN
A)

St
re

pt
av

id
in

-c
on

ju
ga

te
d 

ol
ig

o-
dT

 b
ea

ds
 

ph
ys

ic
al

ly
 s

ep
ar

at
es

 
m

RN
A 

fr
om

 g
en

om
ic

 
D

N
A 

fo
r 

pa
ra

lle
l l

ib
ra

ry
 

pr
ep

ar
at

io
n.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
D

em
on

st
ra

te
s 

th
e 

he
te

ro
ge

ne
ou

s 
ne

ga
tiv

e 
co

rr
el

at
io

n 
be

tw
ee

n 
pr

om
ot

er
 D

N
A 

m
et

hy
la

tio
n 

an
d 

tr
an

sc
rip

t 
ab

un
da

nc
e 

at
 t

he
 s

in
gl

e-
ce

ll 
le

ve
l.

Co
m

pl
ex

 p
ro

to
co

l d
ue

 t
o 

pa
ra

lle
l 

ha
nd

lin
g 

tw
o 

m
od

al
iti

es
. D

N
A 

da
m

ag
e 

fr
om

 b
is

ul
fit

e 
tr

ea
tm

en
t.

[2
1]

sc
N

M
T-

se
q 

(S
in

gl
e-

ce
ll 

N
uc

le
os

om
e,

 
M

et
hy

la
tio

n,
 a

nd
 

Tr
an

sc
rip

to
m

e 
se

qu
en

ci
ng

)

Ch
ro

m
at

in
 

ac
ce

ss
ib

ili
ty

, D
N

A 
m

et
hy

la
tio

n,
 

tr
an

sc
rip

to
m

e

O
pe

n 
ch

ro
m

at
in

 r
eg

io
ns

 
in

 p
er

m
ea

bi
liz

ed
 c

el
ls

 
w

ith
 a

n 
ex

og
en

ou
s 

G
pC

 m
et

hy
ltr

an
sf

er
as

e 
(M

.C
vi

PI
). 

Th
en

, R
N

A 
an

d 
gD

N
A 

ar
e 

th
en

 
se

pa
ra

te
d 

fo
r 

RN
A-

se
q 

an
d 

bi
su

lfi
te

 
se

qu
en

ci
ng

 a
s 

in
 

sc
M

&
T-

se
q.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
O

bt
ai

ns
 t

hr
ee

 la
ye

rs
 o

f 
re

gu
la

tio
n 

fr
om

 t
he

 s
am

e 
ce

ll,
 

en
ab

lin
g 

di
re

ct
 c

or
re

la
tio

n 
of

 c
hr

om
at

in
 s

ta
te

, D
N

A 
m

et
hy

la
tio

n,
 a

nd
 g

en
e 

ex
pr

es
si

on
 d

ur
in

g 
dy

na
m

ic
 

pr
oc

es
se

s.

Co
m

pl
ex

 p
ro

to
co

l d
ue

 t
o 

pa
ra

lle
l 

ha
nd

lin
g 

tw
o 

m
od

al
iti

es
. S

pa
re

 d
at

a.
[2

2]

sc
M

ul
ti

-C
U

T&
Ta

g/
 

sc
M

ul
TI

-T
ag

M
ul

tip
le

 h
is

to
ne

 
m

od
ifi

ca
tio

ns
 o

r 
tr

an
sc

rip
tio

n 
fa

ct
or

s

M
ul

tip
le

 r
ou

nd
s 

of
 

an
tib

od
y-

gu
id

ed
 T

n5
 

tr
an

sp
os

iti
on

 g
ui

de
 t

he
 

in
se

rt
io

n 
of

 s
eq

ue
nc

in
g 

ad
ap

to
rs

 w
ith

 d
iff

er
en

t 
ba

rc
od

es
, a

llo
w

in
g 

si
gn

al
s 

fr
om

 d
iff

er
en

t 
an

tib
od

ie
s 

to
 b

e 
di

st
in

gu
is

he
d 

du
rin

g 
se

qu
en

ci
ng

.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
En

ab
le

s 
an

al
ys

is
 o

f 
co

m
bi

na
tio

ns
 o

f 
hi

st
on

e 
m

od
fic

at
io

ns
 

w
ith

in
 t

he
 s

am
e 

ce
ll.

 A
llo

w
s 

fo
r 

a 
m

or
e 

pr
ec

is
e 

de
fin

iti
on

 
of

 r
eg

ul
at

or
y 

el
em

en
t 

fu
nc

tio
n.

Co
m

pl
ex

 p
ro

to
co

l d
ue

 t
o 

pa
ra

lle
l 

ha
nd

lin
g 

tw
o 

m
od

al
iti

es
. C

ro
ss

- 
re

ac
tiv

ity
 o

f 
an

tib
od

ie
s 

an
d 

va
rib

le
 

ef
fic

ie
nc

y 
of

 d
iff

er
en

t 
an

tib
od

ie
s.

[2
3,

24
]

Si
x-

le
tt

er
-s

eq
D

N
A 

m
et

hy
la

tio
n 

(5
m

C 
ve

rs
us

 5
hm

C)
D

N
A 

m
et

hy
ltr

an
sf

er
as

e 
5 

(D
N

M
T5

) c
op

ie
s 

5m
C 

in
 

vi
tr

o 
to

 t
he

 s
yn

th
et

ic
 

co
m

pl
em

en
ta

ry
 s

tr
an

d 
bu

t 
no

t 
gl

yc
os

yl
at

io
n-

 
pr

ot
ec

te
d 

5h
m

C.
 T

hi
s 

al
lo

w
s 

th
e 

tw
o 

to
 b

e 
di

st
in

gu
is

he
d 

af
te

r 
se

qu
en

ci
ng

.

N
an

og
ra

m
-s

ca
le

 D
N

A.
Ye

s
N

o 
re

po
rt

D
is

tin
gu

is
he

s 
be

tw
ee

n 
5m

C 
an

d 
5h

m
C 

in
 m

in
ut

e 
ce

ll 
po

pu
la

tio
ns

 o
r 

lo
w

 in
pu

t 
D

N
A 

sa
m

pl
e.

M
ay

 t
ak

e 
tim

e 
fo

r 
st

an
da

rd
iz

at
io

n 
an

d 
w

id
es

pr
ea

d 
ad

op
tio

n 
as

 a
 n

ew
er

 
te

ch
no

lo
gy

.

[2
5]

sc
M

et
hy

l-H
iC

D
N

A 
m

et
hy

la
tio

n,
 3

D
 

hi
gh

-o
rd

er
 

ch
ro

m
at

in
 s

tr
uc

tu
re

Bi
su

lfi
te

 t
re

at
m

en
t 

is
 

pe
fo

rm
ed

 o
n 

lig
at

ed
 

pr
ox

im
al

 D
N

A 
fr

ag
m

en
ts

, p
ro

vi
di

ng
 

D
N

A 
m

et
hy

la
tio

n 
in

fo
rm

at
io

n 
ve

rs
us

 
sc

H
i-C

.

Si
ng

le
 c

el
ls

Ye
s

N
o 

re
po

rt
 

(B
ul

k 
M

et
hy

l-H
iC

 
is

 c
om

pa
tib

ile
.)

Ca
n 

di
re

ct
ly

 c
or

re
la

te
 p

ai
rw

is
e 

3D
 c

on
ta

ct
s 

w
ith

 t
he

 
m

et
hy

la
tio

n 
st

at
us

 o
f 

in
te

ra
ct

in
g 

lo
ci

. H
as

 r
ev

ea
le

d 
co

- 
re

gu
la

tio
n 

of
 s

pa
tia

lly
 p

ro
xi

m
al

 d
is

ta
l r

eg
io

ns
.

Co
m

pl
ex

 p
ro

to
co

l d
ue

 t
o 

pa
ra

lle
l 

ha
nd

lin
g 

tw
o 

m
od

al
iti

es
. D

N
A 

da
m

ag
e 

fr
om

 b
is

ul
fit

e 
tr

ea
tm

en
t.

[2
6]

Po
re

-C
3D

 h
ig

h-
or

de
r 

ch
ro

m
at

in
 s

tr
uc

tu
re

, 
na

tiv
e 

D
N

A 
m

et
hy

la
tio

n

D
iff

er
en

t 
fr

om
 H

i-C
, 

lig
at

ed
 p

ro
xi

m
al

 D
N

A 
fr

ag
m

en
ts

 a
re

 
se

qu
en

ce
d 

di
re

ct
ly

 t
o 

ca
pt

ur
e 

hi
gh

-o
rd

er
 

ch
ro

m
at

in
 s

tr
cu

tu
re

 
an

d 
na

tiv
e 

D
N

A 
ba

se
 

m
od

ic
at

io
ns

 a
t 

th
e 

sa
m

e 
tim

e.

M
ill

io
ns

 o
f 

ce
lls

Ye
s

N
o 

re
po

rt
Ca

n 
di

re
ct

ly
 c

or
re

la
te

 m
ul

tiw
ay

 3
D

 c
on

ta
ct

s 
w

ith
 t

he
 a

lle
le

- 
sp

ec
ifi

c 
m

et
hy

la
tio

n 
st

at
us

 o
f 

in
te

ra
ct

in
g 

lo
ci

.
M

ay
 t

ak
e 

tim
e 

fo
r 

st
an

da
rd

iz
at

io
n 

an
d 

w
id

es
pr

ea
d 

ad
op

tio
n 

as
 a

 n
ew

er
 

te
ch

no
lo

gy
.

[2
7]

122 H. OHISHI AND W. K. AU YEUNG



topologically associating domains (TADs) and A/B compart
ments, which are intimately linked to epigenetic states. The 
major idea of Hi-C is to fragment genome by restriction 
enzymes, and ligate spatially proximal fragments to create 
chimeras. To dissect cellular heterogeneity in chromatin struc
ture, single-cell Hi-C (scHi-C) methods were developed to map 
3D contacts in thousands of individual cells, including the 
original protocol [11] and the expanded Dip-C protocol to 
map haplotype-resolved structure [12]. These studies have 
revealed cell-to-cell variability in TAD structures. To detect 
promoter-enhancer interactions, single-cell Micro-C (scMicro- 
C) uses micrococcal nuclease in place of restriction enzymes to 
increase the data resolution up to 5 kb, identifying multi- 
enhancer hubs in human lymphoblastoid cell lines [13]. 
However, a major limitation of scHi-C is its extreme data 
sparsity in long-range contacts across chromosomes (inter- 
chromosomal contacts) around nuclei aggregates (centro
meres, nucleoli and nuclear speckles). An alternative method 
called single-cell split-pool recognition of interactions by tag 
extension (scSPRITE) uses the combinatorial indexing to tag 
spatially proximal fragments [14]. scSPRITE detects ten times 
more pairwise contacts in a fraction of reads compared to 
scHi-C, at the same time detecting five times more inter- 
chromosomal contacts in mouse embryonic stem cells.

2.2. Third generation long-read epigenomics

The above short-read methods offered by next-generation 
sequencing, although powerful, present challenges in phasing 
epigenetic marks (i.e., determining which alleles carry certain 
modifications) and accurately mapping repetitive or structu
rally complex regions. In addition, detecting base modifica
tions requires chemical conversion, which limits the 
application to only well-defined modifications. Third genera
tion sequencers from Pacific Biosciences (PacBio) and Oxford 
Nanopore Technologies address these issues by offering two 
key advantages.

2.2.1. Allelic discrimination and long range co-occurrence
Third generation sequencers read intact molecules up to tens 
or hundreds of kilobases long, dramatically improving the 
chances to distinguish alleles by single nucleotide polymorph
ism and insertion/deletion. At the same time, reading long 
molecules allows the detection of epigenetic information on 
the same allele in single molecule or single-cell levels 
[15,17,50]. Phased epigenetic datasets can then be compared 
to reveal differentially DNA methylated regions in DNA 
methyltransferase triple knockout mouse embryonic stem 
cells [17] and imprinted loci in human breast cancer cell 
lines [50]. Similarly, long-read chromatin accessibility assay 
(scNanoATAC-seq2) not only resolves allele-specific accessibil
ity information, but demonstrates the ability of identifying co- 
occurrence of accessible sites on the same allele of individual 
cells [15]. Similar benefits exist for histone modifications using 
scNanoSeq-CUT&Tag [16]. While the biological significance of 
detecting allelic DNA methylation is well recognized on geno
mic imprinting and X chromosome inactivation, the power to 
detect chromatin co-accessibility requires further investigation 
including multi-omic approaches.

2.2.2. Native detection of base modifications
Third generation sequencers can also directly measure mod
ifications to nucleotides [51]. PacBio sequencers use the single 
molecule real-time (SMRT) technology to monitor the incor
poration rate of complementary bases, and the polymerase 
kinetics for a complementary base to a modified base are 
different from those for an unmodified base, producing a 
characteristic delayed incorporation [18]. In contrast, 
Nanopore sequencers from Oxford Nanopore Technologies 
record the electric current patterns when a single DNA strand 
passes through tiny protein channels called nanopores, and a 
modified base produces a characteristic electric current pat
tern different from its unmodified counterpart [17,19]. These 
two methods convert time-domain fluorescent or electric sig
nal patterns to modified bases using machine learning models 
trained on synthetic DNA standards (Figure 2B). While 
machine learning is also used in next-generation sequencers 
for assigning bases without modifications, the third genera
tion sequencers can detect multiple modifications in one 
sequencing run. Moreover, the sequencing (signal acquisition) 
and base calling can be separated, meaning that a future 
machine learning model trained on a new DNA modification 
can be used to analyze a previously sequenced sample. 
However, because this native information is lost during in 
vitro amplification, these methods require a microgram scale 
of native DNA as the starting material. Thus, third generation 
sequencing cannot yet profile the native chromatin of single 
cells or rare cell populations. However, this approach is suita
ble in combination with other omic layers like higher-order 
chromatin structure [27]. (For further explanation please see 
Section 2.3.3 below.)

2.3. Multi-omics in epigenomics

Single-omics assays, even at single-cell resolution, capture 
only one facet of cellular regulation. Multi-omic approaches 
have emerged in recognition that epigenetic modifications, 
chromatin accessibility, chromatin structure and transcription 
crosstalk and collectively shape phenotypes. While the inte
gration of separate omics data from bulk cell provides the 
overview of developmental dynamics, single cell and single 
molecule multi-omic approaches, offered by next-generation 
sequencing and third generation sequencing, reveal temporal 
cause-effect relationships among omic layers and develop
mental trajectories of cell populations.

2.3.1. Single-cell profiling of chromatin, DNA methylation, 
and transcriptome
A major goal of multi-omics is to link the epigenome to the 
transcriptome within the same cell. Several methods achieve 
this by physically separating molecules for parallel profiling. 
Simultaneous high-throughput ATAC and RNA expression 
(SHARE-seq) merges chromatin accessibility and transcrip
tomes in single nuclei, enabling the dissection of accessible 
chromatin preceding transcription activation during mouse 
skin differentiation [20]. Single-cell Methylation and 
Transcriptome sequencing (scM&T-seq) uses streptavidin- 
coupled oligo-dT primer to isolate RNA for parallel profiling 
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of DNA methylation and transcriptome, and identified at the 
single-cell level the heterogenous negative correlation 
between promoter DNA methylation and transcript abun
dance [21]. Moreover, single-cell Nucleosome, Methylation, 
and Transcriptome sequencing (scNMT-seq) builds upon 
scM&T-seq by adding a step to label accessible chromatin 
through an in vitro GpC methyltransferase treatment, thus 
capturing three modalities [22]. This method identified the 
establishment of a genome-wide negative correlation 
between DNA methylation and chromatin accessibility along 
mouse in vitro embryoid differentiation.

2.3.2. Multiplex profiling of histone and DNA 
modifications
Beyond transcriptomes, other methods focus on profiling 
multiple epigenetic marks simultaneously. This is crucial 
because the combinatorial patterns of histone modifications, 
or “histone code,” often define regulatory element function 
more accurately than any single mark. The original techni
ques of studying histone modifications and transcription 
factors recognize only one type of protein at a time. Instead 
of splitting the bulk sample into multiple batches for multiple 
proteins, there are multiplexed protocols to insert protein- 
target-specific tag sequences to the genomic DNA of single 
cells. Methods like scMulti-CUT&Tag [23] and scMulTI-Tag 
[24] use different antibodies in successive rounds, each 
coupled with a unique barcoded adapter, to profile multiple 
proteins in the same cell. For example, scMulTI-Tag was used 
to analyze the co-occurrence of multiple histone modifica
tions (H3K4me1, H3K27me3 and H3K36me3) at the single-cell 
level during the in vitro differentiation of human embryonic 
stem cells.

In a different approach targeting DNA modifications, a 
novel technique called six-letter-seq was developed to study 
single-molecule DNA methylation status of the two common 
forms 5mC and 5hmC. This approach uses DNA methyltrans
ferase 5 (DNMT5) to copy 5mC but not glycosylated 5hmC to 
the synthetic complementary strand, allowing their distinction 
after sequencing [25].

2.3.3. Multi-omics with higher-order chromatin structure
Finally, integrating chromatin structure with other epigenetic 
layers provides the complete intracellular spatial information 
for gene regulation. Methods that simultaneously profile chro
matin contacts and DNA methylation, such as scMethyl-HiC, 
revealed the co-regulation of distal regions that are spatially 
close in mouse embryonic stem cells [26]. This allows for direct 
correlation between 3D structure and the methylation state of 
interacting loci in single cells. Similarly, combining long-read 
sequencing with conformation capture, as in Pore-C, enables 
the simultaneous detection of higher-order chromatin con
tacts and native DNA modifications on the same long DNA 
molecule, linking multi-way interactions directly to their 
underlying allelic methylation patterns without PCR amplifica
tion [27].

2.4. Bioinformatics of sequencing-based methods

The vast and complex datasets generated by modern sequen
cing methods necessitate specialized bioinformatic 
approaches. Key challenges include handling data sparsity in 
single-cell assays, accurately aligning long, error-prone reads, 
and integrating diverse data types from multi-omic 
experiments.

A major challenge in single-cell epigenomics is data spar
sity. DNA sample loss during experimental procedures is inevi
table. Due to the minute (picogram level) amount of DNA in 
single cells, single cell sequencing data is always sparse and 
noisy compared to bulk sequencing. Moreover, handling the 
data from a large number of single cells pose computational 
challenges. Bioinformatic pipelines are needed for cell cluster
ing, trajectory inference, motif enrichment, and missing data 
imputation. Statistical clustering tools like ArchR integrate 
single-cell ATAC-seq data for cell clustering, trajectory infer
ence, and motif enrichment [52], while matrix factorization 
tools like scOpen and scCASE can enhance the resolution of 
single cell data, using the general rule learnt from large num
bers of sparse single cell data to predict the missing data in 
each single cell [53,54]. Deep learning approaches are power
ful tools to summarize non-linear rules hidden in the genomic 
sequences coupled to epigenomic profiles. Models trained on 
bulk data that estimate confidence by only single or a few, 
dense (broad genome coverage), and deep (genome 
sequences being read multiple times) datasets are not directly 
applicable to sparse single-cell data. These conditions are 
distinct from the nature of single cell epigenomics data, 
requiring novel modeling approaches. A deep learning 
approach called Scover learns from scATAC-seq data to infer 
cell-type-specific transcription factor activity in mouse tissues 
and human kidney [55]. DeepCpG imputes single-cell DNA 
methylation profiles at single nucleotide resolution, which 
was used to estimate the average and heterogenous regula
tion of DNA methylation in mouse embryonic stem cells [56]. 
Higashi learns the cell characteristics through graph neural 
network on scHi-C data, aiding cell-type-specific clustering, 
A/B compartment and TAD detection in human prefrontal 
cortex [57].

For long-read epigenomics, the initial critical step is align
ing long, and often noisy, reads to a reference genome. 
Vendors provide integrated analysis platforms, such as 
EPI2ME (Oxford Nanopore Technologies), which offer user- 
friendly, cloud-based pipelines that bundle long-read-specific 
alignment, variant calling, methylation analysis and higher- 
order chromatin structure into automated workflows. 
Alternatively, the alignment tool in EPI2ME called minimap2 
can be used separately, offering high speed and accuracy for 
both genomic and spliced RNA reads [58]. Once aligned, 
downstream analyses can often re-use or adapt tools devel
oped for short-read data.

The analysis of multi-omic data aims to find a joint low- 
dimensional representation that captures the primary sources 
of variation across different molecular layers (See [59] for an 
extensive review of the fast-evolving nature of multi-omic 
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analysis tools.). The most recent version of single-cell analysis 
tool Seurat v5 expands beyond the well-known transcrip
tomics to modalities such as epigenomics and proteomics to 
uncover coordinated biological processes [60].

3. Imaging-based methods

Genome-wide information obtained from bulk sequencing 
methods for histone modification or DNA methylation pro
vides a population-averaged view of the epigenome. While 
single-cell sequencing can overcome this averaging problem, 
it introduces another critical limitation: the loss of spatial 
context, both histologically and intracellularly. Because these 
methods require cell dissociation, crucial information about a 
cell’s position and its interactions within the native tissue and 
cellular architecture is lost. This is a significant drawback, as 
cellular processes are often spatially regulated. This limitation 
is particularly consequential for the study of intracellular 
events, which is the focus of this review. For instance, gene 
expression is a dynamic process. At any given moment, a 
specific gene might be actively transcribed in some cells 
while being silenced in others [61].

To overcome this limitations of sequencing and investigate 
the epigenetic mechanisms governing such cellular heteroge
neity, imaging-based approaches that preserve spatial context 
are indispensable. Direct visualization of the epigenome 
enables the elucidation of the complex interplay between 

higher-order chromatin structure, its dynamic rearrangements, 
and gene function. Advanced imaging techniques provide 
insights across multiple scales. For instance, live-cell fluores
cence strategies enable the real-time tracking of histone marks 
and transcriptional regulators, revealing how chromatin struc
ture responds dynamically during processes like transcription 
or DNA repair. This provides critical temporal information that 
sequencing-based methods cannot capture. Concurrently, 
multiplexed chromatin tracing techniques allow for the high- 
resolution mapping of the genome’s spatial organization in 
fixed cells. These methods empower researchers to directly 
observe the physical proximity of distal enhancers to their 
target promoters, visualize the co-localization of active and 
repressive marks, and dissect the higher-order structures that 
orchestrate gene regulatory networks. Furthermore, by physi
cally overcoming the diffraction limit, super-resolution ima
ging methods provide unprecedented nanoscale views of 
chromatin ultrastructure, such as the compaction state of 
individual nucleosome clusters. This allows for the direct cor
relation of these physical properties with functional outcomes. 
Collectively, these advances provide a powerful framework for 
establishing causal links between the physical organization of 
the epigenome and the regulation of cellular identity and 
function.

This section provides an overview of these three major 
developments of intracellular imaging methods: (i) live-cell 
fluorescence strategies for real-time tracking of histone 

Figure 2. Technical principles of sequencing-based methods and native detection of base modifications. (A) the key technical principles of indirectly detecting 
chromatin accessibility, histone modification, DNA methylation, and chromatin structure are shown. The respective methods described in this review are labelled at 
the end of each workflow. The legends of the key components are explained near the center panel. (B) the types of DNA base modifications that can be natively 
detected by third generation sequencers are shown. Note that chemical modifications also occur on RNA and can be detected at the transcript level 
(epitranscriptomics) with direct RNA sequencing by third generation sequencers.
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marks and transcriptional regulators, (ii) multiplexed chroma
tin tracing techniques for high-throughput spatial mapping on 
fixed cells, and (iii) expansion microscopy – coupled methods 
that physically overcome the diffraction limit to boost spatial 
resolution. For a comparative overview of the techniques 
introduced in this section, refer to Table 2, which summarizes 
their compatible sample types, resolution, and other features.

3.1. Epigenome analysis using live cells

3.1.1. Analysis by visualizing the epigenome across the 
entire nucleus
One method for visualizing the epigenome is immunofluores
cence, which utilizes antibodies that specifically recognize 
histone modifications or DNA methylation. Traditionally, 
immunofluorescence has been widely applied to fixed cells 
for detecting histone post-translational modifications at the 
single-cell level. By using antibodies against specific modifica
tions such as H3K9me3 (a heterochromatin mark), H3K27ac (an 
active enhancer mark), and H3K4me3 (an active promoter 
mark), their spatial distribution within the nucleus can be 
observed with high precision. For example, regions intensely 
stained for H3K9me3 correspond to constitutive heterochro
matin (such as pericentromeric regions), whereas H3K27ac 
tends to be distributed in more diffuse euchromatin regions 
[62,63].

Recently, efforts have advanced to apply this fluorescence 
labeling technology to living cells. This enables the analysis of 
the impact of epigenome dynamics on genome function with 
high temporal resolution. For instance, by simultaneously 
visualizing fluorescent probes for specific histone modifica
tions along with fluorescently labeled antibody fragments 
that specifically recognize H3K27ac and RNA polymerase II 
(e.g., FabLEM: Fab-based live endogenous modification label
ing) within living cells, the relationship between those epigen
ome state can be directly observed [64]. Thus, visualizing 
target modifications and proteins with fluorescence and track
ing their dynamics makes it possible to capture changes in the 
epigenome state at the single-cell level. However, when using 
standard fluorescence microscopy, limitations exist, such as 
restricted resolution due to the diffraction limit of light 
(approximately 200 nm) and constraints on multiplexing (the 
number of targets that can be simultaneously observed) due 
to the spectral overlap of fluorescence channels. Despite these 
constraints, fluorescence imaging plays a crucial role as a 
foundational technology in single-cell epigenetics research.

3.1.2. Techniques for epigenome analysis in live cells
Visualizing specific epigenetic modifications within live cells 
requires the introduction of labeled molecular probes. The 
probes (e.g., FabLEM) are loaded into the cells and bind to 
the targeted marks in living cells [64,65]. While these macro
molecule probe loading techniques face procedural limitations 
and probe degradation during cell culture, which create hur
dles for the stable analysis of multiple cells, the Mintbody 
(Modification-specific intracellular antibody) technology repre
sents a powerful alternative approach to overcome these 
challenges [66]. This technology involves constructing plas
mids that encode probes composed of the complementarity- 

determining regions (CDRs) from antibodies recognizing spe
cific histone modifications (or other targets), fused to a fluor
escent protein (e.g., GFP). Transfection of these plasmids into 
cells enables the visualization of the distribution and dynamics 
of target epigenetic modifications within living cells. 
Combining the visualization of epigenetic modifications 
using Mintbody with methods for visualizing transcriptional 
activity (e.g., using MS2-MCP and TetO/TetR system) has 
demonstrated that the dynamics of factors involved in tran
scriptional regulation and specific post-translational modifica
tions are closely correlated with transcriptional dynamics [67]. 
However, developing functional Mintbody probes posed a 
challenge, as reconstructing stable and specific probes from 
antibody CDR sequences is not straightforward, making the 
development process time-consuming. Recently, the applica
tion of protein structure prediction tools such as AlphaFold2 
and ProteinMPNN, combined with protein engineering tech
niques, has accelerated the design and development of func
tional probes, advancing the creation of probes targeting a 
broader diversity of epigenetic modifications [68]. Mintbody 
technology is a highly valuable tool for real-time tracking of 
epigenome dynamics in live cells and is expected to signifi
cantly contribute to elucidating the dynamic aspects of gen
ome function regulation.

Alternatively, probe technologies utilizing naturally occur
ring protein domains (‘reader domains’) that specifically recog
nize epigenetic modifications have also been advanced (for a 
general overview about reader proteins, see e.g., Musselman 
et al. [69]). For instance, probes created by fusing reader 
domains such as methyl-CpG binding domains (MBDs) or 
bromodomains that bind to acetylated lysine residues to fluor
escent proteins allow for the observation of the distribution 
and enrichment of specific epigenetic modifications in live 
cells. Examples include fusion probes of MBDs with fluorescent 
proteins called MethylRO for detecting DNA methylation [70] 
and sets of probes combining various histone modification 
recognition domains with fluorescent proteins (e.g., ChromID; 
H3K9me3 Sensors) [71,72]. Furthermore, approaches combin
ing these reader domain-based probes with CRISPR imaging 
technology have been reported, enabling the labeling and 
visualization of the dynamics of the epigenetic state at specific 
genomic loci [73]. These tools hold the potential to evolve into 
technologies capable of tracking dynamic changes in epige
netic states at the single-gene level in real-time.

3.2. Spatial intracellular epigenome analysis using fixed 
samples

3.2.1. Challenges and advances in spatial epigenome 
analysis using fixed cells
Recent technical advances in cellular imaging have enabled 
significant progress, particularly through fluorescence in situ 
hybridization (FISH) technology, which allows simultaneous 
imaging of multiple molecule species in fixed cells with ima
ging-based spatial multi-omics emerging as a standout 
approach [88]. However, current epigenome analysis methods 
face distinct limitations: live-cell imaging struggles with the 
diffraction limit and spectral overlap issues; conventional 
immunofluorescence on fixed cells reveals only average 
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nuclear epigenome states without genomic specificity; and 
while sequence-based approaches like ChIP-seq and ATAC- 
seq have identified epigenetic modifications at functional 
genomic regions such as promoters and enhancers, they lack 
spatial information within the nuclear context.

To overcome these challenges, novel imaging techniques 
targeting fixed cells are being developed that bridge the 
critical gap between sequence and spatial information. These 
innovative approaches not only enable observation with high 
spatial resolution but also, through integration with genomic 
sequence data, allow for acquiring genome sequence-specific 
epigenome information. This capability is unattainable by con
ventional fluorescence imaging alone. By linking precise geno
mic locations with their spatial context within the nucleus, 
these techniques greatly expand the analytical scope of epi
genome research, offering new insights into nuclear organiza
tion and the regulatory mechanisms underlying gene 
expression.

3.2.2. Integrated spatial epigenomics using multiplexed 
chromatin tracing technologies
DNA seqFISH+, a sequential DNA FISH approach from the 
Long Cai group, offers remarkable capabilities for the inte
grated analysis of the epigenome and higher-order chromatin 
structure in single cells (Figure 3) [74–76]. A standout feature 
is its ability to interactively acquire multi-layered information. 
This means that alongside mapping numerous genomic loci 
with high spatial resolution using its sequential DNA FISH with 
barcoding strategies, DNA seqFISH+ can simultaneously reveal 
important epigenome information, such as the distribution of 
specific epigenetic marks, and RNA expression patterns. This 
makes it an exceptional technique for investigating how epi
genetic landscapes are established and maintained in relation 
to the genome’s spatial conformation and transcriptional 
activity at the single-cell level.

DNA seqFISH+ was first reported in 2021 (Figure 3A) [74]. 
Using multi-step barcoded DNA FISH, they visualized approxi
mately 3660 genomic regions in mouse embryonic stem cells 
(2,460 regions at 1 Mb intervals genome-wide, and 1200 
regions at 25 kb intervals within specific domains). 
Furthermore, by combining this with RNA seqFISH for detect
ing 70 mRNAs and immunofluorescence for 17 chromatin 
marks and nuclear structural proteins within the same cells, 
they achieved integrative mapping of higher-order chromatin 
structure, transcriptome, and epigenome information. This is 
in sharp contrast to conventional FISH techniques, which are 
limited to visualizing only tens of loci. From these omics data, 
they identified differences of chromatin compartments 
between active and inactive genes, and cell heterogeneity of 
epigenomes. Similar approaches include DNA MERFISH, which 
utilizes barcoding based on Hamming distance, but reports 
integrating epigenome information using DNA MERFISH are 
currently limited [89].

In a subsequent study, the same group applied DNA 
seqFISH+ to mouse brain tissue sections, comparing the 
higher-order chromatin structures of diverse cell types, such 
as neurons and glial cells, at the single-cell level [75]. After 
optimizing the technique for efficient probe penetration even 
in thick tissue sections and identifying cell types based on RNA 

expression profiles, they compared the higher-order chroma
tin structure and histone modifications in each cell type, 
achieving the first large-scale visualization of cell-type-specific 
chromatin structures in the brain. This study demonstrated 
that the spatial positioning of nucleoli and heterochromatin 
differs among cell types and that this correlates with cell-type- 
specific gene expression patterns.

Furthermore, a “Two-layer DNA seqFISH+” strategy was 
introduced, significantly enhancing the scalability of the tech
nology (Figure 3B) [76]. This enables the visualization of 
approximately 100,000 genomic loci (at 25 kb intervals across 
all chromosomes) per cell. This strategy divides the conven
tional barcoding method into two stages: first, chromosomes 
are divided into 1.5 Mb blocks, and probes targeting loci at 25 
kb intervals within each block are detected through 60 rounds 
of hybridization. Subsequently, through 36 rounds of pseudo
color barcoding, identification information is assigned to each 
1.5 Mb block. This two-layer strategy avoids the simultaneous 
fluorescence of adjacent loci within the same hybridization 
round, thereby mitigating optical signal crowding and achiev
ing genome-wide mapping at 25 kb resolution. Applying this 
technique to mouse cerebellar tissue and other samples 
revealed that while the organization of repressive chromatin 
compartments (regions marked by H3K27me3 or H4K20me3) 
differs significantly between cell types, the organization of 
active chromatin compartments is relatively similar. 
Additionally, novel nuclear structures (compartments) where 
RNA polymerase II accumulates were discovered around large 
genes exceeding 200 kb, suggesting their potential function as 
transcription “factories” for mega-genes. These findings speci
fically illustrate how differences in cell-type-specific nuclear 
organization relate to the regulation of gene expression, high
lighting the importance of integrated analysis of spatial geno
mics and epigenomics. However, seqFISH technology does not 
inherently analyze DNA modifications like DNA methylation 
and DNA hydroxymethylation. Thus, other techniques and 
ongoing developments are being explored to achieve a 
multi-layered analysis that includes both these DNA modifica
tions alongside histone modifications.

3.2.3. Spatial epigenomics using other multiplexed 
chromatin tracing technologies
As discussed previously, chromatin tracing techniques are 
pivotal for investigating higher-order chromatin structure at 
higher resolution, revealing intricate details of genome orga
nization. Building upon the foundational insights provided by 
methods like DNA seqFISH+, this section explores other key 
multiplexed technologies that offer alternative or complemen
tary strategies for spatial epigenomic analysis. These 
approaches further expand the repertoire of tools available 
to researchers, enabling a more comprehensive understanding 
of the dynamic chromatin landscape.

Using super-resolution microscopy, chromatin tracing 
which visualized across approximately 46 regions reveals that 
genomic regions characterized by repressive epigenetic states 
like H3K27me3 are not simply compact structures but instead 
exhibit a high degree of chromatin intermixing within the 
domain [90]. This finding challenges simpler models of chro
matin condensation. Furthermore, ORCA (Optical 
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Figure 3. Multi-omic imaging of higher-order chromatin structure and epigenetic marks using seqFISH+ (A, B) and epigenomic MERFISH (C) technologies. (A) 
schematic of the DNA seqFISH+ workflow. The method sequentially visualizes RNA localization (via RNA seqFISH), the positions of numerous genomic loci (via multi- 
step barcoded DNA seqFISH), and the distribution of proteins and PTMs (via sequential IF), enabling integrated imaging of the transcriptome, genome architecture, 
and epigenome in a single cell. (B) principle of the two-layer DNA seqFISH+ strategy. To visualize a vast number of genomic regions, this approach uses a two-stage 
barcoding process. First, locus barcodes identify specific genomic positions within larger chromosomal blocks. These blocks are subsequently identified by a second 
layer of block barcodes. The combined barcode information is then decoded to assign a unique identity to each target locus. (C) workflow of the epigenomic 
MERFISH method. An 1st- and 2nd-antibodies-pA-Tn5 complex targets a specific histone modification and inserts a T7 promoter into the adjacent DNA. This 
positional information is then amplified into multiple RNA molecules via in situ transcription. The spatial locations of these RNA signals are subsequently resolved 
using the MERFISH method, enabling multiplexed mapping of epigenetic marks.
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Reconstruction of Chromatin Architecture) sequentially labels 
and images tens to hundreds of short genomic segments to 
reconstruct the 3D path of chromatin at kilobase-level resolu
tion [77]. This method achieves high genomic resolution 
(approximately 2 kb) in Drosophila embryos to trace the 3D 
folding of the Hox gene cluster, revealing cell-type-specific 
physical boundaries between active and Polycomb-repressed 
domains. Researchers simultaneously measured nascent RNA, 
linking higher-order chromatin structure with gene expression.

Other chromatin tracing technologies also play important 
roles in understanding nuclear architecture and epigenetic 
states [78,79,91]. For instance, multiplexed imaging of 
nucleome architectures (MINA) visualized an entire chromo
some at approximately 30 kb intervals, enabling detailed ana
lysis of topologically associating domain (TAD) boundaries and 
cooperative interactions between enhancers. Studies using 
MINA have also demonstrated simultaneous detection of 
multi-scale chromatin folding (from loops to entire chromo
some territories) along with nuclear components like the 
nuclear lamina and RNA. Furthermore, Hi-M is another similar 
strategy for imaging early Drosophila embryos, where high- 
numerical-aperture objective lenses with water immersion can 
access samples at greater depths [80]. Additionally, the gen
ome editing tool CRISPR-Cas9 system can be used to visualize 
genome organization. Genome oligopaint via local denatura
tion fluorescence in situ hybridization (GOLD FISH) is an 
advanced DNA imaging technique that utilizes a modified 
Cas9 enzyme to introduce a single-strand nick at a specific 
genomic location. This nick serves as an entry point for a 
superhelicase, which unwinds the DNA locally, allowing fluor
escent probes to hybridize to the exposed single-stranded 
regions without the need for global heat denaturation. This 
approach enables high-specificity visualization of non-repeti
tive genomic loci under physiological conditions, preserving 
cellular structures and reducing background noise [81]. These 
techniques are particularly valuable for studying the relation
ship between higher-order chromatin structure and gene 
expression regulation, such as the mechanisms of enhancer- 
promoter contact formation.

3.2.4. Region-specific epigenome analysis using 
Epigenomic MERFISH
Although DNA FISH-based spatial omics analyses enable visua
lizing histone accumulation at targeted DNA spots within cells, 
these spots may not solely represent the intended genomic 
regions. Due to the optical diffraction limit, signals can also 
encompass adjacent genomic regions or other proximal mole
cules. This inherent limitation can reduce the accuracy of DNA 
FISH-based methods for precise epigenomic mapping when 
compared to sequence-based methods like ChIP-seq and 
CUT&Tag. To overcome this challenge, Epigenomic MERFISH 
has been developed (Figure 3C) [82]. It is a technique that 
enables spatial analysis of genome region-specific epigenetic 
states by using antibody-Tn5 transposase-mediated labeling 
to amplify the epigenetic signal into RNA molecules in situ. 
These RNA molecules are then detected and quantified using 
the MERFISH method.

The basic principle of Epigenomic MERFISH begins with 
binding antibodies specific to target histone modifications (e. 
g., H3K4me3, H3K27ac, H3K27me3) within tissue or cell sam
ples. Subsequently, a fusion protein of Protein A and Tn5 
transposase (pA-Tn5) is added, which binds to the antibodies. 
This fusion protein cuts the DNA near the antibody binding 
site and simultaneously inserts (via tagmentation) a DNA 
adapter containing a T7 promoter sequence. Next, in situ T7 
RNA polymerase transcription generates RNA copies contain
ing sequence information from the region around the adapter 
insertion site. These RNA molecules are then detected and 
quantified using the MERFISH method with pre-assigned bin
ary barcodes for each genomic region [92].

Application of Epigenomic MERFISH to mouse brain tissue 
successfully enabled the detection of histone modification 
states at 100–200 different genomic regions simultaneously 
within single cells. As an example, the authors imaged 90 
distinct H3K27ac-marked enhancer regions within single 
nuclei simultaneously and revealed their spatial positioning 
relative to nuclear speckles.

Compared to DNA seqFISH+, Epigenomic MERFISH differs 
fundamentally in that it does not hybridize directly to the 
genomic sequence itself but rather detects the presence of 
histone modifications by converting this information into an 
RNA signal. This approach allows direct mapping of specific 
chromatin to their underlying DNA sequence. While DNA 
seqFISH+ can be combined with simultaneous detection of 
multiple immunofluorescence signals, Epigenomic MERFISH is, 
in principle, relatively limited in the number of epigenetic 
marks that can be assayed concurrently in a single experiment.

3.2.5. Fluorescence imaging and sequencing of open 
chromatin
One significant advancement in epigenome analysis in fixed 
cells involves techniques for directly visualizing open chroma
tin regions. Assay for Transposase-Accessible Chromatin with 
visualization (ATAC-see), a method based on the ATAC-seq 
concept [3], uses Tn5 transposase loaded with fluorescently 
labeled DNA adapters [83]. This transposase inserts adapters in 
situ into open chromatin regions accessible to transcription 
factors and other proteins within fixed cells, thereby visualiz
ing these regions as fluorescent signals. The advantage of this 
approach lies in the ability to amplify and sequence the DNA 
using the inserted adapter sequences, allowing the genomic 
locations of the imaged open chromatin regions to be identi
fied. ATAC-see has been applied to studies such as the process 
of neutrophil NETosis (a form of cell death involving large- 
scale chromatin decondensation) and changes in chromatin 
accessibility associated with the cell cycle. Furthermore, in 
combination with CRISPR screening, ATAC-see identified a 
new chromatin modulator TFDP1 for chromatin accessibility 
[93]. A similar approach is Nicking Enzyme-assisted sequen
cing (NicE-seq). In this method, instead of Tn5 transposase, a 
nicking enzyme (single-strand endonuclease) is used to intro
duce nicks into accessible DNA regions. Fluorescently labeled 
nucleotides are then incorporated at these sites, labeling and 
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visualizing the open chromatin regions. Analysis of samples 
before sequencing has shown that the NicE-seq signal co- 
localizes with regions exhibiting low staining intensity for 
DAPI staining [84]. Thus, combinations of seeing and sequen
cing are a powerful tool for analyzing new players and cell 
activity.

3.2.6. High-resolution epigenome visualization using 
expansion microscopy (ExM)
A notable recent development is the application of Expansion 
Microscopy (ExM) to sequencing technologies for epigenome 
analysis. ExM is a technique that achieves super-resolution 
imaging by embedding tissue samples in a swellable hydrogel 
and physically expanding them, thereby surpassing the dif
fraction limit of conventional light microscopy [94,95]. This 
physical expansion increases the distance between molecules 
like DNA, enabling the analysis of genomic sequences and 
epigenetic states at high resolution using standard optical 
microscopes.

Expansion microscopy has been applied to epigenome 
analysis in combination with DNA-FISH [85]. In this technique, 
known as SCEPTRE, samples are first immunostained, then 
embedded in a gel matrix. Following gel digestion and expan
sion, DNA FISH probes are hybridized to the samples. When 
SCEPTER is used to stain histone modifications, histone accu
mulation can be analyzed with enhanced resolution. For 
example, in these expanded samples, the signal intensity of 
histone modifications at GAPDH regions identified by DNA- 
FISH correlates with gene activity: H3K27me3 is low while 
H3K4me3 is high at active loci. High-resolution imaging with 
expanded samples enables more accurate assessment of epi
genome status, although only a limited number of loci can be 
analyzed by DNA-FISH at one time. By implementing multiple 
rounds of detection techniques similar to DNA-seqFISH, we 
would gain a more comprehensive understanding of the epi
genome’s role in genome regulation in detail.

4. Integrated sequencing and imaging methods

If the DNA sequence information could be read in intact cells 
with spatial information, it would provide new mechanistic 
insights into epigenome regulation across various biological 
processes. To this end, technical advances are required to link 
unique sequence information with its precise DNA position 
and integrate these data with NGS sequence. Although FISH- 
based omics technology cannot distinguish allele information 
until now, sequence integrated-methods allow for allele- and 
sequence-level information with spatial context. A summary of 
the techniques introduced in this section can be found in 
Table 2.

In situ genome sequencing (IGS) has been developed as an 
innovative method for simultaneously analyzing DNA 
sequence and its higher-order chromatin structure within 
cells. Research reported by Fei Chen’s group demonstrated a 
method to obtain DNA sequence information while preserving 
tissue architecture [86]. The core of this technology lies in 
performing sequencing reactions (sequencing-by-synthesis) 
directly on DNA within the cells and embryos, simultaneously 
reading the base sequence and recording its spatial position. 

Specifically, sequencing adaptors are inserted into the gen
ome of fixed cells using Tn5 transposase. Subsequently, DNA 
oligos containing a Unique Molecular Identifier (UMI) barcode 
and a sequencing primer site are hybridized to these adaptor- 
ligated genomic regions. After performing rolling circle ampli
fication (RCA) on the UMI barcode regions, the base sequence 
is detected during DNA polymerase-mediated extension reac
tions using fluorescently labeled nucleotides. The fluorescent 
signals incorporated in each cycle are imaged by microscopy, 
allowing for the concurrent recording of sequence information 
and its 3D positional data. Furthermore, the resulting DNA 
molecules, which contain both the UMI and the captured 
genomic region, can be sequenced using NGS technology. 
The integration of in situ sequencing and NGS data allows 
for the identification of genomic positions with their corre
sponding sequences, thereby providing allelic information. 
Application of IGS to mouse preimplantation embryos has 
revealed that sister blastomeres share an epigenetic memory 
of global chromosome positioning.

Expansion in situ genome sequencing (ExIGS) combines 
ExM and in situ genome sequencing (IGS) and was used to 
analyze the link between nuclear abnormalities and hotspots 
of aberrant euchromatin repression at high resolution [87]. 
This study demonstrated a strong association between nuclear 
morphological abnormalities in cancer cells and epigenetic 
alterations, specifically showing that aberrant repression of 
euchromatin in certain chromosomal regions correlates with 
nuclear morphological defects. ExM-based technologies open 
new avenues for high-resolution analysis of epigenetic states 
in specific genomic regions within single cells by physically 
overcoming the resolution limits of conventional light 
microscopy.

The key innovation of these methods is its ability to identify 
the genome sequence while simultaneously analyzing the 
structure of the chromatin containing that sequence and its 
spatial organization within the nucleus at high resolution. 
While traditional sequencing methods require DNA extraction 
from tissues, leading to the loss of spatial information, IGS/ 
ExIGS overcomes this problem. Furthermore, distinguishing 
between alleles, which is difficult with conventional FISH- 
based spatial omics techniques, is possible with IGS/ExIGS 
due to its single-base resolution. This capability opens up 
the possibility to integrate multi-omic methods (including 
epigenomics) with immunostaining through IGS/ExIGS.

5. Key challenges and future perspectives

Despite the impressive array of modern epigenomic tools, 
several challenges remain before these approaches become 
routine and universally accessible. Addressing these issues will 
shape the next 10 years of epigenomic research.

5.1. Resolution and data sparseness

Single-cell sequencing methods inherently interrogate only 
minute amounts of DNA or RNA, which leads to dropout 
events and bias. Advances in amplification chemistry and 
microfluidics have begun to mitigate these limitations but 
have not yet eliminated them. Current analytical pipelines 
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typically assume that cells from the same sample share under
lying physical and biological principles and impute missing 
data with generalized models. Developing robust models that 
tolerate noise and sample-to-sample variability is therefore 
critical for extracting reliable insights from single-cell sequen
cing data.

In imaging, spatial resolution is fundamentally constrained 
by the optical diffraction limit, and the genomic regions acces
sible for observation are heavily dependent on probe design 
and labeling density. While genome-scale imaging analysis is 
theoretically feasible, the scale of required probe sets, labeling 
costs, and data acquisition time present practical barriers to 
research implementation. Discriminating the two alleles in 
diploid nuclei remains a technical challenge, yet it is essential 
for dissecting allele-specific epigenetic asymmetry. 
Additionally, addressing the sparsity inherent in single-cell 
imaging data, developing imputation algorithms for missing 
values, and establishing integrated analysis pipelines remain 
inadequately developed. Live-cell imaging faces similar optical 
constraints along with intrinsic limitations such as the number 
of simultaneously observable targets and phototoxicity of 
fluorescent labels, but it promises to reveal the temporal 
dynamics of chromatin reorganization during normal physiol
ogy and disease progression.

5.2. Data integration and systematic analysis

Intracellular spatiotemporal techniques that unify epige
nomics, transcriptomics, proteomics, and metabolomics in sin
gle cells, while preserving higher-order structure information, 
represent a major frontier. At present, no single experimental 
approach captures all these dimensions simultaneously, yet 
such breadth is essential for a truly comprehensive view of 
how the epigenome interacts with other omic layers. Until 
universal approaches emerge, efficient computational pipe
lines are needed to integrate disparate information from mul
tiple epigenetic modifications and even multiple omic layers, 
normalizing for technical and biological variation across sam
ples and approaches.

6. Conclusion

Rapid progress in single-cell, long-read, imaging and spatial 
multi-omic technologies has transformed epigenomics into an 
integrative, high-resolution discipline that links molecular 
detail with cell identity and 3D chromatin structure. These 
methods are already uncovering novel chromatin regulatory 
mechanisms in development and disease, yet widespread 
adoption is still limited by data sparsity, cost and analytical 
complexity. Paired with open standards for data sharing, con
tinued innovation in chemistry, optics and computation will 
be essential to translate next-generation epigenomic profiling 
from research laboratories to routine biomedical and clinical 
practice.
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