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ABSTRACT: Cancer, a globally prevalent and life-threatening
disease, remains a major area of focus in biomedical research.
However, its substantial heterogeneity and complex pathogenesis

continue to pose significant challenges for accurate diagnosis and Single cell Spatial

. . . . sequencing sequencing
effective treatment. The rapid advancement of epigenomic =
sequencing technologies has opened avenues by uncovering the &
epigenetic hallmarks and underlying pathology of cancer. As a vy :

result, these technologies have become invaluable tools in
advancing cancer diagnostics and connecting research with clinical
applications. This review briefly overviews epigenomic modifica- . ]
tions and their significance in cancer diagnostics, highlighting / [E

. . . . . .. 5 - Bulk sequencing
potential epigenomic biomarkers with clinical applicability. We also
examine emerging techniques in bulk and single-cell sequencing
approaches, alongside spatial tools, highlighting their integration with multiomics technologies for cancer diagnostics. Particular
attention is given to the analysis of key epigenetic characteristics, such as DNA methylation, histone modifications, and chromatin
accessibility. Additionally, we summarize the diagnostic applications of these technologies and evaluate their current adoption in
clinical settings. Challenges, limitations, and future directions for advancing epigenomic sequencing toward routine clinical
diagnostics are also discussed. This review aims to provide scientists and clinicians with a comprehensive resource, encouraging
further exploration and adoption of epigenomic sequencing technologies to drive progress in precision medicine.

KEYWORDS: epigenomics, DNA methylation, chromatin accessibility, histone modifications, single-cell, spatial, sequencing,
cancer diagnostics

1. INTRODUCTION early detection, predictive insights, and prognostic applica-
. 7,8 . . .

Despite the advancement of various tools for early cancer tions.”” Numerous epigenomic biomarkers have been

diagnostics, the mortality rate of cancer remains high due to approved for clinical cancer diagnostics or registered for

patient-specific variability and the intricate cellular micro- evaluation in clinical trials.”® DNA methylation alterations are

environment of cancer cells. The profile of the human genome
has deciphered the hallmarks of many complex cancers.
However, many symptoms may lack an identified associated
gene or defined origin, yet they involve disrupted patterns of

associated with abnormal histone modification patterns,
resulting in adopting either condensed transcriptionally silent
chromatin architectures or decondensed DNA-accessible

epigenetic modifications.”” Epigenomics offers an additional conformations. Integrative capture and analysis of epigenomic
layer of information within the genome, regulating its function modifications allow for the interpretation of patients’
and aCtIVIty. Eplgenomlcs examines the distribution and roles epigenetic Proﬁles} providing valuable insights for cancer

of epigenetic modifications across the genome that are
independent of the DNA sequence.”” Such changes in the
epigenome, including DNA methylation, histone modifica-
tions, chromatin accessibility, etc., are crucial for gene
regulation and cancer biology."”

Epigenomic changes are among the earliest genomic
alterations in cancer development.” A broader range of
epigenetic factors, such as DNA methylation, has been
identified as diagnostic markers and is being explored for

diagnostics.
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Figure 1. Epigenomic sequencing and multiomics analysis across bulk, single-cell, and spatiotemporal dimensions in cancer diagnostics.

Recent advancements in high-throughput techniques have
deepened our insights into the epigenetic landscape of tumor
development, exhibiting multiple malignancy-specific regula-
tory patterns and promising biomarkers for early detection,
prognosis, and therapeutic monitoring. Epigenomic sequencing
seeks to deliver an unbiased overview of the full spectrum of
these modifications and enables large-scale assessment of
epigenomic information in biospecimens, making it a key
"omics” technology.” The primary goals of epigenomic
sequencing include identifying and functionally annotating
regulatory elements, analyzing cellular heterogeneity and the
factors governing cell-type-specific functions, unraveling the
dynamics of gene expression regulation under various
physiological conditions, mapping developmental timelines,
exploring heritable gene expression patterns and lineage
determination, understanding disease mechanisms influenced
by epigenomic factors, and discovering biomarkers for disease
diagnosis and prognosis.'’

A wide array of epigenomic sequencing technologies has
been developed to analyze various ‘omics’ dimensions or layers
of information, ranging from bulk and single-cell approaches to
spatial tools and their integration with multiomics data.'”"!
Cancer diagnostics frequently utilize various biological samples
to detect cancer indicators, track tumor progression, and
evaluate treatment responses. These samples consist of various
cell populations exhibiting diverse functional states. The
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common samples used in cancer diagnostics come in various
formats, including body fluids (e.g., saliva, blood, cerebrospinal
fluid, urine), tissue biopsies, and pathological sections.'” Each
of these sample types serves a specific purpose, ranging from
early stage cancer detection to evaluating genetic mutations
and metastasis. In Cancer Res. and clinical applications,
epigenomic sequencing technologies offer distinct advantages
when applied to specific sample types. For instance, bulk
sequencing is particularly effective for analyzing methylation
patterns in circulating cell-free DNA, making it a promising
diagnostic tool for body fluids."> Single-cell technologies
facilitate the detailed dissection of heterogeneity samples,
enabling the extensive exploration and characterization of cell
diversity.'" Spatial sequencing methods can analyze genomic
locations and other key features of biomarkers while preserving
spatial context within pathological slides."* The newly emerged
multiomics technologies facilitate integrative epigenomic
profiling at single-cell or tissue-level resolution. Altogether,
these technologies have revolutionized cancer diagnostics with
transformative applications across various cancer types.

This review primarily highlights advancements in epige-
nomic sequencing technologies leveraging next-generation
sequencing (NGS) and the utilizations in cancer diagnostics
(Figure 1). We begin with a concise introduction to the
biology of epigenomic modifications and provide a concise
summary of potential and clinically available epigenomic
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Figure 2. (a) Cancer epigenomes characterize abnormal DNA methylation, histone modifications, and chromatin openness that regulate
transcription. (b) Altered DNA-methylation patterns in tumorigenesis. Reproduced from refs 17 and 80. Copyright 2022 Elsevier. (c) Dynamic
regulation of epigenetic states through histone modifications. Reproduced from refs 17 and 80. Copyright 2022 Elsevier. (d) Chromatin
accessibility maps reflect the topography of genome-wide chromatin dynamics. Reproduced from ref 88. Copyright 2019 Elsevier.

biomarkers for cancer diagnostics. We highlight emerging bulk,
single-cell, and spatial epigenomics technologies, along with
their integration into multiomics sequencing platforms,
focusing on techniques for profiling DNA methylation, histone
modifications, and chromatin accessibility. Then, we explore
their applications in cancer diagnostics, including the detection
of aberrant epigenomic patterns, tumor-specific mutations, cell
lineage tracing, cell-specific atlas creation, and decoding of
cellular spatial architectures for both fundamental research and
medical translation. Finally, we discuss the challenges,
limitations, and future directions for advancing these
technologies toward clinical diagnostics.

2. EPIGENOMICS IN CANCER DIAGNOSIS

Dysregulated epigenetics, including aberrant DNA methyl-
ation, histone modifications, and chromatin remodeling,
critically drive tumorigenesis and development in human
cancer (Figure 2a). In this section, we mainly discuss the
impact of epigenetic gene expression patterns and their
associated phenotypes in cancer.

2.1. DNA Methylation

DNA methylation, a key epigenetic mechanism, has been
widely investigated for its critical functions in gene regulation
and maintaining genomic stability. In DNA methylation, DNA
methyltransferases (DNMTs) catalyze the transfer of a methyl
group to cytosine’s S-position, primarily at CpG dinucleotides,
resulting in the formation of S$-methylcytosine (SmC)."
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Alterations in DNA methylation include hypermethylation,
hypomethylation, and the loss of imprinting.16 In physiolog-
ically normal human cells, CpG islands, regions dense in CpG
dinucleotides, typically remain unmethylated. (Figure 2b)."”
The unmethylated condition of CpG islands enables the
binding of transcriptional activators, enhancing gene expres-
sion. In cancer cells, a common hypermethylation alteration is
detected in CpG islands of tumor-suppressor genes, which
induces transcriptional inactivation and the loss of their normal
cellular functions. Upon methylation of a gene’s promoter
region, they inhibit the binding of transcription factors (TFs)
necessary for gene activation."”

Methylation panels, consisting of specific genes with altered
methylation patterns in cancer, have demonstrated potential
for identifying various tumors, including breast, colorectal,
lung, and pancreatic cancers.'” DNA methylation-related gene
expression changes are frequently observed, including hyper-
methylation-mediated transcriptional repression of tumor
suppressor genes and hypomethylation activating repetitive
elements.”” DNA methylation profiling has uncovered tumor-
specific hypermethylation patterns in CpG islands, facilitating
the classification of tumor types and subtypes.”"”** The distinct
patterns of methylation sequences that exhibit coordinated
gains or losses of CpG methylation can subclassify tumors into
molecular subtypes,23 such as gastric cancer,”*
cancer (CRC),” central nervous system tumors,”®
squamous cell carcinoma.”’”

colorectal
or
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Table 1. DNA Methylation-Based Detection of Clinical Application in Oncology

Markers Cancer type Sample type Approve Refs
GSTP1, APC, RASSF1 Prostate cancer Tumor _ 40-42
NDRG4/BMP3 and KRAS mutation Colorectal Stool FDA (2014) a4
Asian Approve (NMPA, 2020)
SEPT9 Colorectal (for HCC screening), Blood FDA (2016) European Certification (CE-IVD, 34,35,45,46
liver 2011)
Asian Approve (NMPA, 2014)
European Certification (CE-IVD, 2018)
SHOX2 Lung cancer EBUS-TBNA  European Certification (CE-IVD, 2010) v
TWIST1, OTX1, ONECUT?2 and FGFR3, Bladder cancer Urine _ 8
TERT, HRAS mutation
BCAT], IKZF1 Colorectal Blood _ 4950
BCAT1, CDO1, TRIMSS8, ZNF177 Lung cancer Tumor tissue st
RASSF1A, GSTP1, RARB Breast cancer Blood _ 8
p16/CDKN2A Oral potential malignant disorder Tumor tissue 2
SDC2 Colorectal Stool European Certification (CE-IVD, 2017), Asian $3735
Approve (MFDS, 2018; NMPA,2018)
SDC2/SFRP2 Colorectal Stool _ s6
Methylation marker (28 target genes, Liver Blood FDA BDD (2018); Asian Approve (NMPA 7
77GpC sites) and proteins markers accepted registration,ZOZlf
ctDNA Liver Blood FDA BDD (2019) _
VASH2, CHFR, GRID2IP, CCNJ, F12 Liver Blood _ 8
15 methylation markers Bladder, urothelial Urine European Certification (CE-IVD, 2017) 39-61
ONECU2, VIM Bladder, urothelial Urine FDA BDD (2021); European Certification (CE- o
IVD, 2020)
PENK Bladder Urine _ o3
SIM2, NKX1—1, TRNA-Cys Bladder Urine _ o4
CCNAl, VIM Esophagus Brush cell FDA BDD (2020); 63
ZNF582 Esophagus Oral cell European Certification (CE-IVD, 2016) o
SHOX2, PTGER4 Lung Blood European Certification (CE-IVD, 2017) 7
PAX1 Cervix Cytology European Certification (CE-IVD, 2016) _
ZNF671, ASTN1, DLX1, ITGA4, RXFP3, Cervix Liquid- based  European Certification (CE-IVD, 2019) 68,69
SOX17 cytology
PITX2 Breast Tumor European Certification (CE-IVD, 2018) 70
MGMT Glioblastoma Tumor European Certification (CE-IVD, 2015, 7,72
2016,2018)
Methylation markers Cancer of unknow primary Tumor European Certification (CE-IVD, 2015) &
ctDNA >50 tumor types Blood European Certification (CE-IVD, 2022) 7476
ctDNA Colorectal, lung, liver, stomach, Blood _ 77,78

esophagus, breast, colon

DNA methylation markers offer several advantages over
other biomarkers, including their stability, cost-effective
amplification, and specificity to methylated DNA regions.”®
Aberrant methylation can often be detected prior to the
appearance of visible cancer symptoms or during tumor
progression.® Its widespread occurrence across specific tumor
types makes DNA methylation an effective biomarker for early
cancer detection. For example, genes like p16INK4a, MLH],
and RASSFIA show methylation has been detected in lung,
colon, and breast cancers, etc.”’ Methylation alternation is also
recognized as a diagnostic biomarker for nonsmall cell lung
cancer’”®' and the predominant subtypes of pathologically
lung adenocarcinoma® and lung squamous cell carcinoma.™

Methylation markers have already been used in clinical
practice. Septin 9 (SEPT9) methylation testing is the first
FDA-approved epigenetic biomarker for colorectal cancer
screening.””> Table 1 summarizes clinically available methyl-
ation-based detection methods that aided in clinical decision-
making. Additionally, numerous methylation markers currently
in development have demonstrated promising diagnostic
performance. Two methylation markers, TMEFF2 and
NGFR, were consistently detected in CRC patients.35 DNA

methylation alterations in GSTP1 and RASSF1 genes have
emerged as potential biomarkers for the early diagnosis of
prostate cancer and hepatocellular carcinoma (HCC),
respectively.’®”” Early lung squamous cell carcinoma
(LUSC) detection was achieved by analyzing methylation
abnormalities in TBX4, TRIM1S, C60rf201, ARHGEF4, and
OR4D11.*> The methylation of RASSF1A, GSTP1, RARB,
and the promoter of the SRY-box 17 (SOX17) gene was used
to detect early stage breast cancer.’®’

2.2. Histone Modifications

Beyond DNA methylation, abnormal post-translational histone
modifications (PTMs) and altered expression of histone
variants (including H2A.Z, macroH2A, H2A.B, and H3.3)
have emerged as significant biomarkers in cancer diagnostics.
Histones play a vital role in eukaryotic chromosomes, with
their exposed N-terminals mediating interactions with
regulatory factors and serving as hotspots for post-translational
modifications. Histone modifications encompass diverse
processes, including methylation, acetylation, phosphorylation,
ubiquitination, and SUMOylation. These site-specific histone
modifications serve as conduits for signaling pathways,
ultimately inducing transcriptional changes such as transcrip-

584 https://doi.org/10.1021/prechem.5c00014
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tional activation or repression.”” Histone modifications
regulate biological events by various proteins and enzymes,
such as writers, erasers, and readers, which can impact the
development of cancer (Figure 2¢)."” In normal cells, DNA
regions containing tumor-suppressor gene promoters are
marked by specific histone modifications, such as acetylation
on multiple lysine residues of histones H3 and H4 (notably at
positions K5, K8, K9, K12, and K16) and H3K4me3.*’ In
cancer, disruption of the normal pattern of histone
modifications leads to the inappropriate activation of
oncogenes.”’ This occurs by losing ”active” histone marks
on tumor suppressor genes and removing repressive marks,
such as H4K20me3 and H3K27me3, from DNA regions that
should remain silenced, including specific repeats at
chromosome ends.

Abnormal histone modifications misregulate gene expres-
sion, impairing essential processes like transcription, cell
division, programmed death, and DNA repair, which can
culminate in oncogenic transformation. The analysis of histone
PTMs and their variations in the context of the tumor
environment can be used as biomarkers for diagnosis. For
example, genetic alteration resulting in p300 HAT gene loss of
heterozygosity has been related to hypoacetylation in different
cancer cells and primary tumors.””** Loss of H4Kl6ac and
H4K20me3 is reported as an early alteration of nonmelanoma
skin cancer.*” H3K4me, H3K9me2, H3K9me3, H3Ac, and
H4Ac were markedly decreased in malignant prostate tissue
compared to normal prostate tissue.”’ Biomarkers of nonsmall
cell lung carcinoma reveal an abnormal pattern in cancer cells,
characterized by hyperacetylation of histones H4KS and H4K8
and hypoacetylation of histones H4K12 and H4K16 compared
to normal lung epithelium.** H4K20me3 is reported as a
potential biomarker for early detection, and H4K20me3 loss
occurred more commonly in squamous cell carcinoma than in
adenocarcinoma.**

Epigenetic downregulation of H3K4me2 and H3Kl8ac
correlates with poorer survival probabilities of lung, kidney,
and prostate cancer.”” In addition, H3K9me2 is associated
with both gene activity and repression, and its reduced cellular
levels serve as a prognostic indicator of poorer outcomes in
patients with prostate or kidney cancers.”> Lower histone
H2AKSac expression in pathologic stage II lung carcinoma is
significantly associated with worse patient survival outcomes.*®
High H3K4me2 expression is associated with improved
survival in patients with Stage I large cell or squamous cell
lung cancer. Histone modification alterations as cancer
biomarkers are still under clinical development. A promising
clinical application involves reducing H3K27me3 expression as
a supplementary diagnostic tool to differentiate melanoma
from atypical proliferative nodules in children.®”

2.3. Chromatin Accessibility

Chromatin accessibility reflects the functional availability of
genomic DNA for molecular interactions, governed by the
compaction state of chromatin, particularly TFs, regulatory
proteins, and the transcriptional machinery. Eukaryotic
genomes are generally packed into nucleosomes, a core
chromatin element containing ~ 147 bp of DNA tightly
associated with a histone octamer. Regulated nucleosome
positioning creates differential chromatin accessibility patterns
that are cell type-specific. The composition and post-
translational modification of nucleosomes are frequently linked
to chromatin accessibility, with their dynamics providing
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insights into functional states through various mechanisms,
including the characteristic distribution of open and closed
chromatin regions, which arises from the combined effects of
multiple cellular activities like chromatin remodeler activation,
transcription, DNA damage repair, and replication (Figure
2d).*® Permissive chromatin, unlike its closed counterpart, is
highly flexible, permitting transcription factors to remodel
accessibility in a sequence-dependent manner and establish an
open chromatin conformation. Although nucleosomes are
densely organized in facultative and constitutive heterochro-
matin, their distribution across the genome is highly dynamic,
with significant reductions at key regulatory regions, including
enhancers, insulators, and transcribed genes.

Alterations in the chromatin landscape, along with mutations
in chromatin remodelers and regulatory patterns, are
associated with cancer.”” Chromatin accessibility is cell type-
dependent; the measurement of chromatin accessibility can
reflect cancer-associated alterations in cellular makeup, gene
regulation, and epigenetic states. These modifications regulate
changes in chromatin accessibility, serving as a key mechanism
through which histone acetylation influences tumor pro-
gression, either positively or negatively. Histone acetyltransfer-
ase (HAT) (P300/CBP, MYST family, and GNAT family)
influences particular lysine sites on histones, which neutralize
the electropositive character of lysine residues, attenuating the
electrostatic attraction interaction between histones DNA/
neighboring histones, making chromatin more accessible.”
Histone acetylation compromises charge-mediated histone-
DNA contacts, which results in an open chromatin
conformation, thus facilitating the accessibility by biomolecules
like TFs or protein modules.

Alterations in histone methylation patterns, such as
H3K4me and H3K79me, appear to be associated with tumor
suppression. Increased levels of H3K9me modification
enhance chromatin accessibility, aiding in the prevention of
hepatocellular carcinoma progression.” Alpha/Beta-Hydrolase
Domain Containing S (ABHDS) is recognized as an essential
regulator of tumor suppressor gene in CRC, ABHDS loss
enhances chromatin openness thereby facilitating YAP-induced
transcription of c-Met synergistically, consequently enhancing
the stemness of CRC.”” Some research has revealed that genes
encoding ubiquitinate govern tumor progression by chromatin
accessibility modulation. With BRCA1-Associated Protein 1
(BAP1) mutation, chromatin accessibility displayed prefer-
ential localization at TSS regions, with accessible regions
clustered in functionally relevant genomes containing essential
cell junction components.

3. SEQUENCING TECHNOLOGIES FOR CANCER
EPIGENOMIC ANALYSIS

3.1. DNA Methylation Sequencing

3.1.1. Bulk DNA Methylation Sequencing. Bisulfite
sequencing (BS-seq) is the benchmark technique for detecting
DNA methylation in bulk samples. This method relies on
bisulfite treatment, which turns unmethylated cytosines into
uracils, whereas methylated cytosines remain unaffected.”
Two major technologies have been developed based on
bisulfite chemistry: whole-genome bisulfite sequencing
(WGBS) and reduced representation bisulfite sequencing
(RRBS).”* These two technologies differ mainly in coverage
and cost. WGBS provides comprehensive genome-wide
coverage, but it requires significantly more sequencing reads

https://doi.org/10.1021/prechem.5c00014
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from ref 100. Copyright 2023 NCBI.

to achieve adequate coverage, increasing costs and computa-
tional resources. While RRBS focuses on a subset of the
genome, typically targeting CpG-rich regions, but missing large
portions of the genome, particularly CpG-poor regions. Both
these methods rely on bisulfite conversion of the DNA to
distinguish unmethylated cytosines from methylated ones, they
vary marginally in how the samples are processed for
sequencing analysis. Sonication is generally applied to shear
the DNA into random fragments in WGBS (Figure 3a).”
These fragments are then subjected to end repair, undergoing
end blunting followed by 3’-end adenylation, a process known
as A-tailing. The overhanging adenosines are binding sites for
sequencing adapters ligated onto the DNA fragments. The
appropriately sized DNA fragments are size-selected and
treated with bisulfite, inducing deamination of unmethylated
cytosines to uracil, while preserving methylated cytosines.
Bisulfite-treated fragments are PCR-amplified and sequenced, a
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minimum of 500 million reads are needed to achieve whole-
genome coverage. In RRBS, enzymatic digestion generates
DNA fragments with CG-rich terminal sequences. As a result,
RRBS enables efficient profiling of CG-dense regions efficiently
at economical sequencing requirements, which is more cost-
effective than WGBS because it sequences only a fraction of
the genome. These technologies allow precise identification of
methylation at individual CpG sites. However, high sequencing
costs and DNA degradation lead to reduced sequence quality,
ultimately lowering the final reads yield. Postbisulfite adaptor
tagging (PBAT) was developed to address these limitations.”
Analyzing DNA methylation at CpG sites using PBAT in
WGBS or measuring high CpG-content regions through RRBS
is a widely used approach. While bisulfite treatment-based
technologies are a powerful tool for DNA methylation analysis,
the limitations of damaging DNA result in fragmentation,
DNA loss, and biased sequencing data. Another common

https://doi.org/10.1021/prechem.5c00014
Precis. Chem. 2025, 3, 581-603


https://pubs.acs.org/doi/10.1021/prechem.5c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00014?fig=fig3&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.5c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

a ChiP-seq b CUT&RUN C CuTaTag
ChIP (Day 1-2) 7 J 2hours IEITER _ Sp2
e N 281 ' ' {@®)| Mince  Straining e 2
48 e PR T — () W s @ 7o+~ wmp X <
i1 sz Yy Y i:p, a D 1 o1 Isolation | @ |  Digestion MuSCs
——  Rhacd ~ °
Wash fixed cell Sonicat Chromatin [P Wash ChiP Step 3. Step 4.
phime S ) Coomne enche e o @ I s
‘ (1hr) :goplanﬁ input DNA 2§ @
(3518 hrs) =3 ’ o vVi8/
§ ._ [ ]
Library prep (Day 2) £ Wa |/ il
v :: § chiP Spik ‘ g qPCR to determine the optimal
0 F ChiP library  On-bead @ § PR @ | cycle number in library preparation
« ': — Q — 3§§ _r/ °
. ': Input & 2 g [ ]
Ll § .
Input library  In-solution £ S __X °
Quantify Isolate DNA Library PCR Isolate DNA Library prep i °
SPRI (SPR) (blunt/A-taillligate) |
(1-2,hrs) (1 hr) (1 hr) (3.5-18 hrs) (2 hrs) CUT&Tagged gDNA Purification s
Je i :
Seq'uence/Bioinformatics Stop 5. ® PCR for library preparation
» pr—r—
- ' S Lils drahd ady ‘”
= g By — L
l = A 5:’ ’ Data )
Sequence libraries Analyze sequencing data ata analyses
d DBiT-seq e Spatial-CUT&Tag
1. Primary antibody binding = 2. Secondary antibody binding == 3.pA-Tn5 transposition = 4.Barcodes A ligation =
Microfluidic Multi-Omics Biological Insights
barcoding 7”7 P p ""'u,“
« Pixel size ~10um : b ¢ :
* NGS-based G G2 G @ W~
Genome scale )
Protein
Spatial expression w P N
\ i Y .
! P Yo gho
dw | | %) | | Ty | | e
: /- =4 3 A . AL e
. J /
Spatial clustering
Image
v ‘.“j i 5.Barcodes B ligation s 6.Imaging —_— 7.Reverse crosslinking == 8.NGS sequencing
AN N ey " and PCR
Fornakietyce-  YESERES ¥ -
fixed tissue slide . i / &
+ Hand-held mRNA IIiegaton = - w ’
portable device SCRNA-seq data Ccw ) \/

\

- \j@‘@@) ‘\ ﬁ ’

tcode 8 BwcodesA JOM

8
3
3

BCBICA  GOW  ide 7
— —
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drawback is the difficulty in discriminating between SmC and
its oxidative derivatives, such as S-hydroxymethylcytosine
(ShmC), S-formylcytosine (SfC), and S-carboxylcytosine
(5caC). This is because bisulfite processing converts
unmethylated cytosine and SfC and ScaC into uracil, which
is then read as thymine during sequencing. Bulk methodologies
helped revolutionize our knowledge about DNA methylation.
However, bulk sequencing has high cell input needs (1 X 10°-1
X 10° cells) and the population-averaging effect prevents
tumor epigenetic heterogeneity analysis.

3.1.2. Single-Cell DNA Methylation Sequencing. To
meet the need for high-resolution measurements on small-scale
samples, several technologies have been developed based on
bulk methodologies for single-cell DNA methylation analysis.
Numerous dimensions of cancer heterogeneity that were
previously inaccessible to analyze are now unlocked for reach.
The first single-cell DNA methylation methodology was
proposed in 2013, sin%Ie-cell reduced representation bisulfite
sequencing (scRRBS), 798 which utilizes restriction enzyme
treatment to excise DNA fragments with CpG-rich ends,
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adapting the single-tube RRBS strategy (Figure 3b).”> The
method demonstrates exceptional sensitivity and is capable of
profiling the methylation status across 1.5 million CpG loci in
single stem cells. Since then, Numerous single-cell technologies
utilizing bisulfite conversion have been established for DNA
methylation sequencing. scBS-seq is an accurate and
reproducible technique to characterize the methylome of rare
cell types and heterogeneous populations.”” In scBS-seq,
sequencing adaptors are ligated after bisulfite treatment,
yielding DNA fragmentation and unmethylated cytosines to
thymine (Figure 3c).'”’ Despite being complementary, scBS-
seq achieves ~ 5-fold more CpGs and ~ 1.5-fold more CGI
coverage versus scRRBS at equivalent sequencing depth.
WGBS allows DNA methylation mapping in tiny cell
populations (#WGBS) and single cells (scWGBS),” the entire
postbisulfite library preparation is performed in one tube,
reducing DNA loss and contamination risk. Compared to the
scRRBS protocol, which focuses on CpG islands, scWGBS
offers a more unbiased approach and achieves cumulative
coverage of over 90% genomic CpG sites. To enhance the
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efficiency of single-cell capture, a digital-scRRBS version was
developed.'”" Digital-scRRBS is the first microfluidic single-cell
methylome library platform. Digital-scRRBS uses a micro-
fluidic chip for single-cell isolation within 15 s, achieving
single-cell methylome libraries with 53.6% unique mapping
and up to 2.26 million CpG sites. Meanwhile, to reduce
sequencing expenses and avoid potential amplification biases, a
new technology named scPBAT was developed, which is the
first repeat-optimized, PCR-free single-cell methylome se-
quencing approach.'%*

In addition to bisulfite-based approaches, multiple methyl-
ation-sensitive restriction enzymes (MSREs)-based, nonbisul-
fite methods have emerged. The restriction enzyme-based
single-cell methylation assay (RSMA) was the first to profile
CpG methylation at specific loci (Figure 3d).'” Thereafter,
single-cell restriction analysis of methylation (SCRAM)
combines MSRE digestion and multiplex PCR for single-cell
methylation analysis.'* This method integrates a microfluidic
gPCR platform enabling simultaneous DNA methylation
assessment at 24 genomic loci across 48 cells per run.
Single-cell methylase-assisted bisulfite sequencing (scMAB-
seq) is built upon traditional bisulfite sequencing methods,
which first treat with a methyltransferase to label unmodified
cytosines, ensuring only endogenous methylation is preserved.
Then, bisulfite conversion and sequencing distinguish the
original SmC (retained as C) from unmethylated sites
(converted to T), enablin§ genome-wide and accurate profiling
of methylation patterns.'” Subsequently, enzyme conversion-
based treatment methods, such as enzymatic methyl-seq (EM-
seq)'® and sciEM,'”” have been developed as the less
destructive alternative to single-cell analysis. Recent advances
enable high-throughput single-cell methylome profiling via
combinatorial indexing. Single-cell combinatorial indexing for
methylation analysis (sci-MET) utilizes a streamlined workflow
involving fluorescence-activated nuclei isolation, followed by
TnS ta§mentation and PCR amplification, ultimately enabling
NGS.'"”™ Similarly, single cell-targeted analysis of the
methylome (scTAM-seq), a commercial microfluidic platform
for targeted, bisulfite-free methylome analysis, can directly
cover 650 selected CpG sites in up to 10,000 cells.'”
Numerous techniques profile DNA methylation at a single-cell
resolution. However, several challenges must be addressed
before it can be effectively used for cancer diagnostics,
including low throughput, limited coverage per cell, and high
costs.

3.2. Profiling of Histone Modifications

3.2.1. Bulk Histone Modifications. Histone post-transla-
tional modifications regulate chromatin states for transcrip-
tional activation or repressive. Chromatin immunoprecipita-
tion sequencing (ChIP-seq) has emerged as the most popular
method for histone modification mapping. Using antibodies
against specific DNA-binding proteins or histone marks, it
identifies genome-wide enriched loci (Figure 4a).''" While
analyzing fewer than 10,000 cells is technically feasible,
constructing a library from limited genomic DNA proves
challenging due to incomplete recovery of bound DNA.
Cleavage under targets and release using nuclease sequencing
(CUT&RUN-seq) is another approach performed on intact,
unfixed permeabilized cells or nuclei. The process involves
incubating the cells with specific antibodies, followed by
protein A-Micrococcal Nuclease (pA/MNase) fusion protein
binding (Figure 4b).""" Unlike ChIP-seq, which requires cross-
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linking and demands a large number of samples, CUT&RUN
is simpler and more robust than CHIP, producing minimal
background signals while requiring only 10% of the
sequencing.''” A recent development of chromatin profiling
technology, CUT&Tag, was further developed to reduce the
sample input. In the CUT&Tag technique, the Protein A-Tn$
transposase is used instead of micrococcal nuclease (MNase)
as in CUT&RUN (Figure 4c),''® essentially allowing for
simultaneous cleavage of chromatin at antibody-bound sites
and the addition of sequencing adapters during the
"tagmentation” step, which can efficiently profile chromatin
features in tiny samples.'"*

3.2.2. Single-Cell Histone Modifications. The single-cell
resolution of these histone marks can help uncover regulatory
heterogeneity among cancer cells, allowing for rare chromatin
state analysis that may be linked to cancer diagnostics. Two
technologies for analyzing_ single-cell histone modifications are
Drop-ChIP/scChIP-seq' "~ and scDamID.""® Single-cell ChIP-
seq (scChIP-seq) is a histone marks analysis method that can
help properly profile and dissect regulatory heterogeneity at
the single-cell level.''> scChIP-seq enables single-cell chroma-
tin profiling via microfluidics and DNA barcoding. Cells are
lysed and micrococcal nuclease (MNase)-treated in drops,
then barcoded and immunoprecipitation. This process
enhances pull-down efliciency, leading to reduced background
noise. A ChIP-based single-cell modification technique, known
as simultaneous indexing and tagmentation-based ChIP-seq
(sc-itChIP-seq), a cost-effective and efficient method,
combines chromatin accessibility, cellular barcoding, and
tagmentation in a single tube.''” scChIP-seq performs cellular
barcoding through MNase digestion and ligation in micro-
fluidics droplets. In contrast, sc-itChIP-seq utilizes Tn$
transposase tagmentation coupled with chromatin opening to
introduce cellular barcodes. These methods enable the analysis
of 10—1000 single cells per run, generating 1,000—10,000
distinct reads per cell.

Single-cell chromatin immune-cleavage sequencing techni-
que (scChIC-seq) is adapted from the CUT&RUN-seq In
scChIC-seq, adapter ligation is performed on all retrieved
DNA fragments to minimize DNA loss, while subsequent PCR
amplification is designed to be specific for target fragments
only."'® Other techniques involving sequencing of epigenomic
modifications are scCUT&Tag (single-cell CUT&Tag),""”
single-cell cleavage under targets and release using nuclease
(scCUT&RUN),""”  combinatorial barcoding and targeted
chromatin release (COBATCH), antibody-guided chromatin
tagmentation sequencing (ACT-seq),'* single-cell chromatin
integration labeling sequencing (scChIL-seq). ACT-seq uses a
TnS Protein A fusion to fragment chromatin and insert tags at
antigen-specific genomic sites. The TnS transposase powers an
index multiplexing strategy (1ACT-seq), which can efficiently
construct thousands of single-cell libraries independent of
droplet microfluidics or FACS sorting. Plate-based split-pool
barcoding elevates single-cell histone marks profiling from
hundreds to tens of thousands of cells per run.'*” The Tns-
based approach streamlines high-throughput single-cell epi-
genomics analysis by concurrently integrating tagged sequen-
ces. The enzyme-tethering single-cell methods make it possible
to detect thousands of unique reads per cell.

3.2.3. Spatial Histone Modifications. Despite the
breakthroughs in single-cell histone modification detection,
capturing the spatial information on cells in complex tumor
environments remains challenging. Rather than placing the
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spatial barcodes onto chips, spatial-CUT&Tag was recently
developed for whole-genome profiling of histone modifica-

121

tions. ~ A primary antibody targeting histone mark is treated

in a fixed tissue section and then detected with a secondary
). 121122

antibody (Figure 4d, e Following pA-Tn$ transposome
activation, genomic DNA was tagged with adapters containing
a ligation linker at histone mark antibody recognition sites.
Utilizing a custom microfluidic barcode delivering method,
deterministic barcoding in tissue for spatial omics sequencing
(DBiT-seq),"** spatial- CUT&Tag reveals many key regulatory
elements such as H3K27me3 (repressing loci), H3K4me3
(activating promoters), and H3K27ac (activating enhancers

)."*! Comparative analysis reveals spatial-

and/or promoters
CUT&Tag at the 20-um resolution achieves significantly
higher unique fragments (H3K27me3:9735; H3K4me3:3686)
versus scCUT&Tag (H3K27me3:682; H3K4me3:453) on
mouse brain at equivalent sequencing depth. This technology
enables high-resolution spatial profiling of histone marks and
brings epigenetics research into the spatial era. Spatial mapping
of chromatin modification in tissue opens new avenues for
investigating epigenetic regulation, cell behavior, and differ-
entiation in health and disease.
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3.3. Chromatin Accessibility Sequencing

3.3.1. Bulk Chromatin Accessibility Sequencing.
Whole-genome DNA accessibility assays facilitate the
detection of DNA regulatory regions including promoters
and enhancers, providing insights into epigenomic alterations
that modulate gene expression activation or silencing. In 2008,
the first method to profile genome-wide accessible chromatin
was published, named DNase I hypersensitive site sequencing
(DNase-seq).”> DNase-seq combined high-throughput se-
quencing with genome-wide tiling arrays to detect DNase I
hypersensitive (HS) sites generating a precise whole-genome
chromatin accessibility map (Figure 5a).'”* DNase I selectively
cleaves accessible chromatin, producing fragments that are
subsequently amplified into sequencing libraries. DNase-seq
has several limitations, including the need for a large input of
cells (tens of millions) and a lengthy, labor-intensive protocol
that takes several days to complete.'”> Thereafter, many more
methods were developed. ATAC-seq has been established as
an efficient method for studying accessible chromatin profiles
by directly inserting sequencing adaptors into native
chromatin. This approach has been developed into a rapid
and sensitive technique for integrative epigenomic analysis
(Figure 5b)."**'*° ATAC-seq uses a hyperactive Tn$ trans-
posase to target and fragment accessible chromatin while
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adding sequencing adapters, enabling direct PCR amplified
into libraries. DNase-seq and ATAC-seq both produce peaks in
sequencing reads at accessible regions. The primary advantage
of ATAC-seq and its newer variants lies in their high
sensitivity, allowing effective analysis of low-input samples
(Only 500—50,000 cells are needed versus millions for DNase-
seq).

Additionally, they utilize an operationally efficient protocol
by combining chromatin fragmentation and tagging in a single
step. Beyond accessible chromatin mapping, ATAC-seq reveals
TF footprints and nucleosome positions. MNase-seq is the
most commonly employed technique for profile nucleosome
occupancy genome-wide, which plays a critical role in
chromatin accessibility.'”” In MNase-seq, micrococcal nuclease
cleaves unprotected DNA but leaves intact protein-bound
fragments (especially nucleosomal DNA) (Figure 5¢).1
MNase chromatin typically produces a nucleosome ladder
consisting of mononucleosome, dinucleosome, trinucleosome,
etc, varying with MNase-to-cell ratio. MNase-seq library
preparation requires 10,000—100,000 fresh or fixed cells. Like
DNase-seq, MNase-seq requires precise enzyme titr