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The complex relationship between
chromatin accessibility, transcrip-
tional regulation, and cancer tran-
sitions presents a daunting puzzle.
Terekhanova et al. created a pan-
cancer epigenetic and transcripto-
mic atlas at single-cell resolution,
yielding important insights into the
underlying chromatin architecture
of cancer transitions and novel dis-
coveries with the potential to ad-
vance precision medicine.
Generating a more comprehensive land-
scape of the complex and often cancer
type-specific molecular events driving can-
cer has important implications for precision
oncology [1]. While large-scale whole-
genome sequencing (WGS) initiatives,
such as those performed by The Cancer
Genome Atlas (TCGA) [2] and the Interna-
tional Cancer Genome Consortium (ICGC)
[3], have uncovered somatic mutations con-
tributing to tumorigenesis, the enigma per-
sists. Although important for personalized
treatment inmany cases, somaticmutations
fall short of providing a comprehensive un-
derstanding of cancer transitions. Epigenetic
features, notably chromatin remodeling,
have a pivotal role in transcriptional regula-
tion [4]. While previous studies have
provided an initial characterization of the
chromatin regulatory landscape in primary
human cancers [5], the advent of single-cell
technologies has significantly improved
resolution, allowing an in-depth examination
of the epigenome and transcriptome [6].

In a recent study, Terekhanova et al. [7]
constructed a single-cell multi-omic atlas
spanning 225 samples across 11 cancer
types. Integration of single-nucleus assay
for transposase-accessible chromatin with
sequencing (snATAC-seq) with single-cell/
nucleus RNA sequencing (sc/snRNA-seq)
unveiled detailed relationships between
chromatin accessibility and gene transcrip-
tion within individual cells. This comprehen-
sive study provides invaluable insights
into epigenetic drivers across various
cancers, elucidating transitions from normal
adjacent-to-tumor tissues (NAT) to primary
tumors, and subsequently to metastatic
cancer. Analysis of snATAC-seq data,
encompassing over a million nuclei, identi-
fied tissue- and cancer cell-specific differen-
tially accessible chromatin regions (DACRs).
Enhancer regions, comprising 53% of
DACRs,were estimated to have a significant
role in gene expression changes, often sur-
passing the influence of promoters. Most
accessible chromatin region (ACR)-to-gene
links identified were novel. In particular, 397
linked ACRs (mainly enhancers) gained ac-
cessibility in most primary pancreatic ductal
adenocarcinoma (PDAC) samples, including
for ASAP2, a gene that encodes a GTPase-
activating protein, the expression of which is
associated with an unfavorable prognosis.
Notably, ACR-to-gene associations in-
cluded transcription factor (TF) genes, such
as KLF6 and PPARG, the enhancers of
which exhibited increased accessibility in
PDAC. Another unfavorable prognostic
marker for PDAC, FLNB, was linked to five
enhancer regions, indicating extensive epige-
netic regulation. Several identified enhancers
were linked to EN1, VIM, and VEGFA in
basal breast cancer (BRCA) tumors.

To better understand the underlying tran-
scriptional regulation implicated in cancer
development, ‘regulons’ or networks of reg-
ulatory connections between TFs and their
target genes were identified [8]. This re-
vealed 258 regulons characterized by con-
sistent gene expression patterns between
TFs and their targets, with each regulon
encompassing from 20 to 4310 target
genes (median: 372). Of note, 46 regulons
were cancer cell specific. To further substan-
tiate select findings, a cleavage under targets
and release using nuclease (CUT&RUN)
assay was conducted in U251 glioblastoma
(GBM) cells, showing direct binding of
NRF1 at the promoters of target genes.

The study comprised 52metastatic samples
from six tumor types, including nine paired
primary–metastatic samples, allowing for
the identification of epigenetic alterations as-
sociated with metastatic potential. Notably,
ELF3 and GATA6 emerged as top-tier TFs
exhibiting significantly decreased motif ac-
cessibility across regulatory elements in
PDAC. Validation in a genetically engineered
mousemodel confirmed a decline inGATA6
activity in PDAC metastases, underscoring
the potential role of GATA6 in the metastatic
cascade of PDAC.

To resolve interactions between epigenetic
and genetic drivers, a comprehensive
examination of somatic mutations and
copy-number variations (CNVs) was under-
taken in 176 tumor samples, leveraging
whole-exome sequencing (WES) data. Spe-
cifically, snATAC-seq analysis revealed signif-
icantly elevated TERT promoter (TERTp)
accessibility in tumors harboring the hotspot
C228T and C250Tmutations, and increased
TERT expression compared with normal-de-
rived cells. Moreover, the expression of 30
oncogenes was intricately tied to enhancer
accessibility. The most robust connections
were identified for pivotal oncogenes, includ-
ing EGFR, KRAS, ERBB2, CTNNB1, and
MET.

This work highlights the importance of
epigenomic programs with substantial clini-
cal implications. The evaluation of regulon
activity, as determined by bulk RNA-seq ex-
pression data in patients with GBM and
PDAC from TCGA, underscored a notewor-
thy association between heightened PITX3
and KLF6 regulon activity, respectively, and
unfavorable progression-free and overall sur-
vival outcomes. Furthermore, differentially
expressed genes (DEGs) and DACRs were
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identified as potential drug targets, including
already known examples, such as ESR1 in
BRCA and uterine corpus endometrial car-
cinoma (UCEC), and VEGFA in clear cell
renal cell carcinoma (ccRCC) and colorec-
tal cancer (CRC). Additionally, known drug
targets were enriched in cancer types
wherein these targets are not currently
used in clinical practice, including EGFR
accessibility in ccRCC, TOP1 expression
in UCEC, multiple myeloma (MM) and
ccRCC, and FGFR2 expression in GBM,
ccRCC, and basal BRCA. These results
suggest important targets that could be
used therapeutically in novel cancer types,
and warrant further preclinical validation.

This study also provides a compelling ap-
proach poised for continued exploration. In
tandem with this unique resource, future
studies with greater statistical power will be
important to broaden our knowledge of dy-
namic epigenetic signals in cancer transitions.
Moreover, augmenting such a data set with
Figure 1. A possible future approach to personalize
analyses. (1) Peripheral blood drawn from patients to is
sequencing. (3) Detection of multi-omic signatures, such as e
gene expression, as well as germline variants and somatic m
patients based on these signatures. Figure created with BioR
for transposase-accessible chromatin with sequencing; RNA-
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additional omics information, such as chro-
matin interactions (e.g., H3K27ac HiChIP),
could provide direct evidence linking
enhancers to their target genes. Additionally,
incorporating WGS data offers an avenue to
explore the interaction between epigenetic
and noncoding somatic drivers. Finally, com-
prehensive functional validation will be imper-
ative to affirm the clinical relevance of novel
findings.

This impressive study helps us envision a
future in which cancer management will be
advanced by rigorous multi-omic analyses
of tumor enhancer, promoter, and regulon
activity, DNA methylation, gene expression,
and somatic mutations, in conjunction
with assessment of rare and common
inherited variants. This could facilitate more
precise tumor classification and improve per-
sonalized treatment recommendations
through innovative approaches, such as
liquid biopsies (Figure 1). A recent proof-of-
concept study in advanced cancers
TrendsTrends inin GeneticsGenetics

d cancer management with rigorous multi-omic
olate normal and circulating tumor DNA. (2) Multi-omics
nhancer, promoter, and regulon activity, DNA methylation,
utations. (4) Providing personalized medical solutions for
ender (BioRender.com). Abbreviations: ATAC-seq, assay
seq, RNA sequencing; WGS, whole-genome sequencing.
demonstrated the potential of plasma
epigenomic profiling to unlock clinically ac-
tionable insights, currently accessible only
through direct tissue sampling [9]. This new
large-scale single-cell multi-omic atlas and
rapidly evolving technologies (e.g., liquid bi-
opsies and artificial intelligence [10]) hold
the promise of transformative breakthroughs
that could significantly improve cancer man-
agement, ushering us toward a future where
cancer is not only fully understood, but also
conquered.
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