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A recent study by Greer et al. in the
nematode C. elegans has shown
transgenerational epigenetic inheritance
of longevity in the descendants of worms
deficient for subunits of a complex
responsible for histone H3 lysine 4
trimethylation (H3K4me3). In this com-
mentary, we discuss the implications of
this epigenetic memory of longevity and
the potential mechanisms underlying
this phenomenon. The transgenerational
inheritance of longevity could result from
heritable depletion” of H3K4me3 at
particular aging-regulating gene loci that
would only be progressively replenished.
The epigenetic memory of longevity
could also be explained by the transge-
nerational transmission. of other mole-
cules, for example other proteins or
non-coding RNAs. The discovery of an
epigenetic memory of longevity in worms
raises the intriguing possibility that
environmental cues modulating longevity
in ancestors might affect subsequent
generations in a non-Mendelian manner.
Another remaining intriguing question is
whether
of longevity also exists in other species,
including mammals.

transgenerational inheritance

Introduction

Longevity is a complex phenotype, with
both genetic and environmental compo-
nents. The heritability of longevity in
humans is estimated to be approximately
30%,"* suggesting a relatively strong gene-
tic component for such an integrative
trait. Characterization of the genetic com-
ponent of longevity has greatly benefited
from studies in invertebrates, in particular
the nematode Caenorhabditis elegans. For
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example, studies in worms have revealed
the importance of insulin-FoxO signaling,’
a pathway that has subsequenty been
found to regulate longevity in a conserved
manner from worms to humans.® Even
within the heritable component of longe-
vity, however, disentangling the role of
genetics from that of environment is far
from simple.! A recent report of trans-
generational epigenetic inheritance of lon-
gevity in C. elegans’ has provided support
for the possibility that part of the herit-
ability of longevity could also be epigenetic.

Epigenetics is the study of phenotypic
changes that do not involve modifications
of the DNA sequence.® This term is often
used to refer to changes in chromatin
states by DNA methylation or histone
post-translational modifications, includ-
ing histone acetylation or methylation.
However, in its stricto sensu definition,
epigenetics represent mitotic or meiotic
heritable changes in phenotypes.” Epigene-
tic heritability most frequently refers to
mitotic heritabilitcy—how marks are inher-
ited in dividing cells. Epigenetic meiotic
heritability was long thought to be
exceedingly rare, especially because the
epigenome is usually considered to be
mostly erased and reprogrammed during
meiosis and early development.® However,
accumulating evidence of transgenera-
tional epigenetic inheritance of several
traits suggests that there may be more
selective maintenance and erasure of
epigenetic marks between generations than
initially thought.”"?

Transgenerational Inheritance
of Longevity in C. elegans

A recent study indicates that deficiencies
in members of the COMPASS complex
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can induce transgenerational inheritance
of longevity.” The COMPASS complex
is conserved from yeast to humans and
is responsible for depositing the H3K4
trimethylation ~ (H3K4me3)  histone
mark,”” a mark that is usually present
at the promoters of actively transcribed
genes.14 In C. elegans, deficiencies in
individual members of the COMPASS
complex (composed of ASH-2, WDR-5
and methyltransferase SET-2) were shown
to prolong the lifespan of fertile worms
in the parental generation."” Accordingly,
overexpression of the counteracting RBR-
2 H3K4me3 demethylase also extends
worm lifespan,' suggesting that an excess
of the H3K4me3 is detrimental to worm
longevity. Lifespan extension due to
deficiencies in this COMPASS complex
depends on the presence of a mature adult
germline.”” This is in contrast with other
chromatin modifiers (e.g., SET-9, SET-15
or UTX-1), which modulate worm life-
span independently of the presence of a
functional germline.”"” The observation
that the COMPASS H3K4me3 complex
specifically regulates lifespan by acting
in the germline raised the question of
whether deficiencies in this complex could
still extend the lifespan in subsequent
generations even when descendants were
no longer deficient for members of the
complex. Surprisingly, genetically wild-
type descendants from ancestors with a
mutation in the COMPASS complex still
display extended lifespan up until the
third generation® (Table 1). Thus, the
lifespan of worms can be influenced by
the COMPASS activity status of their
great-great-grandparents. This inheritance
of the longevity phenotype without
changes in the DNA sequence over several
generations is a striking example of
transgenerational epigenetic inheritance.

Specificity of the
Transgenerational Inheritance
of Longevity

Interestingly, the lifespan extension in the
offspring generations relies on similar
pathways as that of the parental genera-
tion.” Indeed, deficiency in the RBR-2
demethylase rescues the transgenerational
inheritance of longevity phenotype due to
deficiencies in members of the COMPASS

complex in the parental generation.
Moreover, the longevity of wild-type
descendants of COMPASS
mutants remains dependent on the pres-
ence of a functional adult germline and
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on the ability of the worms to produce
fertilized eggs.” These observations suggest
that this transgenerational inheritance of
longevity is unlikely to result from a non-
specific “hybrid vigor” effect of crossing
worms, or from another extraneous muta-
tion that might still have been present in
the original mutant strains after extensive
outcrossing.

Many independent pathways have been
found to modulate lifespan in C. ele-
gans,">" including the much studied
insulin-like signaling pathway and the
mitochondria pathways. However, the
transgenerational inheritance of longevity
appears to be rather specific to the ASH-2/
SET-2/WDR-5 complex, as manipulation
of these other longevity regulators only
led to increased lifespan in the parental
generation.” Importantly, other chromatin
modifiers that regulate longevity, but do
not affect H3K4me3 or do not act in the
germline (e.g., UTX-1, SET-9, SET-15),
do not show similar transgenerational
inheritance of longevity. Conversely, other
phenotypes depending on H3K4 methyla-
tion status have been found to be inherited
or amplified across generations in C.
elegans, such as germline mortality of
worms that are mutated for LSD-1, an
H3K4me2 demethylase®*° or progressive
sterility at 25°C of worms carrying the
severe set-2(bn129) mutation.”’ The pro-
gressive sterility phenotype is not observed
in  set-2(0k952) mutants,
looked at in the study that identified
COMPASS members as regulators of
longevity.'">*'  Interestingly, the ser-2
(bn129) mutation is predicted to be a
complete null allele (deleting the methyl-
transferase domain of the SET-2 protein),
whereas the se-2(0k952) mutation corre-
sponds to an in-frame deletion, which
would more likely be hypomorphic. This
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is consistent with the contrasting global
H3K4me3 levels in both mutants, with
total loss of the mark in sez-2(bni29)
mutants and partial retention of the mark
in set-2(0k952) mutants.”' All in all, these
results point to H3K4 methylation regu-
lators as specific contributors to the
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epigenetic memory of acquired traits in
C. elegans.

Transgenerational Inheritance of
Longevity Correlates with Partial
Inheritance of Transcriptome
Patterns

What are the mechanisms underlying
transgenerational  epigenetic inheritance
of longevity? There does not seem to be
a pure maternal component (i.e., cytoplas-
mic factors inherited from the oocyte)
in the origin of the epigenetic memory
of lifespan.” Indeed, while most of the
experiments  testing  transgenerational
inheritance of lifespan were done by
crossing hermaphrodite worms deficient
in members of the COMPASS complex
to wild-type males (Table 1), the lifespan
of descendants resulting from a reverse
mating scheme (where the males were
deficient for a member of the COMPASS
complex) was also extended.

The epigenetic memory of longevity
was not due to a global heritable dearth
in H3K4me3 levels. Global levels of
H3K4me3 were restored to wild-type
levels in the long-lived genetically wild-
type descendants.>'> These observations
raise the possibility that the transgenera-
tional inheritance of the longevity pheno-
type by deficiencies in the COMPASS
complex results from a more targeted
epigenetic aberration, that can only be
erased and successfully reprogrammed
within the span of four generations.

The activity of the COMPASS complex
is required for appropriate regulation of
gene expression.ls’22 Moreover, inheritance
of active transcriptional states in daughter
cells was found to require trimethylation
of H3K4 by the orthologs of ASH-2 and
SET-2.** Thus, Greer and colleagues
tested whether COMPASS deficiency in
the parental generation might lead to the
misregulation of specific subset of genes
which could be transgenerationally inher-
ited. Indeed, a subset of WDR-5-regulated
genes were still misexpressed in the long-
lived descendants at the F4 generation,
but returned to normal at the F5 genera-
tion (Table 1).” Just as for the longevity
phenotype, the transgenerationally inher-
ited gene misexpression profile returned
to normal at the next (F5) generation,
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Table 1. Transgenerational effects of COMPASS deficiency on lifespan and gene expression

Generation* COMPASS-status (genotype) Lifespan Global H3K4me3 Transcriptome
PO wild-type (+/+) Normal Normal Normal
PO deficient (mutant/mutant) Extended Down Differential regulation of 7820 genes
F1 Heterozygotes (mutant/+) nd. nd. nd.
F2 wild-type (+/+) nd. n.d. nd.
F3 wild-type (+/+) Extended Normal nd.
F4 wild-type (+/+) Extended Normal Differential regulation of 1740 genes
F5 wild-type (+/+) Normal Normal Normal
*See reference 5 for the setup of the genetic cross schemes; n.d.: not determined.
suggesting that these phenotypes may be lifespan is completely restored to a leads to the progressive loss of germline

directly linked. This observation points
toward the responsibility of a few loci with
potentially heritable changes in aberrant
H3K4me3 marking across the long-lived
generations. Among WDR-5 misregulated
genes whose misexpression was transgene-
rationally inherited, about a third have
been previously established as expressed in
the worm germline by SAGE,** and could
thus be good candidates to mediate the
transgenerational inheritance of the longe-

vity phenotype.®

Remaining Questions

The study by Greer and colleagues has
provided the first example of transgenera-
tional epigenetic inheritance of longevity.
This epigenetic transmission is compatible
with an incomplete reprogramming of
chromatin marks in the germline,® which
would take three generations to be finally
reset to normal. Much remains to be
explored regarding the molecular mechan-
isms underlying the transgenerational
inheritance of longevity induced by defi-
ciencies in the COMPASS complex. The
most immediate suspect for mediating
epigenetic memory of lifespan would be
a dearth of H3K4me3 itself (Fig. 1).
However, because there is no global
decrease of H3K4me3 in subsequent
generations, the dearth of H3K4me3
responsible for the phenotype would have
to be restricted to a limited subset of
important target loci or to specific cells
in the germline. The H3K4me3 dearth
would be replenished, but only progres-
sively, at each generation, until the
chromatin state near the key mediator
genes responsible for the longevity pheno-
type could be completely reset. Because
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wild-type range between the F4 and
F5 generation, one can postulate the
existence of a “threshold of H3K4me3”
that would be reached in the germline of
the F5 generation and prevent further
epigenetic transmission of the longevity
phenotype.

Another possibility is that other histone
marks could relay the effect of H3K4me3
on this epigenetic memory of longevity
(Fig. 1). - Alterations - in the H3K4me2
mark profile have been shown to be
heritable due to incomplete erasure, which

immortality.”® Additionally, levels of the
H3K36me3 mark, a modification that is
usually associated with actively transcribed
genes,"" have recently been found to
transmit the epigenetic memory of par-
ental germline gene expression to the
next generation.””® Another potential
culprit could be the H3K9me3 repressive
mark, which has been found to act as
a transgenerational signal promoting
pericentric heterochromatin formation in
mouse early embryos.”” Aberrant’ and

transmissible patterns of these ‘relaying’
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Figure 1. Potential molecular mechanisms underlying the transgenerational inheritance of
longevity. COMPASS deficiency in the ancestral generation could lead to transgenerational
epigenetic inheritance of longevity in descendants by several non-mutually exclusive mechanisms:
directly by H3K4me3 dearth at specific loci regulating aging, by proxy through other marks

(e.g., H3K4me2, H3K36me3 or H3K9me3), by the production and transmission of non-coding RNAs
(e.g., siRNAs, IncRNAs, or piRNAs) or even by the production of inheritable proteins with prion-like
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marks could also affect the expression of
specific genes.

Alternatively, coding or non-coding
RNA molecules
mediating the epigenetic memory in
response  to  COMPASS  deficiency
(Fig. 1). Non-coding RNAs could serve
as guides to re-establish chromatin states in
the descendants.?® Indeed RNA transmis-
sion was found to play a role in the

could be crucial in

transgenerational inheritance of some traits
in plants and mammals, including purple
color in maize and pigmentation patterns
or cardiac hypertrophy in mice.”?' Non-
coding RNAs of the piwi-interacting
RNA (piRNA) class can be inherited and
play a key role in the germline-silencing
of transposon activity during chromatin
remodeling or translational silencing.>*?
Thus, potential mechanistic
explanation for the

another
transgenerational
inheritance of longevity phenotype of
COMPASS-deficient worms might be
the existence of aberrant non-coding or
piRNA  complexes = transmitted to the
progeny. Though this phenomenon has
not been reported yet, non-coding micro-
RNAs (i.e., miRNA), which are involved
in the regulation of cellular processes in
C. elegans,** may also similarly be transge-
nerationally inherited.

Another potential mechanism for the
transgenerational inheritance of longevity
could lie in the transmission of small
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