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Germ line–inherited H3K27me3
restricts enhancer function during
maternal-to-zygotic transition
Fides Zenk,1,2 Eva Loeser,1 Rosaria Schiavo,1 Fabian Kilpert,3

Ozren Bogdanović,4,5,6 Nicola Iovino1*

Gametes carry parental genetic material to the next generation. Stress-induced epigenetic
changes in the germ line can be inherited and can have a profound impact on offspring
development. However, the molecular mechanisms and consequences of transgenerational
epigenetic inheritance are poorly understood. We found that Drosophila oocytes transmit
the repressive histone mark H3K27me3 to their offspring. Maternal contribution of the
histone methyltransferase Enhancer of zeste, the enzymatic component of Polycomb
repressive complex 2, is required for active propagation of H3K27me3 during early embryogenesis.
H3K27me3 in the early embryo prevents aberrant accumulation of the active histone mark
H3K27ac at regulatory regions and precocious activation of lineage-specific genes at zygotic
genome activation. Disruption of the germ line–inherited Polycomb epigenetic memory
causes embryonic lethality that cannot be rescued by late zygotic reestablishment of H3K27me3.
Thus, maternally inherited H3K27me3, propagated in the early embryo, regulates the
activation of enhancers and lineage-specific genes during development.

A
lthough gametes are epigenetically re-
programmed upon fertilization to establish
totipotency (1), environmentally induced
chromatin changes in the germ line can be
inherited and affect the offspring (2, 3).

DNA methylation, small regulatory RNAs, and
histone modifications have been implicated as
carriers of epigenetic information across gener-
ations. However, the mechanisms underlying
transgenerational epigenetic inheritance and de
novo establishment of the zygotic epigenome are
poorly understood (2, 3).
Polycomb group (PcG) proteins are thought

to convey epigenetic memory in the late embryo
by maintaining the repressed state of Hox clus-
ter genes (4, 5). PcG proteins also control multi-
ple developmental processes (5) such as germ
cell development (6, 7). Enhancer of zeste [E(z)],
the Drosophila homolog of vertebrate EZH1/2, is
part of the Polycomb repressive complex 2 (PRC2)
and catalyzes trimethylation of histone H3 Lys27

(H3K27me3). There is evidence that H3K27me3
may be germ line–inherited in some contexts (8–10)
or may be reestablished during early embryogenesis
(11–13). H3K27me3 can be inherited through the
maternal and paternal germ lines in Caenorhabditis
elegans (14), which undergo relatively little re-
programming during gametogenesis and at fertil-

ization (15). Whether H3K27me3 intergenerational
epigenetic inheritance occurs in other organisms
that undergo drastic chromatin remodeling at fer-
tilization is unclear. Further, the role of mater-
nally supplied PRC2 in the early embryo remains
unknown (16, 17).
We investigated the distribution ofH3K27me3

during gametogenesis inDrosophila and found
that it was enriched in the oocyte in females (Fig. 1,
A and B) butwas strongly reduced inmales during
sperm differentiation, consistent with nucleosome
replacement by protamines (fig. S1A). Although unde-
tectable by immunofluorescence, some H3K27me3-
marked histones are retained on mature sperm in
Drosophila (18), similar to mouse, human, and
zebrafish (8, 10, 19). Upon fertilization,H3K27me3
is still detectable in the maternal pronucleus at
apposition, before the fusion of the two pronuclei
(Fig. 1C, top, and fig. S1B).
To study early embryos devoid of maternally

suppliedE(z)mRNAandE(z) protein, we depleted
E(z) at late stages of oogenesis (Fig. 1A). E(z)-
knockdown [E(z)-KD] flies displayed reduced levels
of E(z) mRNA (fig. S1C) and of endogenous E(z)
protein (fig. S1D) in early embryos. E(z)-KD flies
expressing a hemagglutinin-tagged E(z) [HA-E(z)]
transgene driven by its endogenous promoter also
displayed undetectable HA-E(z) in late oogenesis
(Fig. 1B, right). However, H3K27me3 levels in
oocytes were unaltered in E(z)-KD flies relative
to wild-type flies (Fig. 1B and fig. S1E). More-
over, despite effective depletion of E(z) in early
embryos, we could still detect H3K27me3 on the
maternal pronucleus in E(z)-KD early embryos
(Fig. 1C, bottom). Thus, H3K27me3 is transmitted
maternally to the embryo and is not de novo
reestablished at fertilization.
We found that inherited H3K27me3 was ac-

tively propagated from totipotent nuclei up to

zygotic genome activation (ZGA) during early
embryogenesis in wild-type embryos (Fig. 1, D
and E, fig. S1F, and fig. S2, A to D), consistent
with the nuclear localization of HA-E(z) (Fig. 1,
F and G, and fig. S2B). In contrast, other histone
modifications that we tested, including H3K27ac
(acetylation), H3K4me1 (monomethylation of
Lys4), and H3K4me3, were de novo established
later in the early embryo (fig. S2, E to G). Fur-
ther, H3K27me3 was rapidly lost in E(z)-KD early
embryos, after two or three nuclear divisions
(Fig. 1E). Starting from cycle 6, HA-E(z) accu-
mulated in nuclear foci resembling Polycomb
bodies, which are typically observed at later devel-
opmental stages (Fig. 1F and fig. S2B) (20). Thus,
maternally supplied E(z) is required to propagate
inherited H3K27me3 during early embryogenesis.
To investigate H3K27me3 distribution during

development, we performed chromatin immuno-
precipitation sequencing (ChIP-seq) at precise
stages in wild-type embryos (Fig. 2A), including
totipotent nuclei (before cycle 9) (21), pluripotent
nuclei (cycles 9 to 13, when about 100 genes are
transcribed), and ZGA-stage embryos (cycle 14,
when most genes are activated) (22) (Fig. 2B and
fig. S2, H and I). H3K27me3 was already present
on totipotent nuclei, consistent with immuno-
fluorescence (Fig. 1D). We identified 32 H3K27me3-
enriched domains that appear to be stable
throughout embryonic development (from fertil-
ization to ZGA) (Fig. 2, B and C, and database S1).
Another 37 H3K27me3-enriched domains appeared
specifically at ZGA (Fig. 2C). Most of the H3K27me3
reprogramming occurred between cycles 9 and
13 (pluripotent stage) (Fig. 2, B and C). H3K27me3
domains present in totipotent nuclei (before cycle 9)
appear to be broader and less defined than those
in later-stage embryos (Fig. 2D). In contrast, none
of the H3K27me3-enriched domains were present
in E(z)-KD embryos (Fig. 2B and database S1).
Thus, Polycomb-mediated chromatin regulation
occurs during early embryogenesis, even before
zygotic transcription. Unexpectedly, the Hox cluster
showed H3K27me3 enrichment long before seg-
ment formation (Fig. 2B), suggesting an inherited
repressed state that is maintained or remodeled
in a segment-dependent manner later in devel-
opment (23).
As expected, E(z)-KD embryos displayed zy-

gotic expression of E(z)mRNA at ZGA (Fig. 3A,
green bar). However, none of the E(z)-KD em-
bryos, including those generated with a differ-
ent short hairpin RNA, completed embryogenesis
(Fig. 3B and fig. S3, A and B). A large fraction of
late-stage E(z)-KD embryos showed homeotic
transformation, suggestingmisregulation of Hox
genes (fig. S3C). We investigated whether home-
otic transformation arises from altered expression
patterns of gap and pair-rule genes, which encode
transcription factors that regulate segmentation
and establish Hox gene expression (24). Indeed,
E(z) was previously suggested to regulate the ex-
pression of the gap genes knirps and giant (25).
However, none of the early segmentation genes
displayed altered expression patterns in E(z)-KD
embryos (fig. S3, D to H). These data suggest
that intergenerationally inherited and pre-ZGA
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H3K27me3 are essential for correct Hox pattern-
ing later in development. Further, overexpression
of E(z) from ZGA onward did not markedly im-
prove the survival of embryos lacking H3K27me3
during early embryogenesis (fig. S3A). Overall, the
data suggest that the lack of H3K27me3 and E(z)
prior to ZGA cannot be rescued by the zygotic
expression of E(z) (Fig. 3, A and B, and fig. S3, A
to C), consistent with roles for maternal extra
sex combs (esc/EED in vertebrates, another PRC2
component) and maternal Utx (the H3K27me3
demethylase, KDM6A in vertebrates) in Hox gene
regulation during embryogenesis (16, 26).
To confirm the E(z)-KD data, we used a well-

established temperature-sensitive allele of E(z),
E(z)61 [E(z)-TS] (17). E(z)-TS embryos raised at
a nonpermissive temperature did not display
H3K27me3 and did not complete embryonic de-
velopment (Fig. 3, C and D). When E(z)-TS em-
bryos were shifted to the permissive temperature
at ZGA, the H3K27me3 levels were restored (Fig.
3D), mainly to the correct genomic locations
(fig. S3, I and J). Thus, at least some of the cells
or segments within the shifted E(z)-TS embryos
could properly restore H3K27me3 in late embryo-
genesis. Of note, in E(z)-TS embryos raised at a
nonpermissive temperature, H3K27me3 was sharp-
ly reduced throughout the genome (fig. S3K) but
was not completely removed (fig. S3L), providing
the opportunity to reestablish repressive chroma-
tin domains through the aromatic cage domain of
Esc (EED) and the subsequent recruitment of
PRC2 (27). Despite the restoration of H3K27me3,
80% of the shifted E(z)-TS embryos did not com-
plete embryonic development; of these, almost
50% showed homeotic transformations (Fig. 3E
and fig. S3M). Hox genes were misexpressed
starting from stage 9 or 10 (after gastrulation)
(fig. S3, N and O), and the Hox gene Abdominal-B
(Abd-B) was deregulated, despite the presence of
H3K27me3 in the same embryo (fig. S3P).
In addition, we used a histone H3 Lys27 →Met

mutant (H3K27M) that in Drosophila has been
shown to phenocopy PRC2 loss of function (28).
Maternal (pre-ZGA) and zygotic (post-ZGA) expres-
sion of H3K27M effectively reduced H3K27me3
levels, but only maternal H3K27M expression
caused embryonic lethality (Fig. 3, F and G).
Homeotic transformations, as well, were observed
only when H3K27M was expressed from pre-ZGA
onward (Fig. 3, H and I, and fig. S3Q). These data,
together with the E(z)-KD and E(z)-TS data, fur-
ther confirm that epigenetic regulation at the Hox
cluster occurs during early embryonic develop-
ment, before ZGA. We propose that H3K27me3
stabilizes an inherited, default-repressed chro-
matin state of the Hox cluster.
ZGA is characterized by de novo deposition of ac-

tive histone marks, including H3K4me3, H3K27ac,
H3K36me3,andH3K4me1,aswellasby theactive
recruitment of RNA polymerase II to chromatin
(9, 11, 12). We found that the absence of pre-ZGA
H3K27me3 did not affect ZGA timing or RNAPol
II–Ser2P (phosphorylated RNA polymerase II)
recruitment to chromatin (fig. S4, A and B).
Next, we evaluated the epigenome at ZGA

in embryos that lacked pre-ZGA H3K27me3. We
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Fig. 1. Intergenerational inheritance of H3K27me3 from Drosophila oocyte. (A) Schematic of one
ovariole in the germ line of a Drosophila. In red, regions of E(z)-KD (arrow).The right side of the
cartoon depicts the apposition of maternal and paternal pronuclei. (B) Stage 10 egg chamber of a strain
expressing HA-E(z).The H3K27me3 marks the oocyte (arrowhead). HA-E(z) is present in the
nucleoplasmand on the chromatin of thewild-type oocyte. See fig. S1E. Scale bars, 10 mm. (C) Antibody to
H3K27me3 (a-H3K27me3) and 4´,6-diamidino-2-phenylindole (DAPI) staining of the apposed pronuclei
in one-cell wild-type and E(z)-KD embryos. H3K27me3 is also transmitted to the embryo on the
maternal gamete in the absence of E(z). See fig. S1B. Scale bars, 2 mm. (D) a-H3K27me3 andDAPI staining
of wild-type early embryos at different developmental cycles. For clarity, mitotic chromosomes are
shown. See fig. S2, A and B. Scale bar, 2 mm (here and below). (E) a-H3K27me3 and DAPI staining of E(z)-
KD embryos. (F) a-HA and DAPI staining of HA-E(z) strain in early embryos at different developmental
cycles and at different phases of the cell cycle. (G) a-HA and DAPI staining of E(z)-KD embryos.
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Fig. 2. Polycomb-mediated chromatin regula-
tion during early embryogenesis, prior to
ZGA. (A) Cartoon of early embryonic develop-
ment of Drosophila. The number of cycles
corresponds to the mitotic divisions. During
cycles 9 to 13, an initial subset of 100 genes is
transcribed (blue wave). After 14 mitotic
divisions, the embryo is fully transcriptionally
competent (green wave). (B) H3K27me3 ChIP-
seq tracks. The Hox cluster (right inset) is
already decorated with H3K27me3 before cycle
9. Other H3K27me3-marked regions lose the
mark during development (left inset). The
enriched H3K27me3 domains (EDs, false dis-
covery rate = 0.05) are shown below each track
in black. The last track shows the H3K27me3
signal in E(z)-KD embryos at ZGA. See also fig.
S2I. (C) Venn diagram showing the total number
and overlap of EDs detected at each develop-
mental stage. (D) Box plot showing the size
distribution (in kb) of the enriched domains.
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Fig. 3. Loss of H3K27me3 before zygotic genome activation leads to
embryonic lethality and homeotic transformation. (A) E(z) mRNA
levels were analyzed by quantitative reverse transcription polymerase chain
reaction (qRT-PCR). Before ZGA (cycles 9 to 13), the maternally loaded
mRNA (red) is strongly reduced upon E(z)-KD. At ZGA (cycle 14), E(z)mRNA
(green) is zygotically transcribed in E(z)-KD embryos (cycles 9 to 13, P =
4.4 × 10−5; cycle 14, P = 0.008; t test). (B) Hatching rate of fertilized control
and E(z)-KD eggs (P = 0.0002, Mann-Whitney test). See fig. S3, A to C.
(C) Hatching rate of E(z)-TS embryos reared at a permissive temperature,
at a nonpermissive temperature, and shifted to a permissive temperature from
ZGA onward (P < 0.0001, Mann-Whitney test). (D) Total extracts of stage 17
(end of embryogenesis) embryos were analyzed by Western blot with
a-H3K27me3. a-H3 and Ponceau staining were used as loading controls.
H3K27me3 is detectable in shifted embryos, confirming that E(z) regains its

enzymatic function (lanes 5 and 6). (E) Representative examples of cuticle
preparations of embryos reared at a permissive temperature and of
embryos shifted to a permissive temperature at ZGA showing homeotic
transformations. See fig. S3M. (F) Hatching rate of embryos from fly strains
overexpressing H3.3 and H3.3K27M transgenes. (maternal P = 0.008,
zygotic P = 0.2; Mann-Whitney test). (G) Total extracts of stage 17 embryos
were analyzed by Western blot with a-H3K27me3 upon overexpression of
H3.3K27M. Both the maternal and zygotic H3.3K27M mutant transgenes
strongly reduced H3K27me3. a-H3 was used as a loading control.
(H) Representative examples of cuticle preparations of embryos with
maternally overexpressed H3.3 or H3.3K27M. Maternal overexpression of
H3.3K27M caused homeotic transformations. (I) Representative examples of
cuticle preparations of embryos that express H3.3 or H3.3K27M zygotically
(post-ZGA).The embryos do not develop homeotic transformations.
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performed ChIP-seq for the active histone marks
H3K27ac and H3K4me1 at ZGA in wild-type and
E(z)-KD embryos. Heat maps centered on the
H3K27ac peak summit revealed the de novo ap-
pearance of H3K27ac signals in E(z)-KD embryos
(Fig. 4A, top, and fig. S4C), whereas H3K27ac sig-
nals were unaltered in other genomic regions (Fig.
4A, bottom, and fig. S4C). The de novo H3K27ac
peaks in E(z)-KD embryos overlapped with regions
that are strongly enriched for H3K27me3 in wild-
type versus E(z)-KD embryos (Fig. 4A and fig. S4C);
this finding suggests that pre-ZGA H3K27me3 pre-
vents aberrant accumulation of active H3K27ac
marks in neighboring domains at ZGA. H3K27ac
marks are usually associated with active enhanc-
ers. Indeed, the de novo H3K27ac peaks acquired
in E(z)-KD embryos fall into a large subclass of
enhancers marked by H3K4me1 and H3K27me3 in
wild-type embryos—a chromatin state associated
withrepressedorpoisedenhancers (Fig.4A) (29,30).
Moreover,52ofthetop200denovoH3K27acpeaks
overlapwithgenomic sequencespreviously shown

to function as transcriptional enhancers (fig. S4,
D to G) (31).
We used a conservative approach to determine

the closest gene to the top 200 de novo H3K27ac
peaks gained in E(z)-KD embryos (the top 200
H3K27ac-associated genes; database S2). We hy-
pothesized that the loss of pre-ZGA H3K27me3
and corresponding gain of H3K27ac triggers
aberrant activation of poised enhancers, causing
transcriptional defects. To test this hypothesis,
we performed total RNA-seq of both wild-type
and E(z)-KD embryos at different developmental
stages, including at cycles 9 to 13 (pluripotent
stage) and at cycle 14 (ZGA) (database S3). We
found that the top 200 H3K27ac-associated genes
were up-regulated specifically at ZGA in E(z)-KD
embryos relative to wild-type embryos, and not
at cycles 9 to 13. (Fig. 4B and fig. S4H). The spread
of de novo H3K27ac overlapped with H3K27me3
depletion and transcriptional defects in E(z)-KD
embryos, and with H3K4me1 regions in wild-type
embryos, as exemplified for the region shown in

Fig. 4C. Metaprofile analysis showed that H3K27ac
levels increased specifically at the promoter regions
of the top 200 associated genes in E(z)-KD embryos
(fig. S4, I and J). We confirmed the relative tran-
scriptional up-regulation and H3K27me3 depletion
on a subset of genes in E(z)-KD embryos (Fig.
4, D and E, and fig. S4K). Thus, loss of maternally
inherited E(z) and H3K27me3 leads to aberrant
activation of a subset of genes at ZGA.
Gene ontology term analysis of the top 200

H3K27ac-associated genes showed a strong enrich-
ment for embryonic patterning, segmentation, and
other developmental programs (fig. S4L). We found
that a subset of the top 200 de novoH3K27ac peaks
identified in E(z)-KD embryos also accumulated
H3K27ac in wild-type late embryos (fig. S4, M
and N). Further, the top 200 H3K27ac-associated
genes that are up-regulated at ZGA in E(z)-KD em-
bryos were up-regulated in wild-type late embryos
or adults, suggesting that E(z)-KD embryos display
precocious activation of genes that are expressed at
later stages in wild-type embryos and flies (fig.
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S4O). We also observed H3K27ac spreading at the
Hox cluster (fig. S5A), which suggests that loss of
pre-ZGA H3K27me3 and accumulation of H3K27ac
resulted in altered chromatin states at this locus
and caused the transcriptional defects later in
development (fig. S3N). The accumulation of
H3K27ac at the Hox cluster in E(z)-TS embryos
was not reversed after shifting the embryos to
the permissive temperature at ZGA, consistent
with persistent homeotic transformation and
lethality (Fig. 3, C to E, and fig. S5A). Thus, ma-
ternally inherited and pre-ZGAH3K27me3 restricts
lineage-specific gene expression and regulatory
regions by preventing their precocious activation
at ZGA.
Our results indicate that H3K27me3 is inter-

generationally inherited from the maternal germ
line and resists reprogramming events during
early embryogenesis inDrosophila. At lower levels,
H3K27me3 is also retained in mature sperm,
which suggests that epigenetic information carried
by modified histones is also contributed to the
zygote paternally (2, 3, 8, 10, 19). Propagation of
germ line–inherited H3K27me3 by maternally
supplied PRC2 prevents the aberrant spread of
active histone marks and ectopic expression of
lineage regulators at ZGA. Our data suggest that
a Polycomb-based chromatin signature represses
and poises early developmental enhancers at
ZGA. PRC1 was shown to be required only after
ZGA (32). Therefore, although PRC1 has also been
shown to be retained through DNA replication
and potentially provide maintenance of transcrip-
tional silencing through cell division (33), we sug-
gest that the Polycomb intergenerational epigenetic
memory of repressed states is propagated solely
through the H3K27me3 mark. We also show that
the Hox cluster resides in a repressed chromatin
state, marked by H3K27me3, throughout early
embryogenesis until its chromatin is remodeled
in a segment-specific manner later in development

(23), as suggested for vertebrates (34). Therefore,
the epigenetic memory imposed by PRC2 is germ
line–inherited and appears to functionmuch earlier
than previously appreciated (5). H3K27me3 was
recently shown to be present on pre-implantation
embryo chromatin in mouse; we speculate that
H3K27me3 could have similar functions during
mammalian embryogenesis (35). We further pro-
pose that environmentally induced alterations
of histone modifications in the adult germ line
could contribute to transgenerational epigenetic
inheritance.
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