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Local Alignment Search Tool (BLAST) searches: LST-2
(R160.7) = XM 035371.4 and a set of related se-
quences, LST-3 (Y37A1B.1) = AK023438 and a set of
related sequences, LST-4 (Y37A1B.2) = sorting nexin
9/18, and DPY-23 (R160.1) = p subunit of the Clath-
rin Adaptor Protein Complex 2. Recent biochemical
data for the orthologs of DPY-23 and LST-4 in cul-
tured cells have suggested roles for them in the
degradation of EGFR (27, 22); for these genes, our C.
elegans data provide evidence for their roles as neg-
ative regulators of EGFR activity in vivo. The mam-
malian orthologs of LST-2 and LST-3 have not been
previously implicated in negative regulation of EGFR-
MAPK signaling. Analysis of potential functional do-
mains with the Simple Modular Architecture Re-
search Tool (SMART) (23) reveals that LST-2 contains
a FYVE domain, a membrane targeting domain that
binds specifically to a phospholipid that resides main-
ly in endosomal membranes (24), and therefore may
influence the endocytic trafficking of LET-23 or the
subcellular localization of other components of the
EGFR-MAPK pathway. LST-3 contains SAF-A/B, Aci-
nus, and PIAS (SAP) domains, a motif found in DNA
binding proteins, and thus does not suggest a poten-
tial direct role in modulating EGFR-MAPK  activity.
LST-1 (T22A3.3) does not have a recognizable mam-
malian ortholog; it was found in a genome-wide
yeast two-hybrid screen for proteins that interact
with the MAPK ortholog MPK-1 (25) and hence may
act directly on MAP kinase.
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arrays, more than one line was scored as indicated,
and we mitigated against the potential lack of ex-
pression in P5.p or P7.p due to mosaicism by includ-
ing data only for animals in which expression (even if
faint) could be seen in P3.p, P4.p, and P8.p, or for both
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Reactivation of the Paternal X
Chromosome in Early Mouse Embryos

Winifred Mak,’ Tatyana B. Nesterova,’ Mariana de Napoles,’
Ruth Appanah, Shinya Yamanaka,? Arie P. Otte,?
Neil Brockdorff!*

It is generally accepted that paternally imprinted X inactivation occurs exclu-
sively in extraembryonic lineages of mouse embryos, whereas cells of the
embryo proper, derived from the inner cell mass (ICM), undergo only random
X inactivation. Here we show that imprinted X inactivation, in fact, occurs in
all cells of early embryos and that the paternal X is then selectively reactivated
in cells allocated to the ICM. This contrasts with more differentiated cell types
where Xinactivation is highly stable and generally irreversible. Our observations
illustrate that an important component of genome plasticity in early devel-
opment is the capacity to reverse heritable gene silencing decisions.

X inactivation is the developmentally regu-
lated silencing of one of the two X chromo-
somes in female mammals, providing the
mechanism for dosage compensation of X-
linked genes relative to XY males. In mouse
embryos, there is imprinted X inactivation of
the paternal X chromosome (Xp) in the ex-
traembryonic trophectoderm (TE) and primi-
tive endoderm (PE). In all other cells, X
inactivation is random. Establishment of
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these patterns has been thought to occur in a
lineage-specific manner, with imprinted X
inactivation initiated only in TE and PE cells
as they differentiate at the blastocyst stage. In
contrast, ICM cells, which give rise to the
embryo proper, have been thought to retain
both X chromosomes in the active state until
they differentiate and undergo random X in-
activation during early postimplantation de-
velopment (/—5). Paradoxically, Xist RNA,
the cis-acting signal that initiates X inactiva-
tion, is expressed from Xp as early as the
two-cell stage (6, 7). This has been rational-
ized by supposing that cells of the early
embryo cannot respond to Xist RNA (6).

In a recent study, we have shown that
recruitment of the Eed-Ezh2 Polycomb-
Group (PcG) complex to the inactive X (Xi),
is required to establish trimethylation of his-
tone H3 lysine-27 (H3-K27) in postimplanta-
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tion embryos (8). In the course of analyzing
localization of Eed-Ezh2 on Xi in preimplan-
tation embryos, we found that PcG localiza-
tion occurs in all cells of early- and mid-
stage XX blastocysts, including those cor-
responding morphologically to the ICM
(Fig. 1A). In contrast, localization to Xi
was no longer detectable in the ICM region
of late-stage blastocysts, despite high levels
of the Eed-Ezh2 proteins in the nuclei (Fig.
1B). Scoring data demonstrate that only
early-stage blastocysts have Eed-Ezh2 foci
in 100% of cells (Fig. 1C). In dual staining
experiments, Ezh2 was seen to colocalize
with Eed at all stages analyzed and Eed-
Ezh2 foci colocalized with Xist RNA do-
mains (fig. S1, A to C).

Eed-Ezh2 localization to Xi in the ICM
was confirmed using dual staining for Eed
and the recently described homeodomain pro-
tein Nanog, expressed specifically in ICM
cells (9, 10). Eed foci were detectable in all
Nanog-positive cells in early- and mid-stage
blastocysts (Fig. 1, D and E) but were pro-
gressively lost at later stages (Fig. 1F). Inter-
estingly, loss of Eed foci in the ICM region of
maturing blastocysts occurs specifically in
Nanog-positive cells, representing precursors
of the embryo proper, but does not occur in
Nanog-negative cells, which represent the
primitive endoderm lineage.

Our observations led us to consider that
imprinted X inactivation may occur in all cells
of early blastocysts and may then be selectively
reversed in the ICM, establishing the ground
state for subsequent random X inactivation. To
determine whether early ICM cells exhibit oth-
er markers of X inactivation, we carried out
dual labeling for Eed and specific modifications
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on histone N-termini, namely trimethylation of
H3-K27, deacetylation of H3-K9, loss of meth-
ylation at H3-K4, and deacetylaton of H4 (8,
11-13) (fig. S2, A to D).

Eed localization to Xi in XX embryos is
first detectable in morula (§). At this stage,
H3-K27 methylation on Xi was only detect-
able in some cells with Eed foci (Fig. 2, A, B,

and D). The proportion increased rapidly
thereafter, and by blastocyst stage H3-K27
methylation on Xi was detected in the major-
ity of cells, including in the ICM region (Fig.
2, C and D). Hypoacetylation of H3-K9 and
loss of H3-K4 methylation, which are early
markers of X inactivation (/7), were detect-
able in all cells with Eed localization to Xi,
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Fig. 1. Eed-Ezh2 localization in ICM cells. Combined optical sections through (A) early- and (B)
late-stage XX blastocysts immunostained for Eed (green). Presumptive ICM and TE are indicated
with arrows. (C) Scoring data illustrating the proportion of cells with Xi associated Eed foci in
individual XX embryos between morula and late blastocyst. (D to F) Combined optical sections
illustrating (D) early-, (E) mid- and (F) late-stage XX blastocysts stained for Eed (green) and Nanog
(red). Arrow in (F) indicates Nanog-positive cells without Eed foci.

Fig. 2. Inactive X chromatin
modification in early embry-
os. (A and B) Optical sections
illustrating examples of cells
in XX morula-stage embryos
showing Eed (red) localization
to Xi (arrows), either (A) with
or (B) without associated tri-
meH3-K27 (green). (C) Com-
bined optical sections through
a mid-stage XX blastocyst il-
lustrating  colocalization of
Eed and tri-meH3-K27 in all
cells. (D) Scoring data show-
ing the proportion of Xi Eed
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even at the morula stage (Fig. 2, E and F).
Also, H4 hypoacetylation, a later marker for
the X inactivation process (8, /1, 13), was
seen underlying Eed foci at morula and sub-
sequent stages (Fig. 2G). These results dem-
onstrate that X inactivation initiates earlier
than previously thought, at or even before
morula stage, and that markers of X inactiva-
tion other than Eed-Ezh2 localization are es-
tablished in ICM cells of early blastocysts.
Taken together, our results show that pater-
nally imprinted X inactivation is established in
all cells in early XX preimplantation embryos,
implying that there is a subsequent reactivation
event in cells of the ICM. Because Xp Xist
expression is progressively extinguished in
ICM cells during blastocyst maturation (6, 7),
we infer that this may be the mechanism of X
reactivation. This contrasts with differentiated
somatic cells in which maintenance of X inac-
tivation is Xist-independent (74, 15). Analysis
of Eed-Ezh2 and H3-K27 methylation supports
this interpretation. First, using immunoRNA-
FISH (fluorescence in situ hybridization) anal-
ysis, we found that Eed-Ezh2 complexes disso-
ciate rapidly from Xi as presumptive ICM cells
begin to extinguish Xp Xist RNA expression
(Fig. 3A). However, loss of tri-meH3-K27
staining on Xi disappeared more gradually.
Thus, immunostaining for both Eed and meH3-
K27 revealed cells in which Eed foci were lost,
but meH3-K27 staining was still clearly detect-
able (Fig. 3B). In all instances, cells showing
this pattern also had high overall levels of Eed
staining in the nucleus, indicating that they
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represent ICM cells (Fig. 1B). In the ICM of
mature blastocysts, both Eed and meH3-K27
staining of Xi were no longer detectable (Fig.
3C). At 5.5 days post coitum (dpc), as epi-
blast cells begin to undergo random X in-
activation, localization of Eed-Ezh2 and

Fig. 3. Reactivation of Xp
during ICM maturation. (A)
Single optical section of ICM
region of early XX blastocyst
illustrating  immunoRNA-
FISH detection of Xist RNA
(red) and Ezh2 (green).
Counterstained with 4',6'-
diamidino-2-phenylindole
(DAPI) (blue). Arrows indi-
cate an example of a single
cell where Xist RNA has
been down-regulated [ap-
pearance of two pinpoint
Xist RNA signals (6)] as well
as the absence of Ezh2 local-
ization. (B) Optical section
through a mid-stage XX
blastocyst, highlighting two
cells (shown by arrows a and
b; insets, expanded view),
where Eed (red) foci are ab-
sent but tri-meH3-K27
(green) on Xi is still detect-
able. (C) Optical section
through a mature (4.5 dpc)
XX blastocyst illustrating
that ICM cells have high Eed
and meH3-K27 levels but no
Xi foci. (D) Single optical
section through a 5.5-dpc
XX embryo illustrating reap-
pearance of tri-meH3-K27
and Eed foci in the embry-
onic ectoderm region (EE),
where random X inactiva-
tion is being initiated. Strong
foci are seen in the extraem-
bryonic ectoderm (EXE),
where imprinted X inactiva-
tion has been maintained.

A

Xist RNA

tri-meH3-K27

Fig. 4. Gene expression in
early embryogenesis. Quan-
titative allelic expression as-

Xist
Xp
(129)

Xm

(PGK)

associated tri-meH3-K27 were again de-
tectable (Fig. 3D). This sequential loss and
reestablishment—first of Eed-Ezh2 local-
ization and then of tri-meH3-K27—pro-
vides a direct illustration of X reactivation
in ICM cells.

Smc1l1
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Xp
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says for embryo stages from
2.5t0 6.5 dpc for (A) Xist, (B)
Pgk-1, and (C) Smc1l1. The
35- to 6.5-dpc samples
were from sexed (XX) em-
bryos. Samplese from 6.5
dpc represent embryonic ec-
toderm regions of individual
XX embryos. Examples
show duplicate loadings of
Xp (129) and Xm (PGK) al-
leles for each stage (129 de-
notes generic Mus musculus
domesticus). Single nucleo-
tide  primer  extension
(SNUPE) analysis of poly-
merase chain reaction prod-
ucts from PGK X 129 F,
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genomic DNA (genomic) was used to normalize the data. Graphs illustrate mean values (*+ standard
deviation where applicable) for % of Xm (Xist) or Xp (Pgk-1 and Smc117) transcripts obtained from a number
of independent experiments (table S1). For control samples (6.5-dpc embryonic ectoderm and genomic

DNA), Xm and Xp notation does not apply.

In light of evidence that chromosome-wide
features of X inactivation are established in all
cells of early embryos, we were interested to
investigate allelic expression of individual X-
linked genes. Embryos were obtained from
crosses between Mus musculus domesticus and
PGK strains, providing expressed single-nucle-
otide polymorphisms for quantitative allele spe-
cific assays (/6). For early blastocyst and sub-
sequent stages, XX and XY embryo pools were
separated using a green fluorescent protein
(GFP) transgene inherited on the paternal X
chromosome (fig. S3A).

We first analyzed Xisz, which is expressed
only from Xi. Consistent with previous studies,
expression was exclusively from Xp during pre-
implantation development, with up-regulation of
the Xm allele first detectable at the onset of
random X inactivation at 5.5 to 6.5 dpc (Fig. 4A).

We then analyzed expression of the Pgk-1/
gene (Fig. 4B), which is known to be subject
to X inactivation, and also the Smci/l gene
(Fig. 4C), which is located at the distal end of
the X chromosome and is also subject to X
inactivation (Fig. S3B). At 2.5 dpc (eight-cell
to early morula stage), both genes were bial-
lelically expressed, consistent with activity of
Xp. However, Xp transcript levels were rel-
atively low, particularly at the Pgk-I locus.
(In part, this may relate to the fact that both
male and female embryos were included in
the 2.5 dpc pool.) At 3.5 and 4.5 dpc (blas-
tocyst stage), Xp Pgk-1 levels were further
reduced to approximately 5%, whereas levels
of Smclll were relatively unchanged. In
postimplantation embryos, Xp transcript lev-
els increased again, and in embryonic ecto-
derm of 6.5 dpc XX embryos (after the onset
of random X inactivation), the ratios of Xp
and Xm alleles are essentially equivalent.

Analysis of the Pgk-1 locus indicates inacti-
vation of Xp begins as early as the eight-cell
stage. The further marked reduction in Xp Pgk-1
RNA at the early blastocyst stage is consistent
with inactivation occurring in all cells, as indi-
cated by our analysis with chromosome-wide
markers. In contrast, the Smcill gene shows
only partial X inactivation at the blastocyst stage,
suggesting that the rate of X inactivation for
individual genes may vary across the chromo-
some. Similar results, analyzing Pgk-1 and other
X-linked loci, have been reported in previous
studies (2, 17), leading to the idea that there may
be a gradient of X inactivation in early embryos,
centered on the Xist locus.

In summary, our results demonstrate that
imprinted X inactivation of the paternal X chro-
mosome, assayed at the level of chromosome-
wide histone modifications and also repression
of at least some loci, occurs in all cells of early
mouse embryos, and that it is then reversed
selectively in ICM cells after extinction of Xp
Xist RNA expression. This latter observation
indicates that heritability of X inactivation in
early embryos requires ongoing Xist RNA ex-
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pression, unlike XX somatic cells in which loss
of Xist has little or no effect (14, 15). Reversible
Xist-dependent silencing has also been reported
to occur in response to inducible Xist transgene
expression in undifferentiated ES cells (78).
Thus, our findings provide an in vivo corollary
for this observation.

Reversibility of facultative heterochromatin
in early embryos and ES cells is mirrored in the
capacity of these cell types to reactivate the X
chromosome in a somatic cell nucleus in ES
cell fusion hybrids (19) or after nuclear transfer
(20). Indeed, our results help to understand
these findings. First, repression of Xp Xist oc-
curs specifically in Nanog-positive cells at the
time they are first allocated, suggesting that this
is a property inherent to the pluripotent ICM
lineage. The same activity in ES cells could
result in repression of the somatic Xi Xist allele
in ES-somatic cell hybrids. This then would
lead to X reactivation in the ES nuclear envi-
ronment, where heritability of X inactivation is
strictly Xist-dependent. In the case of nuclear
transfer, the Xi from the donor somatic cell is
also the Xi in TE and PE lineages, but random
X inactivation occurs in the embryo proper
(20). This would be explained again if repres-
sion of Xist occurs specifically in ICM cells. TE
and PE lineages would inactivate in response to
maintained expression of the somatic Xi Xist
allele, whereas ICM cells would repress JXis?,
establishing the ground state for random X
inactivation in the embryo proper.
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Heterochromatic Silencing and
HP1 Localization in Drosophila Are
Dependent on the RNAi Machinery
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Genes normally resident in euchromatic domains are silenced when packaged into
heterochromatin, as exemplified in Drosophila melanogaster by position effect
variegation (PEV). Loss-of-function mutations resulting in suppression of PEV have
identified critical components of heterochromatin, including proteins HP1, HP2,
and histone H3 lysine 9 methyltransferase. Here, we demonstrate that this si-
lencing is dependent on the RNA interference machinery, using tandem mini-white
arrays and white transgenes in heterochromatin to show loss of silencing as a result
of mutations in piwi, aubergine, or spindle-E (homeless), which encode RNAi com-
ponents. These mutations result in reduction of H3 Lys® methylation and
delocalization of HP1 and HP2, most dramatically in spindle-E mutants.

Small RNA molecules have been found to
play multiple roles in regulating gene expres-
sion. These include targeted degradation of
mRNAs by small interfering RNAs (siRNAs)
(posttranscriptional gene silencing, PTGS)
(1, 2), developmentally regulated sequence-
specific translational repression of mRNA by
micro-RNAs (miRNAs) (3), and targeted
transcriptional gene silencing (TGS) (4-9).
RNA:I activity limits transposon mobilization
and provides an antiviral defense (/0). Re-
cent work demonstrated that RNA interfer-

mini-w arrays (50C) ++

6-2 mini-w (1)

BX2-mini-w (7)

DX1-mini-w (7)

Fig. 1. piwi and homeless are suppressors of repeat-
induced silencing. Stocks homozygous for a P[lacW] at
50C in one copy (6-2 mini-w), seven tandem copies
(BX2 mini-w), or seven copies with one inverted (DX1
mini-w) were tested for loss of silencing. Heterozy-
gous, homozygous, or heteroallelic combinations of y
piwi or homeless mutations result in an increase in
expression as shown in photos of male eyes (above)
or by levels of eye pigment extracted from male
heads of the noted genotypes, measured at 480 nm
(right). Mean values (bar) of triplicate determinations 4
are reported in comparison with the value for the 024 - .
respective +/+ control mini-w stock (dashed line), . R
with the standard error indicated (thin line). Northern
analysis of white mRNA from selected genotypes

indicates a similar response (fig. S1).

piwi/piwi hls/hls

ence (RNAI) is required to establish silencing
at heterochromatic domains in fission yeast
(8, 9); appearance of transcripts from centro-
meric repeats is accompanied by loss of his-
tone H3 Lys? methylation (8, 9).

Many components of the RNAi machinery
have been identified in Drosophila melano-
gaster, where they have been implicated in
PTGS of the tandemly repeated Stellate genes,
several retrotransposons, and Alcohol dehydro-
genase (Adh) transgenes (5, 11, 12). Mutations
in aubergine (aub), encoding a PAZ domain/
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