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Abstract

The emergence of the field of Transgenerational Epigenetics Inheritance (TEI) has profoundly
reshaped our understanding of the relationships between environment, soma, and germ cells

as well as of heredity. TEI refers to the changes in chromatin state, gene expression, and/or
phenotypes that are transmitted across several generations without involving changes to the DNA
sequences. TEI has direct connections with, and feeds from, the fields of molecular biology,
genetics, developmental biology, and reproductive biology, among others. However, the expansion
of TEIl-related research, has profoundly reshaped boundaries within each field and often led to

the erosion of theories and concepts considered as tenets of biology. We first explore how the
molecularization of biology has shifted the definition of epigenetics to include the notion of
heredity and how epigenetics has refined our understanding of the central dogma of biology. The
demonstrated transfer of environmental information from soma to germ cell through extra-cellular
vesicles and subsequent alteration of health outcomes in offspring has put a definite end to the
long-held principle of the Weismann barrier. TEI has also simultaneously led to the revival of the
inheritance of acquired characteristics while further eroding the concept of an epigenetic “blank
slate” in mammals. Using an historical framework, and via the exploration of central studies in the
field, in this perspective article, we will draw a compelling argument for the revolutionary aspect
of TEI in biology.
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. Introduction

Transgenerational Epigenetics Inheritance (TEI) can be defined as changes in chromatin
state, gene expression, and/or phenotypes that are transmitted across several generations
without involving changes to the DNA sequences. This subfield of epigenetics has grown
tremendously in the last decade due to major findings in a variety of model systems that
have helped reshape the molecular understanding of heredity. As we will argue, TEI has
also been able to find its place as a field of study because of the erosion of long-held views
and dogmas in biology. Together TEI and epigenetics have contributed to the overwhelming
amount of evidence for the Weismann barrier to be laid to rest, and have encouraged the
revisitation and refinement of concepts such as the central dogma of molecular biology.
Here, we will start by framing the discourse through the lens of Waddington’s understanding
of the relationship between genotype and phenotype and explore how progress in the field
of TEI and research on lived experiences such as stress and environmental exposure have
brought renewed attention to the concept of soft inheritance.

[I. Waddington and the Definition of the Epigenome

In his seminal 1942 publication, “The Epigenotype”, Conrad H. Waddington described the
study of mechanisms that exist between genotypes and the phenotypic effects they bring
about. Specifically, Waddington provided a prototype for a definition of epigenetics by
stating that it refers to “the causal mechanisms at work [...] linked together in a network
[...] by which the genes of the genotype bring about phenotypic effects.” (Waddington,
1942). Thus, Waddington theorized, in a way akin to modern systems biology, that the
developmental processes existing in this space form a network such that early perturbations
could funnel to downstream consequences on phenotype. Waddington mentions the example
of the ‘grey-lethal’ that prohibits the absorption of bone which has repercussions on other
body systems (Grunberg, 1938). For the teeth in particular, impaired coordination and
delayed calcification prevents the proper mastication of food. The lack of bone absorption
also creates added pressure on nerves in the lower jaw and prevents the animal from taking
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liquids, leading to starvation and death. Thus, the spontaneous ‘grey-lethal” mutation of
the gene disrupts bone absorption which in turn leads to neuralgic pain and death. From
our current perspective, this example has very little to do with our present use of the term
epigenetics.

Waddington’s concept of the epigenotype was deeply influenced by the current of thoughts
in embryology and the debates around the nature and position of the components responsible
for carrying out an organism’s developmental plan (Felsenfeld, 2014). Obviously, since
Waddington’s original framework, and with the molecularization of biology, the definition
of epigenetics has shifted from its focus on genotype-phenotype interactions towards the
stability of expression states and cellular inheritance. It was verified that DNA methylation
sites were palindromic, and that DNA methyltransferases were responsible for methylation
of unmodified or hemi-methylated DNA (reviewed in Goll & Bestor, 2005). Importantly,
these DNA methylation marks are copied on daughter strands after replication, which results
in the transmission of the methylated state to future cellular generations (Goll & Bestor,
2005). This finding has led to the insertion of heritability into the definition of epigenetics
and, in 1996, Riggs reinterpreted epigenetics as “the study of mitotically or meiotically
heritable changes in gene function that cannot be explained by changes in DNA sequence”
which has become the near standard definition of epigenetics (Riggs and Porter, 1996).
Thus, the shift in definition of epigenetics opened a space for TEI to grow as an area of
investigation: if the epigenetic marks are heritable then what molecular mechanisms exist
that allow them to be transmitted? If some epigenetic marks are stable over several or many
generations, and considering that DNA mutations are reversible, then what truly separates
DNA-based heredity from TEI?

lll. Revisiting the Central Dogma of Molecular Biology

As the definition of epigenetics shifted, so did the central dogma of biology. First

defined by Francis Crick in 1957, the central dogma explains the direction of flow

for genetic information in our cells. In its purest form, it translates to “DNA makes

RNA, and RNA makes protein.” (Crick, 1958; Crick, 1970). Crick also specified that

“the transfer of information from nucleic acid to nucleic acid, or from nucleic acid

to protein may be possible, but transfer from protein to protein, or from protein to

nucleic acid is impossible.” However, epigenetic pathways conflict with this rigidity and
have transformed our interpretation of the genome at large. By altering the patterns of
DNA methylation and that of histone modifications and non-coding RNAs (ncRNAs), the
epigenetic machinery of writers, erasers, and readers directs in what cellular context, and
when, specific genes should be expressed (Gillette and Hill, 2015). Similarly, mRNAs

are also subject to posttranslational modification to both modulate gene expression and
control their metabolism (Frye et al., 2016). For example, established by a multiprotein
writer complex, N6-methyladenosine (m6A) is the most abundant modification of eukaryotic
mRNAs and directly and indirectly affects the binding of various reader proteins, which
either target MRNAs for degradation or translation (Yue et al, 2015). Recent studies

have focused on the role of m6A during development for embryonic and adult stem

cell differentiation (Roundtree et al., 2017). Specifically, m6A marks transcripts that
contain vital developmental regulators to ensure proper transcriptome switching during cell
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fate transitions. Other work indicates that m6A could interact with chromatin regulatory
complexes and long noncoding RNAs to influence transcription as well (Patil et al., 2018).

Finally, ncRNAs also play a central role in the epigenetic regulation of chromatin states.

In the fission yeast S. pombe, small interfering RNA targets and silences the repetitive
pericentromeric region (Reinhart and Bartel, 2002). To accomplish this, three interacting
protein complexes are involved. The RITS complex first determines the genomic location
of the heterochromatin (Li et al., 2009). Then, the RNA-directed RNA polymerase
complex (RDRC) amplifies small RNAs from the selected locus (Motamedi et al., 2004).
Finally, the Clr4-containing complex establishes the heterochromatic mark (Zhang et al,
2008). To maintain silencing of the heterochromatic locus, transcription is necessary: the
pericentromeric transcripts initially recognized by the RITS complex are synthesized into
dsRNA and processed into new siRNAs that load additional RITS complexes, creating a
reinforcing loop (Colmenares et al., 2007). The RITS complex also recruits other writers
to promote histone deacetylation and H3K9 methylation (Moazed, 2009). In another well-
understood example, in female mammals, the long non-coding RNA Xist plays a vital

role in X chromosome inactivation. Xist-mediated silencing requires the presence of Xist
A-repeats, which are structurally conserved (Wutz et al., 2002). As Xist spreads, it directly
recruits polycomb repressive complex 2 (PRC2) that mediates the tri-methylation of H3K27
(Engreitz et al., 2013).

Thus, while sequence-based information may follow the unidirectional nature of Crick’s
central dogma, epigenetic mechanisms significantly add complexity to, and transform, the
absolute linear schematic of the central dogma to resemble a molecularized version of
Waddington’s network.

IV. The End of the Weismann Barrier

While other concepts and dogmas may have been refined by epigenetics and TEI over

time, no others have been affected as much as the Weismann barrier (Bline et al, 2021).

The Weismann Barrier refers to the unidirectional and irreversible flow of developmental
potential from germline to soma and has informed discussion about evolutionary genetic
inheritance for much of the past century. However, recent transgenerational epigenetic
inheritance research has refuted core tenets of the theory and indicated a larger role

for environmental influence than previously held. The concept of a barrier originates

from Weissman’s germ plasm theory, which he used to justify how organisms remain
relatively constant through generations but adapt to their environment over evolutionary
time (Weissmann, 1893). He argued that after fertilization, a zygote had two paths for
replication. The first choice was “embryonic” cell division, where daughter cells received
some parts of the nuclear content. The resultant “idioplasm” gave rise to bodily tissues of the
organism. The second choice was “ordinary” cell division, where the daughter cell received
all nuclear contents of the parent. Here, a “reserve” germ plasm was produced, to be further
transmitted to new generations. Importantly, Weismann postulated that idioplasm could
under no circumstances be reconstructed into germ plasm. Therefore, any bodily changes
brought about by external stressors during an organism’s lifespan would not be passed on
to their children. This inability of idioplasm to revert to germ plasm and be inherited by
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offspring necessitated the existence of a barrier that prevented interaction between the two,
which was later named the Weismann Barrier.

While the Weismann Barrier hinges on the separation of germ cells and somatic cells,

recent studies have demonstrated that the two interact and exchange epigenetic information
creating an additional source of heredity shaped by the parental environment. Multiple
groups have now demonstrated and characterized the transfer of small RNAs between
somatic and germline cells in mammals (Bohacek and Mansuy, 2015). For instance, in mice,
metabolic tracing successfully verified that caput epididymosomes transport small RNA
cargos initially synthesized in the epididymal epithelium to spermatozoa (Sharma et al.,
2018). The content of these cargos is altered based on the various stress conditions or dietary
perturbations encountered by the father preconception. With regards to models of stress,
specifically in the “MSUS” paradigm — maternal separation coupled with unpredictable
maternal stress —, zygotes injected with sperm RNAs from males subjected to MSUS give
rise to offspring exhibit depression-like symptoms, specifically an increased tendency to
remain floating during a forced swim test, an established measure of passive coping (Sharma
et al., 2014). Remarkably, in other studies, the same increase in floating time can be elicited
transgenerationally (until the F3) when MSUS is applied during gestation (van Steenwyk

et al., 2018). The ability for sperm to carry experiential information to the offspring is not
limited to stress-related cues. Offspring generated from mice raised on high-fat diets show
impaired glucose metabolism and a small 30-40 nt sperm RNA (tsRNAs) fractions was
shown to be the primary mediator of such effects (Chen et al., 2016). Interestingly, the
tsSRNA cargo requires itself epigenetic modification as demonstrated by the dependence of
the transmission of impaired glucose metabolism on active tRNA methyltransferase DNMT2
(Zhang et al., 2018), highlighting again the complex interplay and layering of epigenetic
information.

In a recent elegant set of experiments, van Steenwyk and colleagues showed that early life
trauma in mice and humans raises specific lipid metabolite species in the serum that have
the ability to activate PPARy in sperm. Interestingly, injection in male mice of serum from
mice subjected to MSUS or of a PPARy agonist is sufficient to recreate the MSUS-induced
glycemic deregulation in offspring (van Steenwyk et al., 2020). Together, these tantalizing
developments in the field of TEI go exactly against the concept of the Weismann barrier:
external influences on the soma can be physically transferred to the germ cells and be
inherited by the offspring.

V. The Inheritance of Acquired Characteristics and the Return of Soft
Inheritance

While new advances in the field of TEI are putting some old concepts to rest, they

are also concomitantly reviving others that had largely been abandoned. In interesting
ways, TEI resembles the concepts underlying the theory of inheritance of acquired
characteristics, a common belief among eighteenth and nineteenth-century naturalists until
it was mostly discarded for Darwin’s views of evolution and the Mendel, Boveri-Sutton,
Morgan principles of heredity. The theory of inheritance of acquired characteristics, or
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the ability for acquired characteristics during an organism’s lifetime to be passed to their
offspring, has long been associated with Jean Baptiste-Lamarck, even though most of the
underlying principles of the theory were not his own (Burkhardt, 2013). Instead, Lamarck
simply delineated specific conditions necessary for it to occur. Unlike his contemporaries,
he argued that organisms took on new forms because of environmentally-shaped habits they
acquired and not vice versa. To support this, Lamarck described how the webbed feet of the
wading bird resulted from its continual exposure to sinking in mire when searching for prey.
The bird will get in the habit of contracting its legs to elongate itself, and after successive
generations this habit will be biology encoded in the species. Conversely, he postulated that
constant disuse of an organ or part would cause it to deteriorate until it finally disappears.

While these ideas were eventually dismissed in favor of Darwinian views of evolution,

the growth of TEI has signaled the return of a modernized version of Lamarckism: soft
inheritance. Soft inheritance, bolstered by a growing body of evidence that variation

in epigenetic states is not random but rather initiated and guided by the environment,

posits that environment cues can influence hereditary information. While it remains a
challenge to comprehensively identify the mechanisms of epigenetic inheritance from other
environmental cues, the aforementioned studies indicate that parental lived experience such
as stress can impact the health of descendants spanning several generations.

Interestingly, for soft inheritance and TEI to align at the molecular level, yet another
concept needed refining: the ability of the mammalian early zygotes and early germ cells,
termed Primordial Germ Cells (PGCs), to profoundly reprogram their epigenome, thereby
producing an epigenetic “blank slate” (Messerschmidt et al, 2014). However, this “blank
slate” specifically refers to the waves of DNA demethylation during early development
while other epigenetic marks do not see reprogramming to a similar extent. Furthermore,
even DNA methylation is not completely lost, it is reduced to around 10%, instead being
actively maintained at critical genomic regions, such as repetitive elements (Tang et al,
2016).

The ability for environmental information to cause detectable and heritable alterations to

the epigenome has now been described in a multitude of model organisms and involve all
three types of epigenetic modifications. For example, in nematodes, the plastic component
Bisphenol A causes transgenerational reproductive defects that are dependent on two histone
modifications, H3K9me3 and H3K27me3 (Camacho et al, 2018; Weinhouse et al, 2018).
Endocrine disruptors also lead to detectable transgenerational changes in DNA methylation
in Zebrafish (Akemann et al, 2020) as well as in rats (Gillette et al, 2018). In the latter
study, the authors examined the number of Differentially Methylated Regions (DMRS)
occurring in sperm and specific brain nuclei involved in stress response and social behavior
caused by in utero exposure to two endocrine disruptors Vinclozolin and the polychlorinated
biphenyl (PCB) mixture A1221. They observed a high number of DMRs in the sperm,

and to a lesser extent also in the brain regions, of male F1 and F3 progeny (Gillette et al,
2018). Remarkably, there was substantial overlap in the number and direction (hyper vs
hypo-methylation) of the DMRs in sperm between F1 and F3 generations. This work opens
exciting avenues to investigate whether in mammals, DMRs are maintained “as is” across
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generation or whether a relay-mechanism exist that would involve cross-talks with other
epigenetic marks or other mechanisms.

VI. Conclusion

While the examples we have examined in this paper have been confined to stress, diet, and
environmental chemicals, the field of TEI encompasses many other types of environmental
information. However, the field still suffers from a relative fragmentation of the research that
forms it: fragmentation by model organism, type of epigenetic modification, environmental
cue, and sex. Questions of applicability of the model organisms to humans are also not to

be ignored, and continued examination of human cohorts, such as the often-cited example of
the Dutch Hunger Winter study, while difficult, will provide critical proof of the relevance of
findings in other model systems. Nonetheless, advances in the fields of epigenetics and TEI
have already reshaped, or put to rest, numerous views previously considered as rules and/or
central to biology.
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