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complex was substantially inhibited (Fig. 3D and
fig. S3E).

To determine the consequences of RNR in-
hibition by IRBIT, we measured deoxynucleo-
tide triphosphate (ANTP) concentration in HeLa
cells that express Tet-inducible short hairpin
RNA against IRBIT. IRBIT-depleted asynchronous
Hela cells showed an imbalanced pool of deoxy-
nucleotides (Fig. 4A). These changes in dANTP
levels were not due to the altered expression
levels of the RNR subunits (Fig. 4B). Note that the
sensitivity of ANTP levels to IRBIT depletion was
more pronounced in mitosis but was minimal
in G; cells (Fig. 4A), and coprecipitation experi-
ments showed that IRBIT interacted with R1
more strongly during mitosis than during G,
phase (Fig. 4C).

‘We analyzed cell cycle progression in IRBIT-
depleted cells through live imaging of HelLa cells
expressing histone H2B fused with green fluores-
cent protein (H2B-GFP). Most of the control HeLa
cells underwent mitosis every 22 hours (Fig. 4D).
In contrast, depletion of IRBIT resulted in a much
greater variation in the duration of interphase
between individual cells. Reintroduction of wild-
type IRBIT to the depleted cells rescued this
phenotype, whereas IRBITS®®4 did not (Fig. 4D),
which indicated that IRBIT function depends
on phosphorylation of this residue, as suggested
by our in vitro results.

The N-terminal domain of IRBIT belongs to
the class of IDP (intrinsically disordered protein
or peptide) (72). Budding yeast Smllp is an IDP
that binds R1 (13). We noticed that there is some
similarity between the IRBIT®**” domain and the
central region of Smllp (amino acids 46 to 72),
which was not previously implicated in interaction
with RNR (fig. $4) (14). Sml1p*®™, like IRBIT**,
interacted with RNR in a dATP-dependent manner.
We speculate that Smllp may use this domain to
recognize dATP-bound R1 in a manner that may be
analogous to that between Smll and IRBIT (fig. S8).

Altogether, our results demonstrate that IRBIT
interacts with RNR in a dATP-dependent man-
ner and stabilizes dATP in the RNR A-site, po-
tentially by stabilizing oligomeric form(s) of R1
formed in the presence of dATP (15-17) (fig.
S1G). Because binding of dATP to the A-site is
inhibitory to RNR activity, IRBIT inhibits RNR.
Under normal physiological conditions, where
ATP levels are high, such inhibition could only
be achieved when IRBIT’s binding is strength-
ened by phosphorylation. This mechanism is likely
to be critical, because cells depleted of IRBIT
show substantial alteration in their cell cycle
progression and because IRBIT is indispensible
for embryogenesis (I8). It is also possible that
IRBIT-RNR acts as a part of multimeric com-
plexes (fig. S5).

In a larger context, we note that balanced con-
trol of deoxynucleotide levels is central to main-
taining the genome in an accurate fashion (figs.
S6 and S7) (19). Modulation of IRBIT binding
offers a fundamentally different mechanism
for RNR inhibition that may circumvent toxic-
ity issues of current RNR drugs, and it thus offers
a promising target for future drug development.

SCIENCE sciencemag.org
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GENE REPRESSION

H3K27me and PRC2 transmit a
memory of repression across
generations and during development

Laura J. Gaydos,’ Wenchao Wang,>* Susan Strome®>t

For proper development, cells must retain patterns of gene expression and repression
through cell division. Repression via methylation of histone H3 on Lys27 (H3K27me)
by Polycomb repressive complex 2 (PRC2) is conserved, but its transmission is not

well understood. Our studies suggest that PRC2 represses the X chromosomes in
Caenorhabditis elegans germ cells, and this repression is transmitted to embryos by
both sperm and oocytes. By generating embryos containing some chromosomes with
and some without H3K27me, we show that, without PRC2, H3K27me is transmitted to
daughter chromatids through several rounds of cell division. In embryos with PRC2, a
mosaic H3K27me pattern persists through embryogenesis. These results demonstrate that
H3K27me and PRC2 each contribute to epigenetically transmitting the memory of
repression across generations and during development.

roper development depends on regulation
of gene expression by packaging the ge-
nome into expressed and repressed chro-
matin domains. Our understanding of how
that packaging is achieved and maintained
is incomplete. Methylation of histone H3 on Lys27
(H3K27me) is a well-established mark of repressed
chromatin that is generated by Polycomb re-
pressive complex 2 (PRC2) in diverse phyla. In
Drosophila, PRC2 and H3K27me maintain repres-
sion of important genes, including the Hox genes
during somatic development and cell cycle genes
during germline development (7-3). In mam-
mals, H3K27me is also present on develop-
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mentally important genes in somatic and germ
cells (4-6), and PRC2 serves numerous roles, in-
cluding participation in X-chromosome inactiva-
tion and differentiation of embryonic stem cells
(7, 8). In Caenorhabditis elegans, PRC2 is required
only in germ cells where it participates in repres-
sion of the X chromosomes (9, 10). A critical ques-
tion is how H3K27me-repressed chromatin states
are passed from mother to daughter cells. One
model is that H3K27-methylated histones are
passed locally to the two daughter chromatids
during DNA replication (7). Another model is
that PRC2, but not methylated histones, is passed
locally to daughter chromatids and newly es-
tablishes H3K27me after each round of DNA rep-
lication (72). We tested these models by examining
cells containing or lacking PRC2 activity and with
differentially H3K27-methylated chromosomes.
‘We present evidence that H3K27-methylated his-
tones transmit the memory of repression trans-
generationally and shortterm in embryos and
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that PRC2 promotes long-term memory during
development.

C. elegans PRC2 is composed of MES-2 [ortho-
log of E(Z)/EZH2], MES-6 (ortholog of ESC/EED),
and MES-3 (worm-specific subunit) and is essen-
tial for germline development but not somatic
development (9, 13). PRC2 is maternally supplied
to progeny and needed for the progeny’s primor-
dial germ cells (PGCs) to survive and proliferate.
In both naturally occurring sexes in C. elegans,
hermaphrodites with two X chromosomes (XX)
and males with one X (XO), germline develop-
ment requires repression of the X chromosomes
(14). PRC2-generated H3K27me3 participates in
repressing the X chromosomes in XX germ cells:
Repressive H3K27me3 is on all chromosomes
but is concentrated on the X chromosomes in
germ cells (13), and loss of PRC2 function causes
germ lines to up-regulate numerous genes on the
X (10). Whether XO germ lines require PRC2
repression has been unclear (5). We demonstrate
that PRC2 is the main mode of X repression in
XO worms, but that PRC2 function can be by-
passed if the single X in XO worms experienced
two other repressive conditions in the parental
germ line: spermatogenesis and H3K9me.

The X chromosomes in germ cells are glob-
ally repressed during most stages of develop-
ment except during late oogenesis (14, 16). Thus,
a sperm-inherited X has a repressed transcrip-
tional “history,” whereas an oocyte-inherited X
lost repression before fertilization. We analyzed
XO mes mutant males that inherited their X from
these two different backgrounds (Fig. 1 and fig.
S1). XO mes-3 mutants with an oocyte-inherited
X (X°°) had a severely underproliferated germ
line, lacked sperm, and 0% were fertile. In striking
contrast, XO mes-3 mutants with a sperm-inherited
X (X*P) generally had a well-proliferated germ
line, and 73% were fertile. Similar results were ob-

served for mes-2 and mes-6 mutants (fig. S1, A and
D). We tested whether the gamete source of the
X correlates with subsequent repression or ex-
pression of the X in male germ lines, using an
X-linked Imn-1::GFP transgene that in wild-type
worms is expressed in somatic cells and silenced
in the germ line (17) (fig. S2). Imn-I1::GFP was re-
pressed in 91% of germ lines from XO (X) mes-3
mutants but in only 5% of XO (X°°) mes-3 mu-
tants (Fig. 1 and fig. S2). These values are similar
to the percentages of fertile XO mes-3 mutants
(Fig. 1). Our findings suggest that fertility de-
pends on continued X-chromosome repression
in the germ line, which requires inheriting a re-
pressed X. Although PRC2 likely modulates many
aspects of gene expression in ways that are not
essential for viability or fertility, our finding that
XO worms with a sperm-inherited X do not require
PRC2 suggests that the only essential role of

WT

PRC2 in worms is repression of the X chromo-
somes in germ cells.

We reasoned that, in mutants lacking PRC2 and
H3K27me, sperm may contribute to embryos an
X chromosome repressed by an alternative mech-
anism, such as H3K9me. H3K27me is generally
associated with developmentally regulated repres-
sion and H3K9me with repression via hetero-
chromatin formation (18). To test if H3K9me is
required for XO (X°P) mes mutants to be fertile,
we analyzed mes-3 mutants also mutant for met-2
and set-25 (lacking H3K9me) (19). With lack of both
H3K27me and H3K9me, XO worms had severely
underproliferated germ lines, and 0% were fertile
(Fig. 1). Our findings show that H3K9 methylation
provides an alternative mode of transmitting X
repression to progeny. H3K9me likely enables X*P
to retain the heterochromatic state it experienced
during spermatogenesis.

% males with
% fertile  germline repression
males of X ransgene
H—+HH— 100
0 5

mes-3, X B-08—0-4—9

mes-3, X | Lﬂ-ﬁ—@—.’—.—“—.— 73 91

met-2 set-25, X» —————4—HHHHHH—F+—— ] * 38 100
*
mes-3; met-2 set-25, %= [HI-OHB-—H F 9 ND
o 100 200 300 400 500 n>85 Rk

number of germ cells per germline

[ germline with: | many sperm [} few sperm () no sperm |

Fig. 1. XO males with a sperm-inherited X do not require H3K27me and rely on H3K9me as an al-
ternative mechanism of X repression. Analysis of germline proliferation, presence of sperm, fertility,
and germline repression of an X-linked transgene in males with an oocyte-inherited X (X°°) or sperm-
inherited X (X*?): wild type (WT), lacking H3K27me (mes-3), lacking H3K9me (met-2 set-25), or lacking
both. Statistically significant differences between genotypes, *P < 0.01 Mann-Whitney U test. Also see
figs. S1 and S2.

@ wrd

o

WT mes-3/4+ M-P+
H3K27me3 DNA/H3K27me3 H3K27me3 DNA/H3K27me3

A No H3K27me3 H3K27me3
g mes-3
oocyte sperm
mes-3/+ M-P+
B DNA H3K27me3

1-cell

2-cell

DNA/H3K27me3

8-cell 2-cell

~24-cell

Fig. 2. Repressive H3K27me3 is transmitted to embryos on sperm chromosomes and without PRC2 is transmitted through cell divisions. (A) Diagram
of oocyte and sperm union to generate M—P+ embryos with H3K27me3 inherited from the sperm (P+) but not the oocyte (M-) and lacking maternal and
paternal HMT. (B) Images of the two pronuclei in a one-cell embryo, and a diploid nucleus in a two-cell embryo. Merge panels show DNA (red) and H3K27me3
(green). The polar bodies [shown in (A)] identify the pronuclei as oocyte-derived (0o) or sperm-derived (sp). (C) Perdurance of paternally inherited H3K27me3
on a subset of chromosomes until the ~24-cell stage. Also see fig. S5, and fig. S6 for wild type.
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Our data suggest that the memory of X-chromosome
repression can be inherited through sperm. As
sperm mature in C. elegans, some histones are ex-
changed for sperm-specific histone variants and
putative protamine-like proteins (20). H3K4me
has been detected in C. elegans sperm (2I). Our
analysis revealed that H3K27me3 and H3K9me2
are also both present in mature sperm (fig. S3A)
and transmitted to embryos via sperm (Fig. 2).
To track the inheritance of sperm histone mod-
ifications in embryos, we analyzed embryos that
could inherit histone modifications on paternally
contributed chromosomes (P+) but not on ma-
ternally contributed chromosomes (M-) (Fig. 2A).

Fig. 3. PRC2 maintains
the memory of repres-
sion on gamete-of-
origin chromosomes.
(A) Diagram of oocyte
and sperm union to
generate M+P— embryos
with H3K27me3
inherited from the B
oocyte (M+) but not
the sperm (P-) and
containing maternal
HMT. (B) Images (as
described for Fig. 2B)
of M+P- embryos with
a |lI-X-1V fusion
chromosome in the
oocyte (M+) chromo-
some set (arrow). See
fig. S6 for wild type.

DNA

Fig. 4. The memory
of repression is
maintained by PRC2
during embryogenesis
and is newly established
during germ cell
development in larvae.
Images of worms
generated as in Fig. 3.
M+P- ~100-cell
embryo (one nucleus
circled), L1 larva (germ
nuclei circled), and L3
and adult germ lines.
See fig. S6 for wild type.

L3 L1 ~100-cell

adult
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In M-P+ one-cell embryos from oocytes lacking
H3K27me3 (mes-3) fertilized by wild-type sperm
with H3K27me3, we observed H3K27me3 on
all sperm-contributed chromosomes but not on
oocyte-contributed chromosomes (Fig. 2B). In
M-P+ one-cell embryos from oocytes lacking
H3K9me (met-2 set-25) fertilized by wild-type
sperm, we observed H3K9me?2 lightly on the sperm-
contributed autosomes and heavily on the sperm-
contributed X, similar to its pattern in the male
germ line (22) (fig. S4C). These results demonstrate
that the repressive histone marks H3K27me3
and H3K9me?2 are transmitted to embryos by wild-
type sperm.

A H3K27me3 No H3K27me3

@Y—c@ mes-3 O

oocyte

mes-3/+ M+P-

sperm

H3K27me3

DNA/H3K27me3

DNA/H3K27me3

mes M-P+ embryos lack a maternal load of
PRC2 and do not inherit PRC2 by way of the sperm
(fig. S3, B to D), which offers an opportunity to test
if H3K27me3 on paternal chromosomes can be
passed to daughter chromatids in the absence
of histone methyltransferase (HMT) activity. In
M-P+ embryos, H3K27me3 declined with age
but persisted at easily visible levels on chromatin
until the 16- to 24-cell stage, through at least four
rounds of DNA replication (Fig. 2C and fig. S5C).
H3K27me3 remained associated with a subset of
chromosomes, likely sperm-derived chromosomes,
and did not detectably spread to all chromosomes
in each diploid nucleus (Fig. 2, B and C). We ver-
ified that two of the H3K27me3-stained chromo-
somes were sperm-derived (fig. S5, A and B). A
similar pattern was observed for H3K9me2 in two-
cell M-P+ embryos lacking MET-2 and SET-25
HMT activity (fig. S4C). Our results separate his-
tone and HMT inheritance and demonstrate that
modified histones can remain associated with
DNA through several rounds of replication. These
results also suggest that the memory of repression
inherited on sperm chromosomes is transmitted
through early embryo development.

To investigate propagation of repressive marks
by ongoing methylation in the embryo, we gen-
erated embryos with HMT activity (maternally
supplied in early embryos and transcribed from
the embryonic genome in later-stage embryos)
that contained histone marks on some but not all
chromosomes. We analyzed M+P- embryos with
H3K27me3 on oocyte-derived chromosomes but
not on sperm-derived chromosomes (Fig. 3A).
In such M+P- embryos, PRC2 maintained high
levels of H3K27me3, and H3K27me3 remained
restricted to one set of chromosomes throughout
embryo development (Figs. 3 and 4). We verified
H3K27me3-stained chromosomes to be oocyte-
derived by using a maternally contributed ITI-X-IV
fusion chromosome (Fig. 3). In the germ lines of
larvae, we observed H3K27me3 gradually be-
come detectable on all chromosomes as larval
development progressed (Fig. 4). This spreading
of H3K27me3 to all chromosomes is probably
the result of germ cells turning on their tran-
scriptional program and establishing repressed
chromatin domains de novo. We speculate that
H3K27me3-repressed chromatin is newly estab-
lished during larval germline development each
generation. In contrast to H3K27me3, maternal-
ly inherited H3K9me?2 in the presence of H3K9
HMT activity spread to all chromosomes by the
two-cell stage (fig. S4D). This difference in histone
mark propagation may underlie C. elegans’ re-
liance on PRC2 for transgenerational regulation
of repression. Both H3K27me and H3K9me pro-
vide short-term memory, but only PRC2 meth-
ylation of H3K27 provides long-term epigenetic
memory to embryos.

Our findings demonstrate that PRC2-generated
H3K27 methylation is epigenetically transmitted
across generations and, in C. elegans, is important
for transmitting the memory of X-chromosome
repression in the germ line. H3K27me3 is de-
livered to embryos on the chromosomes from
both oocyte and sperm. In the absence of PRC2,
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H3K27me3 remains associated with gamete-of-
origin chromosomes through several rounds of
cell division (fig. S7), consistent with passage
of modified histones in cis and locally during
DNA replication (77, 23). In the presence of PRC2,
H3K27me3 is propagated on gamete-of-origin chro-
mosomes through embryogenesis (fig. S7). We
speculate that worm PRC2 perpetuates paternally
and maternally inherited patterns of repression
through embryogenesis using a mechanism sim-
ilar to mammalian PRC2: recruitment via its EED
subunit to preexisting H3K27me3 and the result-
ing stimulation of HMT activity on neighboring
unmethylated H3K27 (24). As in worms, other or-
ganisms may use a maternal supply of PRC2 to
propagate inherited chromatin repression in em-
bryos (25, 26); in worms, this transmits the mem-
ory of gene repression from parent germ lines
to PGCs in progeny. As worm PGCs activate their
transcription program in larvae, PRC2 likely cat-
alyzes de novo H3K27me3 on all chromosomes in
a pattern dictated by transcription factors, non-
coding RNAs, nascent RNAs, and antagonism
by marks of active chromatin (e.g., H3K4me and
H3K36me) (10, 27-29).

Our studies in worms provide precedents for
transmission of sperm H3K27me3 patterns to
embryos and for important developmental con-
sequences of paternal marking. Paternal inher-
itance could be similarly important in mammals,
where H3K27me3 is present on sperm chromatin
in a pattern that suggests involvement in em-

1518 19 SEPTEMBER 2014 » VOL 345 ISSUE 6203

bryogenesis (5, 30). Many of these H3K27me3
targets are also repressed in PGCs (30), where
H3K27me3 increases just before epigenetic re-
organization of the genome and may facilitate
reacquisition of pluripotency by germ cells (31, 32).
Thus, two common themes for PRC2 function in
germ cells may be transmission of a memory of
repression from parents to offspring and protec-
tion of the immortal and totipotent properties of
germ cells.
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