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Editorial on the Research Topic
Epigenetics and genomic causality in development and
chromatin research

The term “epigenetic” has had its meaning change substantially since it was proposed
over 80 years ago (see, e.g., Morange, 2002; Felsenfeld, 2014; Deichmann, 2016; Greally,
2018). Originally conceived broadly as the set of processes that generate phenotype from
genotype over time in development (Waddington, 1942), it is currently used to mean the
mechanisms demarcating different parts of the genome for differential gene activity in a
given cellular context. We now have a highly sophisticated mechanistic understanding of
the ways different genomic regions are marked by histone modification, DNA methylation,
and chromatin remodelling in concert with differential local gene expression or local gene
silencing. Other aspects of epigenetics include formation of dynamic protein condensates,
chromatin looping, and shifts in intranuclear gene localization.

All these epigenetic mechanisms themselves depend, directly or indirectly, on the
activities of genes that encode chromatin modifying enzymes, and they gain their target-
gene specificity by the trans-acting, sequence-specific transcription factors and regulatory
RNAs, which guide the chromatin modifiers to specific genomic locations. Of particular
interest is the reciprocal way that transcription factors and chromatin epigenetic states
affect each other’s action; sequence-specific transcription factor action is crucial to change
gene expression for developmental progression, while chromatin states channel
transcription factor activity and help to make development irreversible.

This Research Topic reveals some historical foundations of current chromatin research,
and highlights the connection between events that are now called epigenetic, the genomic
loci that encode epigenetic regulators, and the regulatory factors that guide them in
development in different systems. It includes sophisticated case studies drawn from
hematopoiesis, and an evaluation of the claims for epigenetic mechanisms in
transgenerational inheritance in mammals.
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Deichmann summarizes in-depth historical interviews with
two pioneers of the field, Gary Felsenfeld and Sir Adrian Bird.
Felsenfeld, who passed away at the beginning of May 2024, was a
leader in many aspects of chromatin structural analysis. He
specifically demonstrated the power of differential chromatin
accessibility to identify active regulatory elements in the genome
and investigated control of chromatin looping, the critical
process that enables distal enhancers to interact with the
correct promoters. Bird has long been a leader in the field of
DNA methylation on CpG dinucleotides and their regulatory
impact. This was one of the earliest-appreciated epigenetic
marks, which first illustrated many of the paradigmatic aspects
of epigenetic marking mechanisms in general. His work has
revealed that a neurological disease, Rett syndrome, is caused
by a mutation altering levels of a methyl-CpG binding protein
that is an epigenetic modifier. As he noted, though: this syndrome
is caused by mutations that change the DNA sequence. The
primary change is the DNA sequence, and the secondary
consequences are the epigenetic changes. It is thus an
excellent example of the fact that genetics and epigenetics are
closely linked.

Some of the most sophisticated work on epigenetic causality has
been carried out in hematopoietic systems. Even before the
sequencing of mouse and human genomes, intense work was
already under way to determine the epigenetic mechanisms that
control highly-specific expression of the genes that encode
immunoglobulins in B cells and T-cell receptors in T cells
(Nelsen et al., 1993; Stanhope-Baker et al., 1996; Nikolajczyk
et al., 1999; Bergman et al., 2003; Cobb et al., 2006). This head
start established these immunoreceptor loci as, arguably, the parts of
the mammalian genome where epigenetic control is the best
understood, as reviewed by Ma et al. These loci undergo highly
cell type-specific DNA-level rearrangement in development as well
as transcriptional activation. However, the chromatin structures,
enhancers, transcription factors that work on the enhancers, and
impacts of enhancer mutations on transcription in the correct
lineages at the correct developmental times have been defined
functionally in all of these loci with exceptional clarity, setting
precedents that have subsequently proven to be of much wider
generality. These genes continue to provide important insights: they
include strong evidence for transcription factor combinatorial action
and multiple well-demonstrated cases of temporal mismatches
between chromatin opening and enhancer activation leading to
transcription. These imply that additional levels of regulation still
need to be explained.

Hematopoiesis more broadly has also been subjected to intense
study to relate epigenetic mechanisms to developmentally
controlled, lineage-specific cell type identity (e.g., Zeller et al.,
2023; Yoshida et al., 2019; Goode et al., 2016; Javierre et al.,
2016; González et al., 2015). The research paper by Maytum
et al. takes a genome-wide view of the epigenomic
transformations that accompany the earliest emergence of
hematopoiesis. The DNA sequences in regions of chromatin
undergoing epigenetic change give evidence that sequence-
specific factors of the AP-1 transcription factor family, which
normally become active in cells responding to acute signaling, are
involved in opening chromatin at specific sites marking different
developmental pathways. A paradox is that AP-1 is not cell type-

specific; how can it guide distinct patterns of epigenomic change for
different cell types? The authors present evidence that AP-1 gains
distinct target site specificities from interaction with distinct
collaborating factors. This study provides a vivid picture of the
ways that in certain contexts, factors like AP-1 that normally
mediate short-term signaling can have long term epigenetic
effects in a cell lineage.

The hallmark feature of epigenetic mechanisms, collectively,
is their ability to stabilize and perpetuate gene expression states
across cellular generations. In the 1990s, it was proposed that
epigenetic mechanisms can operate not only across cellular
generations but also across organismal generations.
Transgenerational epigenetic inheritance has been discussed as
an urgent sociological issue, connected with possible very long-
term impacts of factors ranging from teratogen exposure in utero
to psychological stress in early life. A critical assessment of many
of these studies is in Deichmann (2020). So far, transgenerational
inheritance has not been clearly demonstrated for humans, and
there is also no conclusive evidence for the influence of the
environment on the epigenome (Bird). Many potential
examples of epigenetic inheritance in humans are due to
parental or intergenerational effects, in which the uterus is
exposed to deleterious influences that directly affect the
developing embryo and its germline, and DNA sequence
changes as underlying cause for heritability are rarely
excluded (Horsthemke, 2018). The state of the evidence and
possibilities for transgenerational inheritance in mammals,
with some examples also presented from nematodes and
plants, are discussed in detail by Bird.

This Research Topic is hoped to provide context and
provocations for much further work in this field.

Author contributions

ER: Conceptualization, Writing–original draft, Writing–review
and editing. UD: Conceptualization, Writing–original draft,
Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. ER is
supported by the Edward B. Lewis Professorship of Biology.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Frontiers in Epigenetics and Epigenomics frontiersin.org02

Rothenberg and Deichmann 10.3389/freae.2025.1564074

https://doi.org/10.3389/freae.2023.1334556
https://doi.org/10.3389/freae.2024.1489362
https://doi.org/10.3389/freae.2024.1465958
https://doi.org/10.3389/freae.2024.1465958
https://doi.org/10.3389/freae.2024.1434253
https://doi.org/10.3389/freae.2024.1434253
https://www.frontiersin.org/journals/epigenetics-and-epigenomics
https://www.frontiersin.org
https://doi.org/10.3389/freae.2025.1564074


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Bergman, Y., Fisher, A., and Cedar, H. (2003). Epigenetic mechanisms that regulate
antigen receptor gene expression. Curr. Opin. Immunol. 15, 176–181. doi:10.1016/
s0952-7915(03)00016-5

Cobb, R. M., Oestreich, K. J., Osipovich, O. A., and Oltz, E. M. (2006). Accessibility
control of V(D)J recombination. Adv. Immunol. 91, 45–109. doi:10.1016/s0065-
2776(06)91002-5

Deichmann, U. (2016). Epigenetics: the origins and evolution of a fashionable topic.
Dev. Biol. 416, 249–254. doi:10.1016/j.ydbio.2016.06.005

Deichmann, U. (2020). The social construction of the social epigenome and the larger
biological context. Epigenetics and Chromatin 13 (37), 37. doi:10.1186/s13072-020-
00360-w

Felsenfeld, G. (2014). The evolution of epigenetics. Perspect. Biol. Med. 57 (1),
132–148. doi:10.1353/pbm.2014.0004

González, A. J., Setty, M., and Leslie, C. S. (2015). Early enhancer establishment and
regulatory locus complexity shape transcriptional programs in hematopoietic
differentiation. Nat. Genet. 47, 1249–1259. doi:10.1038/ng.3402

Goode, D. K., Obier, N., Vijayabaskar, M. S., Lie-A-Ling, M., Lilly, A. J., Hannah, R.,
et al. (2016). Dynamic gene regulatory networks drive hematopoietic specification and
differentiation. Dev. Cell 36, 572–587. doi:10.1016/j.devcel.2016.01.024

Greally, J. M. (2018). A user’s guide to the ambiguous word ‘epigenetics. Nat. Rev.
Mol. Cell Biol. 19, 207–208. doi:10.1038/nrm.2017.135

Horsthemke, B. (2018). A critical view on transgenerational epigenetic inheritance in
humans. Nat. Commun. 9, 2973. doi:10.1038/s41467-018-05445-5

Javierre, B. M., Burren, O. S., Wilder, S. P., Kreuzhuber, R., Hill, S. M., Sewitz, S., et al.
(2016). Lineage-specific genome architecture links enhancers and non-coding disease
variants to target gene promoters. Cell 167, 1369–1384.e19. doi:10.1016/j.cell.2016.
09.037

Morange, M. (2002). The relations between genetics and epigenetics. A historical
point of view. Ann. N. Y. Acad. Sci. 981, 50–60. doi:10.1111/j.1749-6632.2002.tb04911.x

Nelsen, B., Tian, G., Erman, B., Grégoire, J., Maki, R., Graves, B., et al. (1993).
Regulation of lymphoid-specific immunoglobulin mu heavy chain gene enhancer by
ETS-domain proteins. Science 261, 82–86. doi:10.1126/science.8316859

Nikolajczyk, B., Sanchez, J. A., and Sen, R. (1999). ETS protein-dependent
accessibility changes at the immunoglobulin μ heavy chain enhancer. Immunity 11,
11–20. doi:10.1016/s1074-7613(00)80077-1

Stanhope-Baker, P., Hudson, K. M., Shaffer, A. L., Constantinescu, A., and Schlissel,
M. S. (1996). Cell type-specific chromatin structure determines the targeting of V(D)J
recombinase activity in vitro. Cell 85, 887–897. doi:10.1016/s0092-8674(00)81272-6

Waddington, C. H. (1942). The epigenotype. Endeavour 1, 18–20.

Yoshida, H., Lareau, C. A., Ramirez, R. N., Rose, S. A., Maier, B., Wroblewska, A., et al.
(2019). The cis-regulatory atlas of the mouse immune system. Cell 176, 897–912.e20.
doi:10.1016/j.cell.2018.12.036

Zeller, P., Yeung, J., Viñas Gaza, H., de Barbanson, B. A., Bhardwaj, V.,
Florescu, M., et al. (2023). Single-cell sortChIC identifies hierarchical
chromatin dynamics during hematopoiesis. Nat. Genet. 55, 333–345. doi:10.
1038/s41588-022-01260-3

Frontiers in Epigenetics and Epigenomics frontiersin.org03

Rothenberg and Deichmann 10.3389/freae.2025.1564074

https://doi.org/10.1016/s0952-7915(03)00016-5
https://doi.org/10.1016/s0952-7915(03)00016-5
https://doi.org/10.1016/s0065-2776(06)91002-5
https://doi.org/10.1016/s0065-2776(06)91002-5
https://doi.org/10.1016/j.ydbio.2016.06.005
https://doi.org/10.1186/s13072-020-00360-w
https://doi.org/10.1186/s13072-020-00360-w
https://doi.org/10.1353/pbm.2014.0004
https://doi.org/10.1038/ng.3402
https://doi.org/10.1016/j.devcel.2016.01.024
https://doi.org/10.1038/nrm.2017.135
https://doi.org/10.1038/s41467-018-05445-5
https://doi.org/10.1016/j.cell.2016.09.037
https://doi.org/10.1016/j.cell.2016.09.037
https://doi.org/10.1111/j.1749-6632.2002.tb04911.x
https://doi.org/10.1126/science.8316859
https://doi.org/10.1016/s1074-7613(00)80077-1
https://doi.org/10.1016/s0092-8674(00)81272-6
https://doi.org/10.1016/j.cell.2018.12.036
https://doi.org/10.1038/s41588-022-01260-3
https://doi.org/10.1038/s41588-022-01260-3
https://www.frontiersin.org/journals/epigenetics-and-epigenomics
https://www.frontiersin.org
https://doi.org/10.3389/freae.2025.1564074

	Editorial: Epigenetics and genomic causality in development and chromatin research
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


