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Abstract

Embryonic development is dependent on the maternal supply of proteins through the oocyte, including factors
setting up the adequate epigenetic patterning of the zygotic genome. We previously reported that one such factor

is the epigenetic repressor SMCHD1, whose maternal supply controls autosomal imprinted expression in mouse pre-
implantation embryos and mid-gestation placenta. In mouse preimplantation embryos, X chromosome inactivation
is also an imprinted process. Combining genomics and imaging, we show that maternal SMCHD1 is required not only
for the imprinted expression of Xist in preimplantation embryos, but also for the efficient silencing of the inactive X in
both the preimplantation embryo and mid-gestation placenta. These results expand the role of SMCHD1 in enforcing

development, a critical window of epigenetic remodelling.

the silencing of Polycomb targets. The inability of zygotic SMCHD1 to fully restore imprinted X inactivation further
points to maternal SMCHD1's role in setting up the appropriate chromatin environment during preimplantation

Introduction

X chromosome inactivation (XCI) in female mammals
is a paradigm of epigenetic regulation, where hundreds
of genes on a single chromosome coordinately undergo
silencing [34, 35]. In the common ancestor of therian
mammals, XCI evolved as a mechanism of sex chromo-
some dosage compensation, balancing female X-linked
expression at levels similar to males possessing only one
X chromosome [36, 48]. The ancestral form of XCI is
potentially imprinted, with preferential silencing of the
paternal X, whereas random X inactivation is proposed
to be derived [14, 48]. In marsupials, imprinted X inacti-
vation is maintained in all tissues [12], whereas in rodents
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or cattle it only persists in extraembryonic tissues that
gives rise to the placenta, while the embryo-proper reac-
tivates the paternal X before random inactivation of
either the maternal or paternal chromosome takes place
[43]. In humans, only random X inactivation occurs.

In mice, imprinted X inactivation originates in the pre-
implantation embryo [42]. Systematic silencing of the
paternal X is caused by a Polycomb-mediated repressive
imprint laid down during oogenesis, which prevents the
long non-coding RNA Xist from being expressed [11, 23,
53]. Paternal expression of Xist thus leads to silencing of
the paternal X [20]. Maternal effect genes that control the
epigenetic patterning of the oocyte and early zygote are
important for the correct imprinted expression of Xisz [9,
19, 23, 40]. The genomic region surrounding Xist houses
multiple positive and negative regulators of Xist expres-
sion, and is termed the X-inactivation centre [15].

We previously established that the maternal supply of
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Fig. 1 Maternal deletion of Smchd1 results in aberrant Xist expression from the maternal allele in both male and female E2.75 preimplantation
embryos. a Schematic of genetic crosses for maternal deletion of Smchd1. b Genome-wide differential expression in Smchd 1™ female embryos
vs wt, before haplotyping and after separating maternal and paternal alleles. Average expression is in log2 counts per million (com). Only maternal
Xist is significantly differentially expressed (adjusted p-value = 6e—4). ¢ Genome-wide differential expression in Smchd 1™ male embryos vs wt,
without haplotyping. Significant genes are coloured black (5% FDR). Xist is not significant (adjusted p-value = 0.17) due to partial penetrance in
Smchd1M™A samples, but has a large log,-fold change (4.74). d Xist expression in individual male and female wt and Smchd 1™ £2.75 embryos.
CPM: counts per million (of total library size before haplotyping).“Mixed” counts refer to counts without haplotyping. Females: n = 6 wt and 4 matA;

Maternal (b6) allele Paternal (cast) allele Mixed

containing 1 (SMCHD1) regulates some of the Polycomb-
dependent imprinted genes on autosomes [57]. Both Xist
and autosomal Polycomb-dependent imprinted genes are
non-canonical imprinted genes, as they rely on Polycomb
marks for their imprinted expression rather than DNA
methylation as canonical imprinted genes do. Based on
this role of maternal SMCHD1 and the known involve-
ment of zygotic SMCHD1 in XCI [6, 17], we investigated
whether maternal SMCHD1 also played a role in regu-
lating the imprinted expression of Xist, and whether it
affected silencing of the inactive X. Through epigenomic
and imaging analyses of preimplantation embryos and
mid-gestation placentae, we show that SMCHD1 is also a
maternal effect gene with regard to imprinted X chromo-
some inactivation.

Results

Maternal deletion of Smchd1 results in aberrant Xist
expression from the maternal allele

To determine the role of maternal SMCHD1 on
imprinted Xist expression and X inactivation, we
ablated Smchdl in mouse oocytes using the MMTV-Cre
transgene and crossed the dams with wild-type sires from

a different strain to allow allele-specific analyses (Fig. 1a,
as reported in [57]). We analysed single-embryo methy-
lome and transcriptome data for Smchd1™ and con-
trol Smchdl™ E2.75 embryos (16—32 cells), when zygotic
SMCHDL1 only just starts to accumulate [57].

We previously reported very little genome-wide dif-
ferential expression in male preimplantation embryos
without maternal SMCHD1 [57]. Consistent with that,
there was also very little genome-wide differential
expression in female Smchd1”*® embryos compared to
wild-type controls (Fig. 1b and c). Without haplotyping
RNA-seq counts, there were no significantly differen-
tially expressed genes at the 5% FDR threshold in female
Smchd1™*® embryos, and only 8 in male embryos
(upregulated Rhox9, E330020D12Rik and Cdc42bpa,
and downregulated Hspa5, Akrlal, Hsp90b1, Calr and
Pdia6, Additional file 1: Table S1, Additional file 2:
Table S2). Rhox9 had the strongest log-fold change (7.5).
It is an imprinted gene [37], subject to H3K27me3- and
DNA methylation-mediated repression [4], and part of
a clustered gene family: recurrent characteristics among
SMCHDL1 targets. In females Rhox9 was filtered out of
the differential expression analysis because of low counts,
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but upon manual investigation the data also supported
maternal Rhox9 upregulation in Smchd1™® samples
(Additional file 3: Fig. S1).

Both in the male total expression and female allele-spe-
cific expression, the maternal copy of Xist was a striking
outlier with a high level of expression and large upregula-
tion in Smchd1™** samples (log,-fold changes of 4-5).
Maternal Xist is normally silenced in the early embryo
due to a Polycomb-mediated imprint [9, 19, 23, 40]. Here
maternal Xist was activated both in the female and male
Smchd1™* embryos (Fig. 1b and c). Although striking,
maternal Xist loss of imprinting was not completely pen-
etrant: 4 out of 8 male and 3 out of 4 female Smichd 1™
embryos showed increased levels of maternal Xist
expression (Fig. 1d). This high variability in expression
explained why Xist was not detected as statistically signif-
icant in the male embryo differential expression analysis
(44th ranked gene, FDR=0.17). In the female embryos,
paternal Xist expression still outweighed expression
from the maternal allele. This could be due to low levels
of zygotic SMCHD1 beginning to accumulate around
E2.75 [57] and partial silencing of maternal Xist, or addi-
tional repression mechanisms independent of SMCHD1.
The partial penetrance could similarly be due to zygotic
SMCHDI1 expression, or it may reflect true biological
variation in the response to maternal SMCHD1 ablation.

At the blastocyst stage the X-inactivation centre is par-
tially methylated [39, 45], so we asked whether the fail-
ure to silence maternal Xist could be due to a failure to
acquire DNA methylation at the X-inactivation centre,
using our E2.75 embryo DNA methylation data. However,
the whole X-inactivation centre including the maternal
Xist promoter and Xite/DXPas34 remained unmethyl-
ated in male and female wild-type E2.75 embryos, and
there was no difference in the Smchd1™** embryos that
displayed loss of imprinting (Additional file 4: Fig. S2).
The loss of Xist silencing was therefore not linked to a
defect in DNA methylation.

Imprinted X chromosome inactivation is altered

in Smchd1™*“ morulae

We then asked whether maternal Xist expression was
functionally linked to the silencing of the maternal X
chromosome. Although at the genome-wide level few
individual genes passed the significance threshold for
differential expression (Fig. 1b and c), the distribution
of log,-fold changes (matA vs wt) shifted significantly
for X-linked genes (Fig. 2a). In Smchd1™* males, the
genes from the maternal X chromosome tended to be
downregulated (mean log,-fold change = —0.16, equiva-
lent to a reduction by 11%, p-value = 2.4e—5), consist-
ent with aberrant Xist-mediated silencing. By contrast in
Smchd1™™* females, the alleles on the maternal X were
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not significantly downregulated (mean log,-fold change =
—0.094, p-value = 0.18), meaning that the partial maternal
Xist loss of imprinting did not trigger detectable silencing
of the maternal X. This was surprising, however we can-
not rule out that some Xm silencing is occurring but the
effect is too small to detect with our current power. On
the other hand, the paternal X appeared slightly upregu-
lated compared to the wild types (mean log,-fold change =
0.20, equivalent to an increase by 15%, p-value = 7.6e—6).
When subsetting the embryos that specifically showed Xist
loss of imprinting, the effects were stronger for the males
(X downregulation by 25% on average) and unchanged
for the females (Additional file 5: Fig. S3). We next asked
whether the compromised paternal X silencing observed
in Smchd1™"** female embryos corresponded to a com-
plete or partial loss of X chromosome inactivation. At
E2.75, imprinted paternal X inactivation is normally ongo-
ing and does not yet affect all the genes on the paternal X
chromosome [7, 44]. Accordingly, in our data the pater-
nal X in the wild-type females was downregulated by 45%
on average (Fig. 2b). Therefore, the paternal X repression
observed in Smchd1™* was only partially compromised
compared to the wild-type scenario. Taken together, these
results indicate that: (1) aberrant maternal Xist expression
can lead to partial Xm silencing; (2) initiation of X chro-
mosome inactivation can occur in the absence of maternal
SMCHD1 (Xm silencing in males, remaining Xp silenc-
ing in females). Finally, incomplete Xp silencing compared
to the wild-type scenario may have multiple alternative
explanations: perhaps maternal SMCHD1 still contributes
to part of these early stages of imprinted X inactivation;
biallelic Xist expression could titre the silencing machin-
eries between the two X chromosomes; or biallelic Xist
expression might slow the rate of development and/or X
chromosome inactivation.

To further investigate the stage and mechanisms of XCI
in the E2.75 embryos, we analysed CpG island methyla-
tion on each allele of the X chromosome. In wild-type
female embryos, average CGI methylation on the pater-
nal inactive X remained low and similar to that of the
maternal X and the male X (Fig. 2c). CpG island meth-
ylation in Smchd1™™? embryos was indistinguishable
from the wild types. These results imply that maternal
SMCHDI1 has no role in the methylation of the inactive
X at this time.

Genome-wide, there was little evidence of differential
methylation between wild-type and Smchd1™** female
E2.75 embryos (Additional file 6: Fig. S4), similar to what
we reported in male embryos [57]. Methylation at CpG
islands was very low, similar to the CGIs of X chromo-
somes (Fig. 2c), and there were no significant differen-
tially methylated CGIs (Additional file 6: Fig. S4). Across
gene promoters, methylation levels were more broadly
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Fig. 2 Maternal deletion of Smchd1 results in aberrant XCl in male and perturbed imprinted XCl in female E2.75 preimplantation embryos. a
Distribution of Smchd 1™ vs wt gene expression log,-fold changes on autosomes and the X chromosome for male and ferale E2.75 embryos. For
females, results of the allele-specific differential expression analysis are shown, with paternal alleles in blue and maternal alleles in pink. Two-sample
t-tests; male: p = 2.4e—5; female paternal allele p = 7.6e—6; female maternal allele p = 0.18. b Distribution of paternal over maternal log2
expression ratios in wt female E2.75 embryos. Paternal X-linked genes are significantly repressed (p = 1.5e—4, one-sample t-test). ¢ Average CpG
island (CGI) methylation on the X chromosomes of individual Smchd 1" and Smchd1™@*2 male and female E2.75 embryos. Females: n = 6 wt and 4
matA; males: n = 5 wt and 8 matA. t-tests, males maternal X: p-value = 0.4; females maternal X: p-value = 0.1; females paternal X: p-value = 0.2

distributed but highly consistent between wild-type and
SmchdI™*® embryos. There was a relative excess of
hypermethylated promoters in the Smchd1™** samples,
but with mild (<30%) differences and making up only
0.5% of all promoters (246 hypermethylated, 10 hypo-
methylated, out of 52k promoters) with no overlap with
differentially methylated promoters in males. Over 10 kb
windows sliding across the whole genome, 445 were
hypermethylated including 42 also hypermethylated in
the males, and 14 were hypomethylated (no overlap with
the males), out of 544,659 bins. Together, these results
confirmed that maternal SMCHDI1 as little to no impact
on genome-wide DNA methylation at the morula stage.

Absence of maternal SMCHD1 causes biallelic expression
of Xist in the same cells, but silencing is restored by E3.5

in blastocysts

As our transcriptomic data had single-embryo (16-cell)
but not single-cell resolution, we could not discriminate

between the possibility that maternal and paternal
Xist were co-expressed in the very same cells of female
Smchd1™™% embryos, or rather that each parental allele
of Xist was monoallelically expressed in individual cells.
To overcome this limitation, we performed allele-spe-
cific RNA-FISH in E2.75 embryos (Fig. 3a). Labelling
efficiency in allele-specific RNA-FISH is more variable
than standard RNA FISH [19], and we estimated label-
ling efficiency to be above 50%, with some variability
from embryo to embryo. The female wild-type embryos
showed only paternal Xist expression in all labelled cells,
as expected for imprinted XCI at the 16-cell stage (Fig. 3b
and d). By contrast in the Smchd1™** female embryos,
Xist was expressed biallelically with maternal Xist detect-
able in a subset of cells (from 2 out of 16, up to 13 out
16 cells, Fig. 3b and d). In males, we observed maternal
Xist only in Smchd1™* embryos (Fig. 2c and e), also in
a subset of cells, which was consistent with the transcrip-
tomic data. Therefore the detection of both paternal and
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maternal Xist in the female Smchd1™™* transcriptomes

was not due to an alternating pattern of monoallelic
expression, as seen in random X-chromosome inactiva-
tion after chromosome choice, but indeed due to the loss
of imprinting of Xist. Penetrance was again only partial,
as we did not observe biallelic expression in every cell of
every embryo, and the proportion of cells with biallelic
expression was variable between embryos.

In a previous study where the Xisz imprint was com-
pletely removed via Eed maternal deletion [19], biallelic
Xist expression in early female embryos resolved into ran-
dom X inactivation. By E3.5, a majority of female nuclei
showed random monoallelic Xist expression (either
paternal or maternal). Meanwhile male Eed”** embryos
retained maternal Xist expression. To test whether the

same was happening in Smchd1™™? embryos, we per-

formed allele-specific RNA-FISH on E3.5 embryos (early
blastocysts, 32—64 cells). In the outer trophectoderm
layer that gives rise to the placenta, Xist expression in
Smchd 1™ embryos was restored to the wild-type pat-
tern: only paternal Xist expression in female embryos
and no Xist expression in male embryos (Fig. 3f-i). This
contrasted with the Eed”** results. Although maternal
Xist re-silencing in Smchd1™"* female embryos may be
explained by biased allele-choice because of the higher
expression of paternal Xist over maternal Xist, count-
ing and choice cannot explain the re-silencing of mater-
nal Xist in male embryos. This instead suggests that the
underlying imprint was successfully set up in oocyte
development and maintained through the first 4-5 cell
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divisions in the absence of maternal SMCHDI. As resto-
ration of imprinted expression aligns with the onset on
zygotic expression of SMCHD]1, we propose that zygotic
SMCHDI1 may rescue the loss of imprinted Xist expres-
sion. Regardless of the exact mechanism of imprint
restoration, this places SMCHD1 downstream of the
Polycomb-dependent imprint, similar to what we pro-
posed for other non-canonically imprinted genes [57].

Maternal deletion of Smchd1 does not affect Xist
expression in E14.5 placentae but compromises XCI
Previously we showed loss of maternal SMCHD1
resulted in defects in the imprinted expression of some
autosomal imprinted genes in the mid-gestation (E14.5)
placenta, despite the presence of zygotic SMCHD1 for 11
days [57]. Although the correct pattern of imprinted Xist
expression was restored by E3.5, we investigated whether
any residual effects of maternal SMCHD1 ablation on
imprinted X inactivation could be observed in E14.5
placentae.

We performed allele-specific bulk RNA-seq on the
embryonic portion of female E14.5 placentae for matA,
wild-type and heterozygous (paternally transmitted
mutation) embryos. Comparing with heterozygous sam-
ples allowed to account for potential haploinsufficiency
for Smchdl after zygotic SMCHDI1 activation. Allelic
Xist expression in SmchdI™® samples was indistin-
guishable from that of wild-type samples, consistent with
the restored imprinted Xist expression by E3.5 (Fig. 4a).
Expression from the active X chromosome was also
largely normal in heterozygous and Smchd1™** samples
(Fig. 4b, left panels). From the paternal inactive X how-
ever, 36 out of 179 informative genes were upregulated
(informative: expressed and containing a SNP; 5% FDR)
in heterozygous samples (Fig. 4b, top right panel), while
107 out of 213 informative genes (5% FDR) were upregu-
lated in the Smchd1™*** samples (Fig. 4b, bottom right
panel). There were 34 X-linked genes that were upregu-
lated in both genotypes (Fig. 4c). These common genes
tended to have larger log,-fold changes in the mater-
nal null samples (p < 0.001, paired t-test, Fig. 4d). This
showed that while Smchdl haploinsufficiency impacted
imprinted X inactivation in the E14.5 placentae, the loss
of maternal SMCHD1 had a more severe effect, both in
terms of the number of genes that escape silencing and
the extent to which they escape.

To investigate whether the failure to properly silence
the inactive X could be linked to SMCHD1’s role in the
methylation of CpG islands, we performed Reduced Rep-
resentation Bisulfite Sequencing (RRBS) in Smichd 1™
and wt female E14.5 placentae. CpG island methylation
was reduced in Smchd1™** placentae, from 25% median
methylation to 15% (Fig. 4e). The low level of methylation
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observed in the placental tissue is as expected as this tis-
sue has less methylation than embryonic tissues [51]. The
failure to silence Xi genes was thus correlated with a fail-
ure to adequately methylate the Xi CpG islands.

These data show that the perturbations induced by the
lack of SMCHD1 preimplantation persist for at least 11
days post-zygotic Smchdl activation, despite normal Xist
expression at E3.5 and E14.5.

Discussion

Previously we identified that SMCHD1 modulates the
imprinted expression of a set of autosomal genes that we
predicted was secondary to deposition of H3K27me3 by
PRC2 [57]. This happened at two classes of loci: genes
where the PRC2 mark is the primary imprint (non-
canonical imprinted genes), and imprinted clusters
where the primary DNA methylation imprint leads to
secondary H3K27me3 deposition. Here we extend these
findings, demonstrating that maternal SMCHD1 also
enforces imprinted expression of the long non-coding
RNA Xist during preimplantation embryo development.
Xist belongs to the class of non-canonical imprinted
genes, its promoter being labelled with H2K119ub and
H3K27me3 during oocyte development [9, 23, 40]. In the
absence of maternal SMCHD1, we observed biallelic Xist
expression in female E2.75 embryos, and maternal Xist
expression in male embryos.

Previous work by Harris et al. [19] and Inoue et al.
[23] showed that loss of Xist imprinting leads to failed
imprinted XCI. A maternal deletion of Polycomb gene
Eed led to the erasure of the imprint on maternal Xist and
complete loss of Xist imprinted expression. Harris et al.
observed subsequent male lethality and a conversion
from imprinted to random XCI in the female placentae.
However, upon maternal Smchdl deletion we observed
neither sex-specific embryonic lethality [57] nor ran-
dom XCI in the female placentae. By contrast, Xist loss
of imprinting was incompletely penetrant (in a subset
of embryos and cells) at E2.75 and normal maternal Xist
silencing was fully restored by E3.5. We interpret the res-
cue of maternal Xist silencing, coinciding with zygotic
SMCHD1 synthesis, as an indication that the underly-
ing Polycomb imprint on Xist remained intact. This once
again places SMCHD1 downstream of the Polycomb
machinery. Recent work has shown that PRC1-deposited
H2AK119ub is also involved in imprinted Xist expres-
sion and imprinted XCI [9, 40]. Since a PRC1-dependent
model of SMCHD1 recruitment has been reported for
the inactive X [25, 55], this model likely extends to Xist
and other non-canonical imprinted genes. Thus a single
H2AK119ub-dependent recruitment mechanism could
apply to both maternal and zygotic SMCHD]1, at auto-
somes as well as at the X chromosome.
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that are significantly differentially expressed in Smchd 1™ and in Smchd 1™ placentae. d Comparison of the log,-fold changes of the differentially
expressed paternal X-linked alleles common to the Smchd 1™ and Smchd1matA placentae. p = 8e—5, paired t-test. e Distribution of CpG island
methylation on the Xi and Xa in Smchd 1™ and Smchd 1™ E14.5 female placentae. Xi: p < 1e—6; Xa: p = 2e—5; paired t-tests. n = 4 MMTV-Cre
Smchd1™® and n = 5 wt; n = 6 het and littermate n = 4 wt control E14.5 placentae

was able to initiate gene silencing on the X chromosome

Although Xist loss of imprinting was only transient, the
in male E2.75 embryos lacking SMCHD1, and paternal X

absence of SMCHDI for the first three days of embry-

onic development had lasting effects on X inactivation.
The initial phases of X inactivation, driven by the Xist
long non-coding RNA, did not strictly require SMCHD1
to silence genes: Xist expression from the maternal allele

silencing was not abolished in E2.75 Smchd1™** female
embryos. However, silencing efficiency was reduced in
these females, which might be attributable to several fac-
tors. Biallelic Xist expression may delay the commitment



Wanigasuriya et al. Epigenetics & Chromatin (2022) 15:26

to silencing or dilute silencing between the two X chro-
mosomes. Alternatively, maternal SMCHD1 could
contribute to some of the early paternal X silencing in
addition to its role in imprinted maternal Xist repression.
More surprisingly, X inactivation defects were observ-
able in E14.5 female placentae, despite more than 10
days of zygotic SMCHD1 presence. Half of the detectable
Xi-linked genes were not appropriately silenced, which
could not simply be explained by Smchdl haploinsuffi-
ciency. In addition, failed gene silencing was associated
with a failure to methylate CpG islands on the Xi to the
same level as the wild-type. This persistent disruption
to epigenetic silencing bore similarities with two other
maternal effects seen in embryos with maternal Smchdl
deletions: the partial loss of autosomal imprinting in the
mid-gestation placentae [57] and the disrupted Hox gene
regulation in tissue of the embryo-proper [2].

From this cumulative evidence, it is clear that mater-
nal SMCHDI1 is required during preimplantation devel-
opment to set up an epigenetic state that is required for
correct gene regulation later on. What this particular
epigenetic state is and how SMCHDI1 creates it remains
obscure, but it is tempting to speculate that, like for
SMCHDI1 recruitment, a single mechanism explains
SMCHDI’s mode of action for both maternal and
zygotic SMCHDI, at all of its diverse targets. SMCHD1
is required for the repression of Hox genes, protocad-
herin clusters, imprinted genes, the inactive X, and tan-
dem repeat arrays [2, 6, 8, 16, 17, 24, 30, 41]. All these
targets display abundant Polycomb marks. In the absence
of SMCHD1, H3K27me3 spreads and H3K9me3 is lost
on the Xi [22, 25]. SMCHD1’s role at its targets may be
to facilitate the positive feedback loops of Polycomb
repression [5], concentrating the Polycomb machinery,
Polycomb marks and repressors at specific loci to both
reach a threshold required for efficient silencing as well
as avoid ectopic redistribution of Polycomb. This mech-
anism would be conceptually close to what has been
proposed for plant MORC proteins, GHKL ATPases
like SMCHD1, which are proposed to anchor a chroma-
tin silencing pathway to target loci [59]. Ensuring focal
enrichment of Polycomb repressive marks might in turn
allow adjacent regions to adopt other chromatin states,
explaining SMCHD1’s proposed role as an insulator
[8, 16, 24]. These well-defined linear chromatin blocks
would influence the three-dimensional self-organisation
of the chromatin into domains of cognate epigenetic
states, perhaps explaining the effect of SMCHD1 on
long-range chromatin interactions [24, 56]. The poten-
tial role of SMCHDL1 in solidifying initial silencing by
Polycomb may then allow some of its targets to transi-
tion to other modes of repression, in particular H3K9
methylation and DNA methylation. Preimplantation
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Polycomb imprints acquire secondary DNA methylation
and H3K9me?2 in the placenta [1, 10, 18, 47, 60], similar
to the Xi CpG islands becoming methylated by DNMT3B
and H3K9me3 accumulating on the Xi [17, 22, 27]. In the
absence of SMCHDI, these transitions fail: DNA meth-
ylation at non-canonical imprinted gene Jadel does not
accumulate [57], nor does Xi CpG island methylation
[17] (this study).

SMCHD1 links together epigenetic processes that
appear more and more closely related as our knowledge
increases. Non-canonical imprinting, imprinted X inac-
tivation, aspects of canonical imprinting and random
X inactivation all borrow from the same Polycomb/
SMCHD1/H3K9me/DNA methylation toolbox. Each
process offers a window into a general but complex inter-
play of epigenetic mechanisms. Further elucidation of
SMCHD1’s molecular mechanisms will shed light on all
these fundamental processes.

Materials and methods

Mouse genetics

All mice were bred and maintained in-house at The
Walter and Eliza Hall Institute of Medical Research
(WEHI) using procedures approved by the in-house eth-
ics approval committee (approval numbers 2014.026,
2018.004, 2020.048 and 2020.050).

Smchd1™*® embryos were produced from a cross
between Smchdl " MMTV-Cre”/+ dams and CAST/Ei]
sires. Smchd 1" embryos were produced from the recip-
rocal cross. Control Smchdl™ embryos were produced
from crosses between Smchd " MMTV-Cret/* dams
and CAST/EiJ sires, and as littermates of the Smchd 1"
embryos.

The MMTV-Cre Smchdl™" line was generated by
backcrossing MMTV-Cre transgene line A [54] onto the
C57BL/6 background from the FVB/N background for
more than 10 generations. These mice contain a combi-
nation of the Smchdl deleted allele (Smchdl™) in trans
to the Smchdl floxed (Smchdlﬂ) allele [13]. The CAST/
EiJ strain used to achieve polymorphisms necessary for
allele-specific analyses was purchased from the Jackson
laboratories.

Single-embryo methylome and transcriptome sequencing
Embryo collection, library preparation and data preproc-
essing were as described in Wanigasuriya et al. [57]. Male
and female embryos were analysed in the same way.
RNA-seq reads from the E2.75 embryos were trimmed
for adapter and low-quality sequences using TrimGa-
lore! v0.4.4, before mapping onto the GRCm38 mouse
genome reference N-masked for Cast SNPs prepared
with SNPsplit v0.3.2 [29] with HISAT2 v2.0.5 [28], in
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paired-end mode and disabling soft-clipping. Gene
counts were obtained in R 3.5.1 [46] from bam files
with the featureCounts function from the Rsubread
package v1.32.1 [32, 33], provided with the GRCm38.90
GTF annotation downloaded from Ensembl, and ignor-
ing multi-mapping or multi-overlapping reads. Lowly
expressed genes were filtered out with the filterBy-
Expr function with option min.prop = 0.33 in
edgeR v3.24.0 [38, 49]. Gene counts were normalised
with the TMM method [50]. Differential gene expression
between the Smchd1™™* and SmchdI" embryos was
performed using the glmFit and glmLRT functions.
P-values were corrected with the Benjamini-Hochberg
method [3]. Differential expression results were visual-
ised with Glimma 2.2.0 [26, 52].

Whole-genome bisulfite analysis of single E2.75
embryos was performed as in [57].

Bulk RNA-seq

RNA-seq libraries from the embryonic portion of E14.5
mouse placentae were made as described in Wanigas-
uriya et al. [57]. Differential expression analysis was
performed using the same strategy as for the above sin-
gle-embryo RNA-seq.

RRBS
Library preparation and analysis was identical to Wani-
gasuriya et al. [57].

Allele-specific RNA-FISH on preimplantation embryos
Probe preparation

Allele-specific Xist RNA FISH probes were generated
as described [31]. Briefly, a set of short oligonucleotide
probes (5 probes for each Xist allele) were designed to
uniquely detect either the C57BL/6 or the Cast alleles of
Xist exon 7. Each probe contained single nucleotide pol-
ymorphism (SNP) located at the fifth base pair position
from the 5 end that differs between the C57BL/6 and
Cast. The 3’ end of each oligonucleotide probe was fluo-
rescently tagged using Quasar dyes (Biosearch technolo-
gies). C57BL/6-specific oligos were labelled with Quasar
570 and Cast-specific oligos labelled with Quasar 670. In
addition to labelled SNP-overlapping oligonucleotides, a
panel of 5 ‘mask’ oligonucleotides were also synthesised
(IDT). Exon 7 of Xist RNA was selected as the strand-
specificXist guide probe. Exon 7-specific primers were
designed (IDT) with T3 and T7 promoter overhangs.
Exon 7 was amplified from 50 ng of an Xist cDNA clone
[58]. Briefly, the PCR reaction contained cDNA, 5x Phu-
sion HF reaction buffer (Cat # 13058S), 1 L Phusion Taq,
10 mM dNTP, and 10 uM per forward and reverse prim-
ers. PCR cycle conditions were 98°C for 2 min; 30 cycles
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of 98°C for 30 s, 58°C for 30 s and 72°C for 30 s; 72°C
for 4 min. PCR product was isolated using QIAquick
gel extraction kit (Qiagen) according to manufacturer’s
instructions. Strand-specific Xist RNA probe was labelled
with Fluorescein-12-UTP (Roche, Cat # 11427857910)
and ethanol precipitated as previously described [21].
Probe was re-suspended in hybridisation buffer contain-
ing 10% dextran sulfate, 2X saline—sodium citrate (SSC)
and 10% formamide.

Allele-specific RNA FISH
E2.75 embryos were collected and the zona pellucida
removed by keeping in acid Tyrode’s solution (Sigma) for
2 min. Embryos were placed in the middle of Denhardt’s
treated cover slips in 1x PBS 6 mg/ml BSA using finely
pulled Pasteur pipette. Excess 1x PBS 6 mg/ml BSA was
aspirated and embryos let dry for 20-30 min. Embryos
were fixed and permeabilised with 50 WL of 1% PFA in 1x
PBS with 0.05% Tergitol for 5 min. Embryos were rinsed
with three changes of 70% ethanol then dehydrated through
an ethanol series (85%, 95%,100%) 2 min each at room tem-
perature. Samples were then air-dried for 5-10 min.
Allele-specific Xist RNA FISH was performed on
these embryos as previously described [19]. The precipi-
tated guide RNA probe was mixed with the Bl6 and Cast
detection probes, to a final concentration of 5nM per
allele-specific oligo, and 10 nM mask probe, yielding a 1:1
mask:detection oligonucleotide ratio. Cover slips were
hybridised to the combined probe overnight in a humid
chamber at 37°C. After overnight hybridisation, samples
were washed twice in 2x SSC with 10% formamide at 37°C
for 30 min, followed by one wash in 2X SSC for 5 min at
room temperature. A 1/250,000 dilution of DAPI (Invitro-
gen, Cat # D21490) was added to the second 2X SSC with
10% formamide wash. Cover slips were then mounted on
slides in Vectashield (Vector Labs, Cat # H-1000). Stained
samples were imaged immediately using an LSM 880
(Zeiss) microscope.
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The online version contains supplementary material available at https://doi.
org/10.1186/513072-022-00458-3.

Additional file 1. Tables of differential expression results: male and
female E2.75 matAvs wt embryos (total and allelic), female E14.5 matAvs
wt placentae (allelic), female E14.5 het vs wt placentae (allelic).

Additional file 2. Tables of differential methylation results: female E2.75
matAvs wt embryos in 10-kb windows, at promoters and at CGls.

Additional file 3. Supplementary Figure 1: Rhox9 expression in individual
male and female wt and Smchd1matA E2.75 embryos. cpm: counts per
million (of total library size before haplotyping).“Mixed” counts refer to
counts without haplotyping. Females: n = 6 wt and 4 matA; males:n =5
wt and 8 matA.
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Additional file 4. Supplementary Figure 2: DNA methylation at

the X inactivation center in female and male E2.75 wt embryos and
Smchd1matA embryos. Histogram tracks show methylation in single
embryos at individual CpG sites (0-100%, 4 wild-type and 4 matAembryos
shown for each sex). Note that coverage in single-embryo whole-genome
bisulfite sequencing is sparse, only 0-2X. The aggregate line plots show
the average methylation per genotype across 10 kb windows (sliding by 5
kb, 0-100%). Females: n=6 wt and 4 matA; males: n=5 wt and 8 matA.

Additional file 5. Supplementary Figure 3: distribution of Smchd1matA
vs wt gene expression log2 fold changes on autosomes and the X chro-
mosome for male and female E2.75 embryos, retaining only matAembryos
with loss of Xist imprinting.

Additional file 6. Supplementary Figure 4: Whole-genome differential
methylation analysis between female Smchd1matA and wild-type E2.75
embryos. For CpG islands (CGls, 13k regions), promoters (-4 kb to +1 kb
regions, 52k regions) and 10-kb windows (sliding by 5 kb, 500k regions),
the average methylation level in wild types is plotted against the average
methylation in Smchd1matA embryos. Significant Differentially Methyl-
ated Regions (DMRs, FDR 20%) are coloured in red (hypermethylation) or
blue (hypomethylation). Females: n = 6 wt and 4 matA.
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