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Modern epigenetics emerged about 40 years ago. Since then, the field has rapidly grown. Unfortunately, this develop-
ment has been accompanied by certain misconceptions and methodological shortcomings. A profound misconcep-
tion is that chromatin modifications are a distinct layer of gene regulation that is directly responsive to the environ-
ment and potentially heritable between generations. This view ignores the fact that environmental factors affect gene
expression mainly through signaling cascades and the activation or repression of transcription factors, which recruit
chromatin regulators. The epigenome is mainly shaped by the DNA sequence and by transcription. Methodological
shortcomings include the insufficient consideration of genetic variation and cell mixture distribution. Mis- and over-
interpretation of epigenetic data foster genetic denialism ("We can control our genes") and epigenetic determinism
("You are what your parents ate"). These erroneous beliefs can be overcome by using precise definitions, by raising the
awareness about methodological pitfalls and by returning to the basic facts in molecular and cellular biology.
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Introduction
Modern epigenetics emerged about 40 years ago. Since
then, the field has rapidly grown and significantly con-
tributed to the understanding of human disease, also
thanks to Clinical Epigenetics. As a witness of this devel-
opment (I wrote my first epigenetic paper in 1989 [1] and
since then have contributed more than 100 papers to the
field), I am concerned about certain misconceptions and
methodological shortcomings in epigenetic research.
Clinical Epigenetics was inaugurated in 2010. Until
12 February 2022, 1,334 articles have been published in
the journal [2]. A search on the journal’s homepage for
"methylation”, "histone" and "miRNA" retrieved 1246, 590
and 210 results, respectively [3]. Thus, the majority of
articles deal with chromatin modifications (DNA meth-
ylation and histone modifications), which are at the heart
of modern epigenetics. This is in line with the definition
by A. Bird, who defined epigenetics as "the structural
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adaptation of chromosomal regions so as to register, sig-
nal or perpetuate altered activity states" [4]. Good exam-
ples are the silencing of retrogenes, the inactivation of
the X-chromosome in female mammals and genomic
imprinting.

I do not like the most common definition of epigenet-
ics, which defines epigenetics as the study of mitotically
and/or meiotically heritable changes in gene function
that are not caused by a change in DNA sequence [5].
This is a negative and imprecise definition. It blurs the
distinction between cellular memory, a concept first
proposed by Nanney in 1958 [6], and heredity, i.e. the
transmission of genetic information from one genera-
tion to the next. Furthermore, some researchers include
miRNAs and other RNAs as well as RNA modifications,
but RNA is a diffusible molecule and carries DNA-based
sequence information, which is a completely different
story, also with regard to transgenerational inheritance
(a search for "transgenerational” retrieved 61 results in
Clinical Epigenetics). The oocyte is full of RNAs and even
sperm carry small RNAs; the contribution of these RNAs
to the zygote and early cleavage states should not be con-
fused with epigenetic inheritance; at best this RNA-based
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inheritance. I hail the Editors’ decision that "manuscripts
focusing on differential RNA expression levels (coding
or non-coding) or on RNA modifications cannot be con-
sidered for publication in Clinical Epigenetics since these
aspects are not part of epigenetics per se" [3].

In the following, I will discuss some misconceptions
and methodological shortcomings in epigenetic research
as well as the role of epigenetics in disease.

Misconceptions

A search for "environment", "stress" and "diet" retrieved
433, 381 and 221 results in Clinical Epigenetics, respec-
tively. Many of these articles as well as related articles in
other journals explicitly or implicitly assume that chro-
matin modifications are a distinct layer of gene regulation
that is directly responsive to the environment and poten-
tially heritable between generations. Here is an example
from a paper in Clinical Epigenetics: "Epigenetics is a
mechanism that regulates gene expression independently
of the underlying DNA sequence, relying instead on the
chemical modification of DNA and histone proteins. ...
Epigenetics is a reversible system that can be affected by
various environmental factors, such as drugs, nutrition,
and mental stress ... In this review, we discuss the nature
of epigenetic disorders ... on the basis of recent findings:
(1) susceptibility of the conditions to environmental fac-
tors, (2) treatment by taking advantage of their revers-
ible nature, and (3) transgenerational inheritance of
epigenetic changes, that is, acquired adaptive epigenetic
changes that are passed on to offspring.” [7]

What the authors call "a new concept of clinical genet-
ics" [7] is not compatible with basic facts in molecular
and cellular biology (see below). It is a misconception,
which appears to be based on the work by Waterland
and Jirtle [8], who had found that feeding pregnant mice
with folic acid alters the phenotype (fur color and body
weight) of agouti viable yellow A"/a offspring, apparently
via increased CpG methylation of an IAP retrotranspo-
son in the agouti gene (A" allele) and downregulation of
agouti transcription. These results were eagerly taken up
by the epigenetics community as they appeared to pro-
vide a mechanism for the Barker hypothesis on intrau-
terine programming of adult disease [9]. However, the
findings by Waterland and Jirtle should not be general-
ized and uncritically applied to humans. Of note, "provi-
sion of the same diet to wild-derived deer mice, which
do not harbor variably methylated retrotransposons near
the agouti gene, also resulted in altered agouti-controlled
coat color .... Thus, it is possible that the increase in DNA
methylation at the A" IAP is a secondary effect caused
by downregulation of agouti transcription after methyl
donor supplementation” [10].
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Apart from inhibitors of chromatin modifying enzymes
such as 5-azacyitidine or valproic acid ("epidrugs"), which
do not normally occur in our environment, chromatin
modifications are refractory to the direct influence of
environmental factors [10]. What shapes the genome-
wide patterns of chromatin modifications are the DNA
sequence and transcription factors. Interindividual vari-
ation in DNA methylation is correlated with genetic vari-
ation [11; and references therein]. Differences in DNA
methylation and histone acetylation patterns between
different cell types are mainly due to differences in tran-
scription [12, 13]. Transcriptional regulation is based
on cis-acting DNA sequence elements (promoters,
enhancers, etc.) and trans-acting DNA-binding factors
(transcription factors, TFs); feedback loops confer sta-
bility [14]. Environmental factors affect gene expression
through signaling cascades, which activate or repress
TFs. Pioneer TFs "open" or "close" chromatin and thus
enable or prevent other TFs to regulate gene expres-
sion. Chromatin modifying enzymes cannot read DNA
sequence, but are recruited by TFs. "Although chromatin
regulators are critical partners for TFs, they play a sec-
ondary role in the definition of cell fates. Rather, a pri-
mary function of chromatin during development is to
reinforce or stabilize these lineages and cell fates" [15].
Thus, changes in chromatin modifications reflect rather
than cause changes in gene expression. Exceptions to
this rule are rare, naturally occurring epimutations (see
below), experimentally induced changes in chroma-
tin modifications ("epigenome editing") and "epidrugs",
which can affect the local kinetics of gene expression.
Chromatin modifications are rarely transmitted through
the germline (and if so, they are hardly adaptive), but are
established anew in each generation. The presence of the
same chromatin modifications in parent and offspring
mimics transgenerational inheritance, but in fact reflects
the inheritance of the same genes and the same environ-
ment [16].

Methodological shortcomings

The two biggest confounders of epigenetic studies are
genetic variation and cell mixture distribution. Unfortu-
nately, not all researchers are aware of these confound-
ers. Methylation differences between cases and controls,
for example, may not only be related to the phenotypic
difference but also due to non-random distribution of
alleles at methylation quantitative trait loci (mQTLs).
The smaller the sample sizes are, the bigger this problem
is. Another possibility is that the trait of interest has a
genetic component and that this component also affects
DNA methylation. In this case, DNA methylation may be
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a mediator of the genetic variant or just be an innocent
bystander.

In addition to the genuine influence of the genome on
DNA methylation, there are also artefactual genomic
effects, at least when Illumina methylation arrays are
used. These arrays are very popular, because they offer
a cost-effective way of interrogating a large number of
CpGs across the genome. Genetic artefacts are a gen-
eral problem associated with probe-based methylation
assays [17]. They result from single nucleotide polymor-
phisms (SNPs) around the target sites of the Illumina
probes, because certain alleles of such SNPs can lead to
false methylation calls. Although there are exclusion lists
of unreliable probes, "current strategies to account for
genetic artifacts are lagging" [17].

The second major confounder of epigenetic studies is
cell mixture distribution. Since each cell type has a char-
acteristic pattern of DNA methylation, the finding of
methylation differences in complex tissues obtained from
cases and controls or from the same group of probands
before and after some intervention may be due to a true
change in the methylation of a certain cell type or—prob-
ably more often—due to a difference in the cellular com-
position of the tissue. In the latter case, there is no change
of DNA methylation in a cell. Typically, DNA methyla-
tion differences reflecting a different cellular composition
of a tissue are small. They cannot play a causal role in the
disease process, but might be used as a biomarker. There
have been attempts to correct for blood cell mixture
distribution (see, for example, [18]), but these methods
account only for the major cell types. Better methods are
currently being developed. If possible, pure cell popula-
tions should be used, but it is often very difficult to obtain
such cells. My group, for example, has found that purified
sperm samples of infertile men are often contaminated
with varying amounts of somatic cells, which can lead to
false results [19]. In this study we also found that genetic
variation can confound this analysis [19].

Clinical epigenetics

Despite the problems discussed above, there is a lot
of solid evidence that epigenetic defects contribute to
human disease. In 1986, Jeggo and Holiday coined the
term "epimutation” [20]. In 2006, I suggested to distin-
guish between primary and secondary epimutations [21].
I defined a primary epimutation as an aberrant chroma-
tin state that has occurred without any DNA sequence
change, possibly as a defect in the establishment or main-
tenance of a particular chromatin state. Primary epimu-
tations are rare, typically occur at a single locus and are
associated with aberrant gene expression. They have been
identified as one cause for imprinting defects in patients
with Prader-Willi syndrome, Angelman syndrome or
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Beckwith—Wiedemann syndrome (see, for example,
[22]). With increasing age, defects in the maintenance of
DNA methylation patterns appear to occur at multiple
loci in a small fraction of cells of all tissues. These defects
probably provide the basis for the "epigenetic clock” [23],
although the causal relationship between the DNA meth-
ylation changes, age and disease remains unclear.

Secondary epimutations result from genetic mutations.
In this case, the epimutation is not the cause of the dis-
ease, but part of the mechanism by which a genetic muta-
tion causes disease. Such a mutation can act in cis or in
trans. In rare cases, for example, a disease gene is silenced
and methylated as a consequence of transcriptional read
through from a mutated adjacent gene. Examples include
the HBA2, MSH2 and MMACHC loci [24-26]. It should
be noted that in some of these cases, methylation of
the disease gene promoter was initially thought to be a
hereditary primary epimutation, until the genetic defect
in the adjacent gene was discovered. In other rare cases,
a genetic syndrome is caused by a mutation of a gene that
encodes a chromatin modifying enzyme. Such a muta-
tion leads to aberrant chromatin states at many loci and a
complex clinical phenotype. Patients with Kleefstra syn-
drome, for example, have a mutation in the EHMT1I gene,
which encodes the euchromatic histone lysine methyl-
transferase 1 [27].

Chromatin modifications cannot only be affected by
a mutation in genes encoding a chromatin modifying
enzyme, but also by a mutation in genes encoding other
chromatin or transcriptional regulators. The chromatin
changes can include changes in DNA methylation, even
if no DNA modifying enzyme is affected, which substan-
tiates the notion that changes in DNA methylation fol-
low rather than precede other changes. Unique genomic
DNA methylation patterns (called "episignatures") have
been observed in a number of rare congenital diseases
including the above mentioned Kleefstra syndrome and
can be used for diagnostic testing [28]. Genetic muta-
tions affecting the chromatin directly or indirectly are
very frequent in cancer. As a consequence, the chromatin
of tumor cells is very different from that of normal cells
and can be used for stratifying tumors.

Conclusions

While it is well established that primary and secondary
epimutations contribute to human disease, there is little
evidence for a direct effect of environmental factors on
chromatin modifications and for transgenerational epige-
netic inheritance. The epigenome is mainly shaped by the
DNA sequence and by transcription. The environment
affects gene expression mainly through signaling cascades
and the activation or repression of transcription fac-
tors, which recruit chromatin regulators. Unfortunately,
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genetic variation, genetic artefacts and cell mixture dis-
tributions have not always been rigorously excluded in
epigenetic studies. Mis- and overinterpretation of epige-
netic data foster genetic denialism ("We can control our
genes") and epigenetic determinism ("You are what your
parents ate"). These erroneous beliefs can be overcome by
using precise definitions, by raising the awareness about
methodological pitfalls and by returning to the basic facts
in molecular and cellular biology.

Abbreviations

A: agouti Wildtype allele; A”: agouti Viable yellow allele; CpG: Cytosine-guanine
dinucleotide; DNA: Deoxyribonucleic acid; EHMTT: Euchromatic Histone Lysine
Methyltransferase 1; HBA2: Hemoglobin Subunit Alpha 2; IAP: Intracisternal
A-particle; RNA: Ribonucleic acid; miRNA: MicroRNA; MMACHC: Metabolism

of Cobalamin Associated C; mQTL: Methylation quantitative trait locus; MSH2:
MutS Homolog 2; SNP: Single nucleotide polymorphism; TF: Transcription
factor.

Acknowledgements
I thank Drs. Michael Zeschnigk and Gabriele Prescher for critical reading of the
manuscript.

Author contributions
BH wrote the text. The author read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares that he has no competing interests.

Received: 14 March 2022 Accepted: 7 June 2022
Published online: 28 July 2022

References

1. GregerV, Passarge E, Hopping W, Messmer E, Horsthemke B. Epigenetic

changes may contribute to the formation and spontaneous regression of

retinoblastoma. Hum Genet. 1989,83:155-8.

https://pubmed.ncbi.nim.nih.gov/

https:/clinicalepigeneticsjournal.biomedcentral.com/

Bird A. Perceptions of epigenetics. Nature. 2007,447:396-8.

Wu C, Morris JR. Genes, genetics, and epigenetics. Science.

2001,293:1103-5.

6. Nanney DL. Epigenetic control systems. Proc Natl Acad Sci USA.
1958;44:712-7.

7. Kubota T, Miyake K, Hirasawa T, Kubota T, Miyake K, Hirasawa T. Epigenetic
understanding of gene-environment interactions in psychiatric disorders:
a new concept of clinical genetics. Clin Epigenet. 2012;4:1.

8. Waterland RA, Jirtle RL. Transposable elements: targets for early
nutritional effects on epigenetic gene regulation. Mol Cell Biol.
2003;23:5293-300.

kAN

20.

21.

22.

23.

24.

25.

26.

27.

Page 4 of 5

Barker D, Osmond C. Infant mortality, childhood nutrition, and ischaemic
heart disease in England and Wales. Lancet. 1986;327:1077-81.

. Bertozzi TM, Becker JL, Blake GET, Bansal A, Nguyen DK, Fernandez-Twinn

DS, Ozanne SE, Bartolomei MS, Simmons RA, Watson ED, Ferguson-Smith
AC. Variably methylated retrotransposons are refractory to a range of
environmental perturbations. Nat Genet. 2021;53:1233-42.

. Schréder C, Leitao E, Wallner S, Schmitz G, Klein-Hitpass L, Sinha A, Jockel

KH, Heilmann-Heimbach S, Hoffmann P, Nothen MM, Steffens M, Ebert
P, Rahmann S, Horsthemke B. Regions of common inter-individual DNA
methylation differences in human monocytes: genetic basis and poten-
tial function. Epigenet Chromatin. 2017;10:37.

. Stadler MB, Murr R, Burger L, Ivanek R, Lienert F, Scholer A, van Nimwegen

E, Wirbelauer C, Oakeley EJ, Gaidatzis D, Tiwari VK, Schibeler D. DNA
binding factors shape the mouse methylome at distal regulatory regions.
Nature. 2011;480:490-5.

. Martin BJE, Brind’Amour J, Kuzmin A, Jensen KN, Liu ZC, Lorincz M, Howe

LJ. Transcription shapes genome-wide histone acetylation patterns. Nat
Commun. 2021;12:210.

. Ptashne M. Epigenetics: core misconcept. Proc Natl Acad Sci USA.

2013;110:7101-3.

. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the hall-

marks of cancer. Science. 2017;357:eaal2380.

. Horsthemke B. A critical view on transgenerational epigenetic inherit-

ance in humans. Nat Commun. 2018;9:2973.

. Jiménez BP, Kayser M, Vidaki A. Revisiting genetic artifacts on DNA meth-

ylation microarrays exposes novel biological implications. Genome Biol.
2021;22:274.

. Houseman EG, Accomando WP, Koestler DC, Christensen BC, Marsit CJ,

Nelson HH, Wiencke JK, Kelsey KT. DNA methylation arrays as surrogate
measures of cell mixture distribution. BMC Bioninform. 2012;13:86.

. Leitdo E, Di Persio S, Laurentino S, Woste M, Dugas M, Kliesch S, Neuhaus

N, Horsthemke B. The sperm epigenome does not display recurrent
epimutations in patients with severely impaired spermatogenesis. Clin
Epigenet. 2020;12:61.

Jeggo PA, Holliday R. Azacytidine-induced reactivation of a DNA repair
gene in Chinese hamster ovary cells. Mol Cell Biol. 1986;6:2944-9.
Horsthemke B. Epimutations in human disease. Curr Top Microbiol Immu-
nol. 2006;310:45-59.

Buiting K, Dittrich B, Grol3 S, Lich C, Férber C, Buchholz T, Smith E, Reis

A, Burger J, Nothen M, Barth-Witte U, Janssen B, Abeliovich D, Lerer |,

van den Ouweland AMW, Halley DJJ, Schrander-Stumpel C, Smeets H,
Meinecke P, Malcolm S, Gardner A, Lalande M, Nicholls RD, Friend K,
Schulze A, Matthijs G, Kokkonen H, Hilbert P, van Maldergem L, Glover

G, Carbonell P, Willems P, Gillessen-Kaesbach G, Horsthemke B. Sporadic
imprinting defects in Prader-Willi syndrome and Angelman syndrome:
implications for imprint switch models, genetic counseling and prenatal
diagnosis. Am J Hum Genet. 1998;63:170-80.

Horvarth S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14:R115.

Tufarelli C, Stanley JA, Garrick D, Sharpe JA, Ayyub H, Wood WG, Higgs DR.
Transcription of antisense RNA leading to gene silencing and methylation
as a novel cause of human genetic disease. Nat Genet. 2003;34:157-65.
Ligtenberg MJ, Kuiper RP, Chan TL, Goossens M, Hebeda KM, Voorendt

M, Lee TY, Bodmer D, Hoenselaar E, Hendriks-Cornelissen SJ, Tsui WY,
Kong CK, Brunner HG, van Kessel AG, Yuen ST, van Krieken JH, Leung

SY, Hoogerbrugge N. Heritable somatic methylation and inactivation of
MSH2 in families with Lynch syndrome due to deletion of the 3’exons of
TACSTD1. Nat Genet. 2009;41:112-7.

Gueant JL, Chery C, Oussalah A, Nadaf J, Coelho D, Josse T, Flayac J,
Robert A, Koscinski |, Gastin |, Filhine-Tresarrieu P, Pupavac M, Brebner A,
Watkins D, Pastinen T, Montpetit A, Hariri F, Tregouét D, Raby BA, Chung
WK, Morange PE, Froese DS, Baumgartner MR, Benoist JF, Ficicioglu C,
Marchand V, Motorin Y, Bonnemains C, Feillet F, Majewski J, Rosenblatt DS.
APRDX1 mutant allele causes a MMACHC secondary epimutation in cblC
patients. Nat Commun. 2018,9:67.

Kleefstra T, Brunner HG, Amiel J, Oudakker AR, Nillesen WM, Magee A,
Genevieve D, Cormier-Daire V, van Esch H, Fryns JP, Hamel BCJ, Sistermans
EA, de Vries BBA, van Bokhoven H. Loss-of-function mutations in Euchro-
matin histone methy! transferase 1 (EHMT1) cause the 9q34 subtelomeric
deletion syndrome. Am J Hum Genet. 2006;79:370-7.


https://pubmed.ncbi.nlm.nih.gov/
https://clinicalepigeneticsjournal.biomedcentral.com/

Horsthemke Clinical Epigenetics (2022) 14:95 Page 5 of 5

28. Aref-Eshghi E, Kerkhof J, Pedro VP, Groupe DI France, Barat-Houari M,
Ruiz-Pallares N, Andrau JC, Lacombe D, Van-Gils J, Fergelot P, Dubourg
C, Cormier-Daire V, Rondeau S, Lecoquierre F, Saugier-Veber P, Nicolas G,
Lesca G, Chatron N, Sanlaville D, Vitobello A, Faivre L, Thauvin-Robinet
C, Laumonnier F, Raynaud M, Alders M, Mannens M, Henneman P, Hen-
nekam RC, Velasco G, Francastel C, Ulveling D, Ciolfi A, Pizzi S, Tartaglia
M, Heide S, Héron D, Mignot C, Keren B, Whalen S, Afenjar A, Bienvenu T,
Campeau PM, Rousseau J, Levy MA, Brick L, Kozenko M, Balci TB, Siu VM,
Stuart A, Kadour M, Masters J, Takano K, Kleefstra T, de Leeuw N, Field M,
Shaw M, Gecz J, Ainsworth PJ, Lin H, Rodenhiser DI, Friez MJ, Tedder M,
Lee JA, DuPont BR, Stevenson RE, Skinner SA, Schwartz CE, Genevieve D,
Sadikovic B. Evaluation of DNA methylation episignatures for diagnosis
and phenotype correlations in 42 Mendelian neurodevelopmental disor-
ders. Am J Hum Genet. 2020;106:356-70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A critical appraisal of clinical epigenetics
	Abstract 
	Introduction
	Misconceptions
	Methodological shortcomings
	Clinical epigenetics
	Conclusions
	Acknowledgements
	References


