
Maternal SMCHD1 controls both

imprinted Xist expression and

imprinted X chromosome

inactivation

Iromi Wanigasuriya�1,2, Sarah A Kinkel1,2, Tamara Beck�1,2, Ellise A Roper�3,

Kelsey Breslin�1,2, Heather J Lee�3, Andrew Keniry�1,2*, Matthew E Ritchie�1,2,4,

Marnie E Blewitt�1,2*†, Quentin Gouil�1,2*†

*For correspondence:

blewitt@wehi.edu.au (MEB);

gouil.q@wehi.edu.au (QG)

†These authors contributed equally

to this work

1Walter and Eliza Hall Institute of Medical Research, Parkville, Australia; 2The Department

of Medical Biology, The University of Melbourne, Parkville, Australia; 3The School of

Biomedical Sciences and Pharmacy, The University of Newcastle, Newcastle, Australia;
4The Department of Mathematics and Statistics, The University of Melbourne, Parkville,

Australia

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 preimplantation 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 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 development, a

critical window of epigenetic remodelling.

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 (Lyon, 1961, 1962).

In the common ancestor of therian mammals, XCI evolved as a mechanism of sex chromosome

dosage compensation, balancing female X-linked expression at levels similar to males possessing

only one X chromosome (Lyon, 1963; Reik and Lewis, 2005). The ancestral form of XCI is likely

imprinted, with preferential silencing of the paternal X, whereas random X inactivation is derived

(Reik and Lewis, 2005; Deakin et al., 2009). In marsupials, imprinted X inactivation is maintained

in all tissues (Cooper et al., 1971) whereas in rodents or cattle it only persists in extraembryonic

tissues that gives rise to the placenta, while the embryo-proper reactivates the paternal X before

random inactivation of either the maternal or paternal chromosome takes place (Okamoto et al.,

2011). In humans, only random X inactivation occurs.

In mice, imprinted X inactivation originates in the preimplantation embryo (Okamoto and Heard,
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2006). 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

(Tada et al., 2000; Chiba et al., 2008; Inoue et al., 2017). Paternal expression of Xist thus leads to

silencing of the paternal X (Heard et al., 2004). Maternal effect genes that control the epigenetic

patterning of the oocyte and early zygote are important for the correct imprinted expression of Xist

Inoue et al. (2017); Harris et al. (2019); Mei et al. (2021); Chen et al. (2021). The genomic region

surrounding Xist houses multiple positive and negative regulators of Xist expression, and is termed

the X-inactivation centre (Galupa and Heard, 2018).

We previously established that the maternal supply of Structural Maintenance of Chromosome

Hinge Domain containing 1 (SMCHD1) regulates some of the Polycomb-dependent imprinted genes

on autosomes (Wanigasuriya et al., 2020). 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 involvement of zygotic SMCHD1 in XCI (Blewitt et al., 2008;

Gendrel et al., 2012), we investigated whether maternal SMCHD1 also played a role in regulating 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 chromosome 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 Smchd1 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 (Figure 1a, as reported in

Wanigasuriya et al. (2020)). We analysed single-embryo methylome and transcriptome data for

Smchd1matΔ and control Smchd1wt E2.75 embryos (16–32 cells), when zygotic SMCHD1 only just

starts to accumulate (Wanigasuriya et al., 2020).

We previously reported very little genome-wide differential expression in male preimplantation

embryos without maternal SMCHD1 (Wanigasuriya et al., 2020). Consistent with that, there was

also very little genome-wide differential expression in female Smchd1matΔ embryos compared

to wild-type controls (Figure 1b and c). However, the maternal copy of Xist was a striking outlier.

Maternal Xist is normally silenced in the early embryo due to a Polycomb-mediated imprint (Inoue

et al., 2017; Harris et al., 2019; Mei et al., 2021; Chen et al., 2021). Here maternal Xist was activated

both in the female and male Smchd1matΔ embryos (Figure 1b and c). Although striking, maternal Xist

loss of imprinting was not completely penetrant: 4 out of 8 male and 3 out of 4 female Smchd1matΔ

embryos showed increased levels of maternal Xist expression (Figure 1d). 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 (Wanigasuriya et al., 2020) and

partial silencing of maternal Xist, or additional repression mechanisms independent of SMCHD1.

The partial penetrance could similarly be due to zygotic SMCHD1 expression, or it may reflect true

biological variation in the response to maternal SMCHD1 ablation.

At the blastocyst stage the X-inactivation centre is partially methylated (Prissette, 2001; McGraw

et al., 2013), so we asked whether the failure to silence maternal Xist could be due to a failure to

acquire DNAmethylation at the X-inactivation centre, using our E2.75 embryo DNAmethylation data.

However, the whole X-inactivation centre including the maternal Xist promoter and Xite/DXPas34

remained unmethylated in male and female wild-type E2.75 embryos, and there was no difference

in the Smchd1matΔ embryos that displayed loss of imprinting (Figure 1 supplement 1). The loss of

Xist silencing was therefore not linked to a defect in DNA methylation.
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Figure 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 Smchd1matΔ female embryos vs wt, before haplotyping and after

separating maternal and paternal alleles. Average expression is in log2 counts per million (cpm). Only maternal

Xist is significantly differentially expressed (adjusted p-value = 6e-4). (c) Genome-wide differential expression in

Smchd1matΔ 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 Smchd1matΔ samples, but has a large log2 fold

change (4.74). (d) Xist expression in individual male and female wt and Smchd1matΔ 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 matΔ; males: n = 5 wt and 8 matΔ.

Figure 1–Figure supplement 1. DNA methylation at the X inactivation center in female and male E2.75 wt embryos and Smchd1matΔ embryos.

Histogram tracks show methylation in single embryos at individual CpG sites (0–100%, 4 wild-type and 4 matΔembryos 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 matΔ; males: n = 5 wt and 8 matΔ.
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Imprinted X chromosome inactivation is altered in Smchd1matΔ 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 (Figure 1 b and c), the distribution of log2 fold

changes (matΔvs wt) shifted significantly for X-linked genes (Figure 2a). In Smchd1matΔ males, the

genes from the maternal X chromosome tended to be downregulated (mean log2 fold change =

-0.16, equivalent to a reduction by 11%, p-value = 2.4e-5), consistent with Xist-mediated silencing. In

Smchd1matΔ females, the alleles on the maternal X were not significantly downregulated (mean log2
fold change = -0.094, p-value = 0.18), while the paternal alleles were upregulated (mean log2 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 (Figure 2 supplement 1). At E2.75, imprinted X

inactivation is normally ongoing and does not yet affect all the genes on the paternal X chromosome

(Patrat et al., 2009; Borensztein et al., 2017). Accordingly in our data, the paternal X in the wild-type

females was downregulated by 45% on average (Figure 2b). This is stronger than the upregulation of

the paternal X in Smchd1matΔ females, meaning that the paternal X in Smchd1matΔ females retained

some degree of silencing. Taken together with the partial silencing of the maternal X in Smchd1matΔ

males, this demonstrated that the absence of maternal SMCHD1 did not preclude an initiation of X

silencing following Xist expression. However, the fact that the silencing is incomplete compared

to the wild-type scenario may indicate either that maternal SMCHD1 contributes to these early

stages of imprinted X inactivation, or that the aberrant Xist expression (biallelic in females, from the

maternal X in males) does not allow XCI to proceed at its normal rate.

To further investigate the stage and mechanisms of XCI in the E2.75 embryos, we analysed CpG

island methylation on each allele of the X chromosome. In wild-type female embryos, average CGI

methylation on the paternal inactive X remained low and similar to that of the maternal X and the

male X (Figure 2c). CpG island methylation in Smchd1matΔ embryos was indistinguishable from the

wild types. These results imply that maternal SMCHD1 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

Smchd1matΔ female E2.75 embryos (Figure 2 supplement 2), similar to what we reported in male

embryos (Wanigasuriya et al., 2020). Methylation at CpG islands was very low, similar to the CGIs

of X chromosomes (Figure 2c), and there were no significant differentially methylated CGIs (Figure

2 supplement 2). Across gene promoters, methylation levels were more broadly distributed but

highly consistent between wild-type and Smchd1matΔ embryos. There was a relative excess of hyper-

methylated promoters in the Smchd1matΔ samples, but with mild (<30%) differences and making up

only 0.5% of all promoters (246 hypermethylated, 10 hypomethylated, 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 SMCHD1 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 zygotic SMCHD1

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 Smchd1matΔ embryos, or rather that each parental allele of Xist was

monoallelically expressed in individual cells. To overcome this limitation, we performed allele-

specific RNA-FISH in E2.75 embryos (Figure 3a). The female wild-type embryos showed only paternal

Xist expression in all cells, as expected for imprinted XCI at the 16-cell stage (Figure 3b and d). By

contrast in the Smchd1matΔ female embryos, Xist was expressed biallelically with maternal Xist
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Figure 2. Maternal deletion of Smchd1 results in aberrant XCI in male and perturbed imprinted XCI in female

E2.75 preimplantation embryos. (a) Distribution of Smchd1matΔ vs wt gene expression log2 fold changes on

autosomes and the X chromosome for male and female 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). (c) Average CpG island (CGI) methylation on the

X chromosomes of individual Smchd1wt and Smchd1matΔ male and female E2.75 embryos. Females: n = 6 wt

and 4 matΔ; males: n = 5 wt and 8 matΔ.

Figure 2–Figure supplement 1. Distribution of Smchd1matΔ vs wt gene expression log2 fold changes on autosomes and the X chromosome for

male and female E2.75 embryos, retaining only matΔembryos with loss of Xist imprinting.

Figure 2–Figure supplement 2. Whole-genome differential methylation analysis between female Smchd1matΔ and wild-type E2.75 embryos. For

CpG islands (CGIs, 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 Smchd1matΔ embryos. Significant Differentially Methylated Regions

(DMRs, FDR < 5% and absolute difference in methylation > 20%) are coloured in red (hypermethylation) or blue (hypomethylation). Females: n = 6

wt and 4 matΔ.
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detectable in a subset of cells (from 2 out of 16, up to 13 out 16 cells, Figure 3b and d). In males,

we observed maternal Xist only in Smchd1matΔ embryos (Figure 2c and e), also in a subset of cells,

which was consistent with the transcriptomic data. Therefore the detection of both paternal and

maternal Xist in the female Smchd1matΔ transcriptomes was not due to an alternating pattern of

mono-allelic expression, as seen in random X-chromosome inactivation 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.

We reasoned that the onset of zygotic SMCHD1 expressionmay restore silencing of maternal Xist.

To test this, we performed 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 Smchd1matΔ

embryos was restored to the wild-type pattern: only paternal Xist expression in female embryos

and no Xist expression in male embryos (Figure 3f-i). This suggests that the underlying imprint was

successfully set up in oocyte development and maintained through the first 4–5 cell divisions in

the absence of maternal SMCHD1, allowing zygotic SMCHD1 to rescue the loss of imprinted Xist

expression. This places SMCHD1 downstream of the Polycomb-dependent imprint, similar to what

we proposed for other non-canonically imprinted genes (Wanigasuriya et al., 2020).

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 (Wanigasuriya et al., 2020). 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 matΔ, wild-type and heterozygous (paternally transmitted mutation) embryos. Comparing

with heterozygous samples allowed to account for potential haploinsufficiency for Smchd1 after

zygotic SMCHD1 activation. Allelic Xist expression in Smchd1matΔ samples was indistinguishable

from that of wild-type samples, consistent with the restored imprinted Xist expression by E3.5

(Figure 4a). Expression from the active X chromosome was also largely normal in heterozygous

and Smchd1matΔ samples (Figure 4b, left panels). From the paternal inactive X however, 36 out of

179 informative genes were upregulated (informative: expressed and containing a SNP; 5% FDR)

in heterozygous samples (Figure 4b, top right panel), while 107 out of 213 informative genes (5%

FDR) were upregulated in the Smchd1matΔ samples (Figure 4b, bottom right panel). There were 34

X-linked genes that were upregulated in both genotypes (Figure 4c). These common genes tended

to have larger log2 fold changes in the maternal null samples (p < 0.001, paired t-test, Figure 4d).

This showed that while Smchd1 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 SM-

CHD1’s role in the methylation of CpG islands, we performed Reduced Representation Bisulfite

Sequencing (RRBS) in Smchd1matΔ and wt female E14.5 placentae. CpG island methylation was

reduced in Smchd1matΔ placentae, from 25% median methylation to 15% (Figure 4e). The low level

of methylation observed in the placental tissue is as expected as this tissue has less methylation

than embryonic tissues (Schroeder et al., 2015). The failure to silence Xi genes was thus correlated

with a failure 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 Smchd1 activation, despite normal Xist expression at E3.5 and E14.5.
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Figure 3. Maternal deletion of Smchd1 results in transient biallelic Xist exist expression in morula. (a) Schematic

representation of the allele-specific Xist RNA FISH. (b,c) Imaging of female (b) and (c) male wt and Smchd1matΔ

E2.75 embryos. Maternal (BL6) and paternal (Cast) alleles are indicated by coloured arrows. (d,e) Percentage

and number of cells in E2.75 female (d) and male (e) embryos with maternal, paternal or biallelic Xist expression.

(f,g) Imaging of female (f) and (g) male wt and Smchd1matΔ E3.5 embryos. (h,i) Percentage and number of cells in

E3.5 female (h) and male (i) embryos with maternal, paternal or biallelic Xist expression. Scale bar: 50µm.

Numbers of embryos and cells scored are indicated on the figure.
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Figure 4. Maternal deletion of Smchd1 results in failed silencing of the Xi in E14.5 placentae despite normal Xist

expression. (a) Xist expression separated by maternal allele, paternal allele or total counts (without haplotyping)

in female Smchd1matΔ or wt E14.5 placentae. The reads are shown as a proportion of the total library size

(counts per million, CPM) before haplotyping. (b) Differential gene expression between Smchd1het and Smchd1wt

E14.5 placentae, and Smchd1matΔ and Smchd1wt in E14.5 placentae split by alleles. X-linked genes are coloured,

differentially expressed genes that pass the genome-wide 5% FDR are circled. Average expression in log2 cpm.

The paternal X is the inactive X is mouse placenta. (c) Overlap between genes that are significantly differentially

expressed in Smchd1het and in Smchd1matΔ placentae. (d) Comparison of the log2 fold changes of the

differentially expressed genes common to the Smchd1het and Smchd1matΔ placentae. p = 8e-5, paired t-test. (e)

Distribution of CpG island methylation on the Xi and Xa in Smchd1matΔ and Smchd1wt E14.5 female placentae. Xi:

p < 1e-6; Xa: p = 2e-5; paired t-tests. n = 4 MMTV-Cre Smchd1matΔ and n = 5 wt; n = 6 het and littermate n = 4 wt

control E14.5 placentae.
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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 (Wanigasuriya et al.,

2020). 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 (Inoue et al.,

2017;Mei et al., 2021; Chen et al., 2021). 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. (2019) and Inoue et al. (2017) 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 Smchd1 deletion we observed neither sex-specific embryonic lethality

(Wanigasuriya et al., 2020) nor random 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 rescue of maternal Xist silencing,

coinciding with zygotic SMCHD1 synthesis, as an indication that the underlying Polycomb imprint

on Xist remained intact. This once again places SMCHD1 downstream of the Polycomb machinery.

Recent work has shown that PRC1-depositedH2AK119ub is also involved in imprinted Xist expression

and imprinted XCIMei et al. (2021); Chen et al. (2021). Since a PRC1-dependent model of SMCHD1

recruitment has been reported for the inactive X (Jansz et al., 2018b;Wang et al., 2019), 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 SMCHD1, at autosomes as well

as at the X chromosome.

Although Xist loss of imprintingwas only transient, the absence of SMCHD1 for the first three days

of embryonic 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 was able to initiate gene silencing on the X chromosome

in male E2.75 embryos lacking SMCHD1, and paternal X silencing was not abolished in E2.75

Smchd1matΔ female embryos. However, silencing efficiency was reduced in these females, which

might be attributable to several factors. Biallelic Xist expression may delay the commitment to

silencing or dilute silencing between the two X chromosomes. Alternatively, maternal SMCHD1

could contribute to some of the early paternal X silencing in addition to its role in imprintedmaternal

Xist repression. More surprisingly, X inactivation defects were observable 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 Smchd1 haploinsufficiency.

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 persisting disruption to epigenetic silencing bore similarities

with two other maternal effects seen in embryos with maternal Smchd1 deletions: the partial loss of

autosomal imprinting in the mid-gestation placentae (Wanigasuriya et al., 2020) and the disrupted

Hox gene regulation in tissue of the embryo-proper (Benetti et al., 2021).

From this cumulative evidence, it is clear that maternal SMCHD1 is required during preimplanta-

tion development to set up an epigenetic state that is required for correct gene regulation later

on. What this particular epigenetic state is and how SMCHD1 creates it remains obscure, but it is

tempting to speculate that, like for SMCHD1 recruitment, a single mechanism explains SMCHD1’s

mode of action for both maternal and zygotic SMCHD1, at all of its diverse targets. SMCHD1 is

required for the repression of Hox genes, protocadherin clusters, imprinted genes, the inactive X,
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and tandem repeat arrays (Jansz et al., 2018a; Benetti et al., 2021; Gendrel et al., 2012; Chen et al.,

2015;Mould et al., 2013; Blewitt et al., 2008; Lemmers et al., 2012; Gdula et al., 2019). All these

targets display abundant Polycomb marks. In the absence of SMCHD1, H3K27me3 spreads and

H3K9me3 is lost on the Xi (Jansz et al., 2018b; Ichihara et al., 2021). SMCHD1’s role at its targets

may be to facilitate the positive feedback loops of Polycomb repression (Blackledge and Klose,

2021), 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 mechanism would be conceptually close to what has been proposed for plant MORC

proteins, GKHL ATPases like SMCHD1, which are proposed to anchor a chromatin silencing pathway

to target loci (Xue et al., 2021). 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 (Chen et al., 2015; Jansz et al., 2018a; Gdula et al., 2019). 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 (Jansz et al., 2018a;Wang et al., 2018). The potential role of SMCHD1 in so-

lidifying initial silencing by Polycombmay then allow some of its targets to transition to other modes

of repression, in particular H3K9 methylation and DNA methylation. Preimplantation Polycomb

imprints acquire secondary DNA methylation and H3K9me2 in the placenta Hanna et al. (2019);

Chen et al. (2019); Zeng et al. (2021); Andergassen et al. (2021); Raas et al. (2021), similar to the

Xi CpG islands becoming methylated by DNMT3B and H3K9me3 accumulating on the Xi (Gendrel

et al., 2012; Keniry et al., 2016; Ichihara et al., 2021). In the absence of SMCHD1, these transitions

fail: DNA methylation at non-canonical imprinted gene Jade1 does not accumulateWanigasuriya

et al. (2020), nor does Xi CpG island methylation (Gendrel et al., 2012)(this study).

SMCHD1 links together epigenetic processes that appear more and more closely related as

our knowledge increases. Non-canonical imprinting, imprinted X inactivation, aspects of canonical

imprinting and random X inactivation all borrow from the same Polycomb/SMCHD1/H3K9me/DNA

methylation toolbox. Each process offers awindow into a general but complex interplay 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 in-house ethics approval committee (approval

numbers 2014.026, 2018.004, 2020.048 and 2020.050).

Smchd1matΔ embryos were produced from a cross between Smchd1-/fl MMTV-CreT/+ dams and

CAST/EiJ sires. Smchd1het embryos were produced from the reciprocal cross. Control Smchd1wt

embryos were produced from crosses between Smchd1fl/fl MMTV-Cre+/+ dams and CAST/EiJ sires,

and as littermates of the Smchd1het embryos.

TheMMTV-Cre Smchd1-/fl linewas generated by backcrossingMMTV-Cre transgene line A (Wagner

et al., 1997) onto the C57BL/6 background from the FVB/N background formore than 10 generations.

These mice contain a combination of Smchd1 deleted allele (Smchd1-) in trans to the Smchd1 floxed

(Smchd1fl) allele (de Greef et al., 2018). The CAST/EiJ strain used to achieve polymorphism necessary

for allele-specific analyses was purchased from the Jackson laboratories.

Single-embryo methylome and transcriptome sequencing

Embryo collection, library preparation and data preprocessing were as described inWanigasuriya

et al. (2020). 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 TrimGalore! v0.4.4, before mapping onto the GRCm38 mouse genome reference N-masked
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for Cast SNPs prepared with SNPsplit v0.3.2 (Krueger and Andrews, 2016) with HISAT2 v2.0.5 (Kim

et al., 2015), in paired-end mode and disabling soft-clipping. Gene counts were obtained in R 3.5.1

(R Core Team, 2019) from bam files with the featureCounts function from the Rsubread package

v1.32.1 (Liao et al., 2014, 2019), provided with the GRCm38.90 GTF annotation downloaded from

Ensembl, and ignoring multi-mapping or multi-overlapping reads. Lowly expressed genes were

filtered out with the filterByExpr function with option min.prop = 0.33 in edgeR v3.24.0

(Robinson et al., 2010; McCarthy et al., 2012). Gene counts were normalised with the TMM method

(Robinson and Oshlack, 2010). Differential gene expression between the Smchd1matΔ and Smchd1wt

embryos was performed using the glmFit and glmLRT functions. P-values were corrected with

the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Differential expression results

were visualized with Glimma 2.2.0 (Su et al., 2017; Kariyawasam et al., 2021).

Whole-genome bisulfite analysis of single E2.75 embryos was performed as in (Wanigasuriya

et al., 2020).

Bulk RNA-seq

RNA-seq libraries from the embryonic portion of E14.5 mouse placentae were made as described in

Wanigasuriya et al. (2020). Differential expression analysis was performed using the same strategy

as for the above single-embryo RNA-seq.

RRBS

Library preparation and analysis was identical toWanigasuriya et al. (2020).

Allele-specific RNA-FISH on preimplantation embryos

Probe preparation

Allele-specific Xist RNA FISH probes were generated as described (Levesque et al., 2013). Briefly,

a set of short oligonucleotide probes (5 probes for each Xist allele) were designed to uniquely

detect either the Bl6 or the Cast alleles of Xist exon 7. Each probe contained single nucleotide

polymorphism (SNP) located at the fifth base pair position from the 5’ end that differs between

the Bl6 and Cast. The 3’ end of each oligonucleotide probe was fluorescently tagged using Quasar

dyes (Biosearch technologies). Bl6-specific oligos were labelled with Quasar 570 and Cast-specific

oligos labelled with Quasar 670. In addition to labeled SNP-overlapping oligonucleotides, a panel

of 5 ‘mask’ oligonucleotides were also synthesized (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 50ng of an Xist cDNA clone (Wutz and Jaenisch, 2000). Briefly,

the PCR reaction contained cDNA, 5x Phusion HF reaction buffer (Cat # 13058S), 1µL Phusion Taq,

10mM dNTP, and 10µM per forward and reverse primers. PCR cycle conditions were 98°C for 2

minutesutes; 30 cycles of 98°C for 30 seconds, 58°C for 30 seconds and 72°C for 30 seconds; 72°C

for 4 minutes. 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 (Hinten et al., 2016).

Probe was re-suspended in hybridisation buffer containing 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 minutes. 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 minutes. Embryos were fixed and permeabilised with 50µL of 1% PFA in

1x PBS with 0.05% Tergitol for 5 minutes. Embryos were rinsed with three changes of 70% ethanol

then dehydrated through an ethanol series (85%, 95%,100%) 2 minutes each at room temperature.

Samples were then air-dried for 5–10 minutes.
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Allele-specific Xist RNA FISH was performed on these embryos as previously described (Harris

et al., 2019). The precipitated guide RNA probe was mixed with the Bl6 and Cast detection probes,

to a final concentration of 5nM per allele-specific oligo, and 10nMmask 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 minutes, followed by one wash in 2X SSC for five minutes at

room temperature. A 1/250,000 dilution of DAPI (Invitrogen, 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 a LSM 880 (Zeiss) microscope.
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Appendix 1

Supplementary files
1. tables of differential expression results: male and female E2.75 matΔvs wt embryos

(total and allelic), female E14.5 matΔvs wt placentae (allelic), female E14.5 het vs wt

placentae (allelic).

2. tables of differential methylation results: female E2.75 matΔvs wt embryos in 10 kb

windows, at promoters and at CGIs.
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Figure 1–Figure supplement 1. DNA methylation at the X inactivation center in female and male

E2.75 wt embryos and Smchd1matΔ embryos. Histogram tracks show methylation in single embryos

at individual CpG sites (0–100%, 4 wild-type and 4 matΔembryos 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 averagemethylation per genotype across 10 kbwindows (sliding by 5 kb, 0–100%).

Females: n = 6 wt and 4 matΔ; males: n = 5 wt and 8 matΔ.
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Figure 2–Figure supplement 1. Distribution of Smchd1matΔ vs wt gene expression log2 fold changes

on autosomes and the X chromosome for male and female E2.75 embryos, retaining only matΔem-

bryos with loss of Xist imprinting.
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Figure 2–Figure supplement 2. Whole-genome differential methylation analysis between female

Smchd1matΔ and wild-type E2.75 embryos. For CpG islands (CGIs, 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 Smchd1matΔ embryos.

Significant DifferentiallyMethylated Regions (DMRs, FDR < 5%and absolute difference inmethylation

> 20%) are coloured in red (hypermethylation) or blue (hypomethylation). Females: n = 6 wt and 4

matΔ.
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