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Genomic imprinting establishes allele-biased expres-
sion of a suite of mammalian genes based on their
parent of origin. Imprinted expression is achieved
via parent-of-origin specific epigenetic marks un-
der the control of maternal effect proteins supplied
in the oocyte. Here we report Structural mainte-
nance of chromosomes hinge domain containing 1
(Smchd1) as a novel maternal effect gene that reg-
ulates the imprinting of 16 genes. The majority
of these genes only show loss of imprinting post-
implantation, indicating maternal Smchd1l imparts a
long-lived epigenetic effect. Smchdl-sensitive genes
include both those controlled by germline poly-
comb marks and by germline DNA methylation im-
prints. In contrast to other known maternal effect
genes affecting the latter set of genes, maternal Sm-
chdl does not affect germline DNA methylation im-
prints. Smchdl-sensitive genes are united by their
reliance on polycomb-mediated histone methylation
as germline or secondary imprints, suggesting Sm-
chdl acts downstream of polycomb imprints to me-
diate its function. We propose that Smchdl trans-
lates these imprints to establish a heritable chro-
matin state required for imprinted expression later
in development. We have shown Smchdl is a novel
maternal effect gene required for imprinted expres-
sion that operates via a new mechanism for maternal
effect genes.
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Introduction

Genomic imprinting describes the process that enables
monoallelic expression of a set of genes according to
their parent of origin (1, 2). Classically, these im-
printed genes are located in clusters. Disruption of
imprinting at specific gene clusters leads to imprint-
ing disorders. For example, loss of imprinting at the
SNRPN cluster is responsible for Prader Willi syn-
drome or Angelman syndrome, and loss of imprinting
at the IGF2/H19 and KCNQ1 clusters is responsible
for Beckwith-Wiedemann syndrome (3-10). Imprinted
expression is enabled by germline DNA methylation or

histone methylation imprints that resist preimplanta-
tion reprogramming and therefore retain their parent-of-
origin specific marks (11-14). Evidence to date suggests
that proteins found in the oocyte establish the imprints
and enable them to resist preimplantation reprogram-
ming. In this way these maternally derived proteins
control imprinted expression. To date only a small num-
ber of such maternal effect genes have been identified,
including Trim28, Zfp57, Stella, Rlim, Nilrp2, Dnmt3L,
Dnmtlo and Eed (13-23).

Smchdl is an epigenetic modifier, the zygotic form of
which is required for both X chromosome inactivation
(24, 25) and silencing of clustered autosomal loci, includ-
ing genes at the Snrpn and Igf2r-Airn imprinted clus-
ters (26-29). SMCHDI1 function is also relevant in the
context of disease (30). Heterozygous mutations in SM-
CHD1 are found in two distinct human disorders: loss
of function mutations in facioscapulohumeral muscular
dystrophy (FSHD) (31), and potentially gain of func-
tion mutations in the rare craniofacial disorder Bosma
arhinia and microphthalmia (BAMS) (32-34). The role
of SMCHDI1 in normal development and disease has led
to an increase in interest in how and when it contributes
to gene silencing at each of its genomic targets.

Recent work by our group and others has shown that
Smchdl is required for long range chromatin interac-
tions on the inactive X chromosome (28, 35, 36), and
at its autosomal targets including the imprinted loci
(28). In cells lacking Smchdl, other epigenetic reg-
ulators are enriched at Smchdl targets, for example,
CCCTC- binding factor (Ctcf) binding is enhanced at
the inactive X chromosome and the clustered protocad-
herins (26, 35, 36). The inactive X also shows an ac-
cumulation of polycomb repressive complex 2-mediated
histone 3 lysine 27 trimethylation (H3K27me3) in the
absence of Smchdl (28). These data led to a model
where Smchd1l-mediated chromatin interactions insulate
the genome against the action of other epigenetic regu-
lators, such as Ctcf (26, 28, 35, 36); however, it is not
known whether this model holds true for all Smchd1 tar-
get genes.

Based on Smchdl’s known role at some imprinted clus-
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ters (26-29) and its expression in the oocyte (37), we
sought to test the role of oocyte-supplied maternal Sm-
chdl in regulating imprinted gene expression.

Here we show that Smchdl is a novel maternal effect
gene, required for imprinted expression of at least 16
genes. Unlike other known maternal effect genes, with
the exception of Eed, deletion of maternal Smchd1 does
not disrupt germline DNA methylation imprints during
preimplantation development or later in gestation. In-
terestingly, some genes that show perturbed imprinted
expression later in development in the absence of ma-
ternal Smchdl are not expressed in the preimplantation
period.

These data lead us to propose that Smchdl operates via
a distinct mechanism for a maternal effect gene, where,
based on the imprints, it establishes an epigenetic mem-
ory later required for imprinted expression.

Results

Genetic deletion of maternal Smchdl. To determine
whether maternally derived Smchd1 is required for auto-
somal imprinting, we deleted Smchd? in the oocyte using
MMTV-Cre or Zp3-Cre (Fig. 1a). Contrary to previous
reports where Smchd1l depletion by siRNA knockdown
in preimplantation embryos resulted in reduced blasto-
cyst formation, hatching and survival to term (37, 38),
we found no embryonic or preweaning lethality following
maternal deletion of Smchd1 (Fig. Sla).

Using MMTV-Cre, Smchdl was deleted progressively
from the early secondary to antral follicle stages of
oocyte development, whereas Zp3-Cre deleted earlier, in
the primary follicle (Fig. 1b). Using our Smchd1-GFP
fusion knock-in mouse (28), we found that paternally
encoded native Smchd1-GFP protein was not detectable
until the 16-cell stage (Fig. 1c). We confirmed the ex-
pression by immunofluorescence and found very low lev-
els of paternal Smchd1l switching on from the 8-cell stage
(Fig. S1b), but its expression is much lower than ma-
ternal Smchdl at this time (Fig. 1d). Together these
data suggest maternal Smchdl is the primary source of
protein until at least the 32-cell stage. These data de-
fine the period of maternal deletion of Smchdl in each
model.

Using the same approach we also confirmed that mater-
nal Smchdl localises to the nucleus in the preimplan-
tation period (Fig. 1d), as expected if Smchdl plays a
functional role in gene silencing at this time.

Maternal Smchdl regulates the imprinting of known
Smchdl targets. Using this system, we analysed the ef-
fect of maternal Smchdl on expression using RNA-seq
in male Smchdl maternally deleted (Smchd1™2*2) E9.5
embryos and the embryonic portion of E14.5 placentae.
Females were not examined due to the confounding role
of Smchdl in X chromosome inactivation. We found
only five consistently differentially expressed genes be-
tween SmchdI™*2 and control placental samples from
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Fig. 1. Maternal deletion of Smchdl during oocyte development depletes
Smchd1 until the 16-cell embryonic stage. a. Schematic for maternal deletion
of Smchdl. b. Deletion of Smchdl in oocyte development with MMTV-
Cre and Zp3-Cre. Arrowheads indicate primordial follicle oocyte nuclei, white
dotted lines surround primary—antral follicle oocytes. Smchdl (magenta), c-
Kit (yellow), DAPI (cyan). n = 15-27 sections for 2 ovaries per cohort. A
total of 5-20 follicles were observed for primordial to late secondary stages and
2-3 antral follicles for each genotype. c. Detection of paternal Smchd1-GFP
from day 1.5 to 3.5 in preimplantation embryos. Smchd16FP/GFP embryos were
used as positive controls. d. Detection of maternal Smchd1-GFP in the nuclei
of E2.5 (8-cell) embryos, with SmchdI*/* used as negative controls. Nuclei
marked with DAPI (cyan). Scale bar: 50 pm.

both Cre models (Fig. Slc-e), and limited differential
expression in the E9.5 embryos analysed (MMTV-Cre,
Fig. S1f). These data suggest removal of maternal Sm-
chd1l does not have a striking effect on gene expression.
These data are consistent with no observable effect on
viability by deletion of maternal Smchdl (Fig. Sla).

To examine the role of maternal Smchdl in imprinted
expression we took advantage of the single nucleotide
polymorphisms within the same C57BL/6 x CAST/EiJ
F1 samples for allele-specific analyses (Fig. la). We
observed consistent effects on imprinted expression with
both Cre strains, suggesting that the stage of deletion
during oogenesis does not influence outcome (Fig. S2a).
Therefore, we pooled data from both Cre strains for sta-
tistical analyses. We imposed a 5% FDR as well as an
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Fig. 2. Maternal deletion of Smchdl results in partial loss of imprinting at known Smchdl-sensitive clusters. a-b. Expression of the silent allele as a proportion
of total expression of the gene, obtained by allele-specific RNA-seq from the embryonic portion of the placenta of Smchdl maternal null conceptuses. Green lines
indicate Smchd1 binding sites determined by ChlP-seq. Expression data for a. Snrpn cluster genes on chromosome 7 and b. /gf2r cluster genes on chromosome 17.
c. Percentage methylation (% mC) on the maternal and paternal alleles at primary and secondary DMRs at Snrpn and Igf2r clusters in Smchdl maternal null
(matA) and wild-type (wt) placental samples. * p < 0.05, ** p < 0.01, ¥** p < 0.001, when the difference in mean silent allele proportions between genotypes
is of at least 5%. RNA-seq: n = 6 MMTV-Cre, n = 4 Zp3-Cre wild-type (wt); n = 7 MMTV-Cre, n = 4 Zp3-Cre Smchdl maternal null (matA) E14.5 placental
samples. RRBS n = 4 MMTV-Cre for both matA and wt E14.5 placental samples.

absolute difference in the proportion of the RNA derived
from the silenced allele greater than 5% to call differen-
tial imprinted expression.

E14.5 Smchd1™a*A placentae displayed partial loss of
imprinted expression at known Smchdl-sensitive genes
in the Snrpn cluster (Magel2, Peg12 and Ndn, Fig. 2a,
Additional file 1) and the Igf2r-Airn cluster (Slc22a3,
Fig. 2b, Additional file 1), shown as an increase in the
proportion of the RNA derived from the silenced allele
(Fig. S2b).

Far fewer genes are imprinted in the embryo compared
with the placenta, however partial loss of imprinted ex-
pression was also observed at Pegl2 and Ndn in E9.5
embryos (Fig. S2c, Additional file 1).

Maternal deletion of Smchd1 does not affect germline
DMRs. We analysed DNA methylation at imprinted dif-
ferentially methylated regions (DMRs) by reduced repre-
sentation bisulfite sequencing (RRBS) in male E14.5 pla-
centae and found that despite partial loss of imprinted
expression in Smchd™?*2 samples, DNA methylation
at germline DMRs was maintained (Fig. 2c¢, Additional
file 2). We and others previously showed that Smchdl
null embryos display hypomethylation of the Peg12 sec-
ondary DMR (27, 29), however this region is not methy-
lated in placenta so we could not directly compare with
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our current data.

These data show Smchdl is a maternal effect gene re-
quired for autosomal imprinting at genes where zy-
gotic Smchdl also plays a role, and this occurs without
changes to germline DMR methylation.

New imprinted genes under the control of maternal
Smchdl. We next analysed all other imprinted genes
and observed partial loss of imprinted expression of 9 ad-
ditional genes across 7 chromosomal locations in placen-
tal samples. These included Kcngl cluster genes Tssc4
and Ascl2 on chromosome 7, and Jade! and Platr4 that
are co-located on chromosome 3 (Fig. 3a and b, Ad-
ditional file 1). Additionally, imprinted genes Sfmbt2,
Smocl, Pdel0a, Epop and Sppl showed partial loss of
imprinted expression (Fig. 3b and Fig. S3a, Additional
file 1).

Similarly to the Snrpn and Igf2r-Airn clusters, we de-
tected no DMR, hypomethylation, with one exception at
the Jadel secondary DMR (Fig. 3c, Additional file 2).
Supporting a role for Smchdl in regulating these au-
tosomal imprinted genes, we found Smchdl binding
sites across affected clusters and non-clustered imprinted
genes in somatic cells (Fig. 2a-b, Fig. 3a-b, Fig. S3b).
These data reveal a broader role for Smchdl in autoso-
mal imprinting than previously known.
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Fig. 3. Maternal deletion of Smchd1 results in loss of imprinting at the Kcnql imprinted cluster and lone imprinted genes without changes to primary DMR
methylation. a-b. Expression of the silent allele as a proportion of total expression of the gene, obtained by allele-specific RNA-seq from the embryonic portion of
the placenta of Smchdl maternal null conceptuses. Green lines indicate Smchdl binding sites determined by ChlP-Seq. Expression data for a. Kcnql cluster genes
on chromosome 7, and b. at lone imprinted genes: Sfmbt2, Jadel, 2400006e01Rik and Platr4, Smocl, and PdelOa. c. Percentage methylation (% mC) for each
parental allele at the DMRs for clusters and genes and samples shown in a. and b. Kcnql-11: Kcnql- Intergenicl; Kenql-12: Kcnql-Intergenic2. * p < 0.05, **
p < 0.01, ¥** p < 0.001, when the difference in silent allele proportions is of at least 5%. RNA-seq: n = 6 MMTV-Cre, n = 4 Zp3-Cre wild-type (wt); n = 7
MMTV-Cre, n = 4 Zp3-Cre Smchdl maternal null (matA) E14.5 placental samples. RRBS n = 4 MMTV-Cre for both matA and wt E14.5 placental samples.

Both maternal and zygotic Smchdl contribute to im-
printed expression. Earlier work on Zfp57 and Trim28
showed that either maternal or zygotic deletions resulted
in partially penetrant loss of imprinting, whereas dele-
tion of both maternal and zygotic increased the pene-
trance, evidence that both the oocyte and zygotic supply
of these proteins contribute to imprint regulation (15,
18). To understand the contribution of maternal versus
zygotic Smchdl at imprinted genes, we produced em-
bryonic and placental samples that were wild-type, Sm-
chd ™22 zygotic-deleted (Smchd1?Y82) or maternal-
and-zygotic-deleted for Smchd1 (Smchd1™a%¥&2). The
consequence of our specific breeding scheme was that on
average only half of the imprinted genes in each sam-
ple had the polymorphisms between parental alleles re-
quired for allele-specific analyses (Fig. S4a), and some
genes had no informative samples.

Acknowledging this limitation, we did not identify any
additional Smchdl-sensitive imprinted genes in Sm-
chd 182 or Smchd™2t2Y82 gamples compared with the
maternal deletion alone (Additional file 1). In gen-
eral, we observed a stronger effect of zygotic compared
with maternal Smchd1 deletion on imprinted expression
(Fig. S4b- d). Peg12, Magel2 and Ndn showed com-
plete loss of imprinted expression in Smchd1?8> and
Smchd1™2t2y8A embryos and placentae, compared with
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only partial loss of imprinted expression in Smchd ™4

samples (Fig. 4a, and Fig. S4b). Slc22a3, Sfmbt2 and
Pde10a in Smchd1?Y8> samples also showed significantly
higher loss of imprinted expression compared to Sm-
chd™a*2 samples in placentae (Fig. 4b and c). These
data suggest that maternal and zygotic Smchdl play
partly overlapping roles at imprinted genes.

Maternal Smchdl sets up imprinted expression pre-
implantation without affecting germline DMRs nor
requiring expression of target genes. To directly test
the role of maternal Smchdl in the preimplantation pe-
riod, we carried out allele-specific methylome and tran-
scriptome sequencing of Smchd1™*4 and control 16-
cell stage embryos, a period when maternally derived
Smchd]1 provides the primary supply of Smchdl protein
(Fig. 1c). Although we found minimal differential ex-
pression genome-wide (Fig. S5a), we found 89 genes
with imprinted expression at this stage (Additional file
1), 4 of which showed significant loss of imprinted ex-
pression in the Smchd1™*2 samples (Fig. b5a and b,
Fig. S5b and ¢).

Only two of the 13 maternal Smchd1-sensitive imprinted
genes identified later in gestation were able to be anal-
ysed for differential imprinted expression at this time
based on both expression and coverage of informative
SNPs. One of these two genes, Jadel, showed loss of

Smchd1 is a maternal effect gene required for autosomal imprinting
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Fig. 4. Zygotic deletion of Smchd1 results in more severe loss of imprinting at genes sensitive to oocyte deletion of Smchdl. MMTV-Cre Smchdl oocyte-deleted
data (F1 wt, F1 matA) from Figs.1 and 2, along with samples produced to compare Smchd1 wild-type (wt), oocyte-deleted (matA), zygote-deleted (zygA), and
oocyte-and- zygote-deleted (matzygA) genotypes. Samples from the embryonic portion of the placenta and expression of the silent allele is shown as a proportion
of total expression of the gene, obtained by allele-specific RNA-seq. a. Snrpn cluster genes. b. Igf2r-Airn cluster genes. c. Sfmbt2, Jadel, 2400006e01Rik and

Platr4, Smocl, and Pdel0a genes. * p < 0.05, ** p < 0.01, *** p < 0.001, when

the difference in silent allele proportions is at least 5%. RNA-seq for the zygotic

deletion samples: n = 13 wt, n = 7 matA, n = 8 zygA, n = 6 matzygA for E14.5 MMTV-Cre placentae.

imprinted expression, while the other, Sfmbt2, did not
yet show an effect.

These data suggest Smchdl is already necessary for im-
printing of Jadel, but instead is required for mainte-
nance of imprinted expression for Sfmbt2 (Fig. 5a and
b). Since seven maternal Smchdl-sensitive genes were
not yet expressed or imprinted, these data suggest that
maternal Smchdl imparts a long-lasting effect, indepen-
dent of imprinted expression in the preimplantation pe-
riod.

We analysed DNA methylation in the 16-cell embryos
and again found no differences at germline DMRs (Fig.
5c¢, Additional file 2). This is surprising given that
all other known maternal effect genes that regulate the
same clusters of imprinted genes do so via regulation of
the germline DNA methylation imprints. However, no
change in germline DMR methylation is consistent with
the lack of Smchdl binding at the germline DMRs in
somatic cells (26, 28) (Fig. S3) and the observed loss of
imprinting only occurring at selected genes within the
Snrpn, Kenql and Igf2r-Airn clusters. These data sug-
gest that maternal Smchdl regulates imprinting via a
mechanism that is distinct from that employed by clas-
sic maternal effect genes.

Discussion

Here, we identified Smchdl as a novel maternal effect
gene. For the first time we revealed new clustered and
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non-clustered imprinted genes that are sensitive to dele-
tion of maternal Smchdi. We revealed that each of these
genes are also regulated by zygotic Smchdl. Together
these data dramatically expand the number of imprinted
loci that are sensitive to Smchd1 removal.

Known maternal effect genes act to establish and main-
tain the germline imprints during the preimplantation
period. Interestingly, our data suggest that maternal
Smchdl has a different mechanism of action, as al-
though we observe loss of imprinted expression at three
clusters controlled by germline DNA methylation im-
prints (Snrpn, Kengl and Igf2r-Airn clusters), we see
no change in DNA methylation at these regions, either
preimplantation or later in development. These data
suggest that maternal Smchdl operates via a new mech-
anism compared with the other known maternal effect
genes.

The Smchdl-sensitive imprinted genes fall into two
classes: those in clusters controlled by DNA methylation
at the germline DMR, (canonical imprinted genes), and
more recently discovered imprinted genes regulated in-
stead by H3K27me3 imprints (non-canonical imprinted
genes).

For some non-canonical imprinted genes (Smocl, Jadel,
Sfmbt2), it has recently been shown that the H3K27me3
imprint is lost during preimplantation development and
through an unknown mechanism the imprint is trans-
ferred into a secondary DNA methylation imprint (39).
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contribute to an epigenetic memory downstream of polycomb repressive histone marks.

By contrast, the Kengl and Igf2r-Airn clusters along
with nearby Pdel0a and the Magel2 region of the Snrpn
cluster gain H3K27me3 in post-implantation tissues, de-
pendent on the germline DMR imprint (39), and for
the Kcngl and Igf2r-Airn clusters through the action
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of imprinted long noncoding RNAs (40-42). Interest-
ingly, Dnmt1 knockout studies have shown that while
imprinting of genes located centrally in the Kcngl cluster
is maintained via germline DMR methylation, genes af-
fected by maternal deletion of Smchdl, Tssc4 and Ascl2,
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are maintained via histone modifications (43-45).
Therefore, what appears to unite the Smchdl-sensitive
imprinted genes is their reliance on H3K27me3 either as
a germline or secondary imprint. Based on two lines of
evidence, we suggest that Smchdl acts downstream of
these H3K27me3 imprints.

Firstly, we find the most striking loss of imprinted
expression at both non-canonical and canonical im-
printed genes in Smchd1?8? samples (Fig. 4). These
samples likely have no disruption to Smchdl levels in
the oocyte or preimplantation and therefore the non-
canonical H3K27me3 imprints should remain.

Secondly, we have previously found no effect on
H3K27me3 in Smchdl zygotic null samples at the Sm-
chdl-sensitive clustered imprinted genes, i.e. secondary
H3K27me3 imprints (26). Together these data suggest
Smchd1 acts downstream of H3K27me3 in mediating im-
printed expression (Fig. 6). We have previously shown
that for the inactive X chromosome, Smchdl is recruited
dependent on polycomb repressive complex 1 (46). Po-
tentially, a related pathway exists at these imprinted
clusters.

We propose that Smchdl plays a role in protecting the
repressed imprinted genes from inappropriate activation.
We and others have previously found that cells without
Smchd1 have increased Ctcf binding (26, 35, 36). At Sm-
chdl-sensitive imprinted genes we have found increased
H3K4me2 or H3K4me3 (26, 29). Therefore, we suggest
that Smchdl may ensure that H3K27me3 imprints re-
sult in transcriptional silencing by preventing the action
of Ctcf or other epigenetic activators via an insulating
mechanism.

Conclusions

We have discovered Smchdl is a novel maternal effect
gene required for genomic imprinting. Recently, we
and others discovered that zygotic Smchdl mediates
long-range chromatin interactions at its target genes,
both imprinted regions and elsewhere in the genome
(28, 35, 36). Based on the data presented here, we
propose that Smchdl is required to translate germline
imprints into a chromatin state required to silence ex-
pression at select imprinted clusters. Given that many
Smchd1-sensitive imprinted genes are not yet expressed
in the preimplantation period, we hypothesize the chro-
matin state that maternal Smchdl establishes, provides
a long-lived epigenetic memory (Fig. 6). This work
opens a new avenue to understand how imprinted ex-
pression is established during development and may be
relevant for patients with SMCHD1 mutations.

Methods

Mouse strains and genotyping. The MMTV-Cre transgene
line A (47) was backcrossed for more than 10 generations
onto the C57BL/6 background from the FVB/N background
for use in this study. This was used in combination with
a Smchdl deleted allele (SmchdI™) in trans to the Smchdl!
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floxed (Smchdi®) allele (48). The Smchdl™ allele was gener-
ated from the Smchdi? allele using a line of C57BL/6 mice
expressing a constitutive Cre transgene (49). The Smchdif
and Smchd1P®! lines were produced and maintained on the
C57BL/6 background. The Zp3-Cre line was backcrossed
onto the Smchd1? allele (50).

The CAST/EiJ strain was purchased from the Jackson labo-
ratories. To study loss of zygotic Smchdl along with loss
of oocyte Smchdl, we produced an F1 line of mice from
CAST/EiJ strain dams mated with C57BL/6 Smchd1”®/+
sires. By mating with C57BL/6 Smchd1P®V/+ dams or Sm-
chd1PeY ﬂ; MMTV-Cre/* dams we could generate embryos
where on average half of the imprinted clusters would have
a CAST/EiJ allele in trans to C57BL/6, (and therefore be
informative for allele-specific analyses) and also be null for
Smchdl.

The Smchd19FF allele was backerossed to C57BL/6 for more
than 10 generations, and kept as a homozygous breeding line
as previously described(28).

Genotyping for the Smchdl alleles and sex chromosomes was
done as previously described (28). The Cre transgenes were
genotyped using a general Cre PCR as previously described
(51).

All post-implantation embryos were generated via natural
timed matings. All preimplantation embryos were generated
following superovulation as previously described (52).

All illustrations of embryos were adapted from the atlas
of embryonic development (53) https://creativecommons.
org/licenses/by/3.0/.

Embryo, placental and ovary dissections. The embryonic por-
tion of the E14.5 placenta was dissected as previously de-
scribed (29). The dissection was learnt using a GFP trans-
gene that is transmitted from the sire, and therefore only
present in the embryonic portion of the placenta. The yolk
sac or a portion of the embryo was taken for genotyping,
while the placental piece was snap frozen for later RNA and
DNA preparation. The E9.5 embryos were dissected and
snap frozen whole.

Sectioning and immunofluorescence studies of ovary. The
ovaries from 6-14-week-old mice were harvested and fixed in
10% formalin overnight. Immunofluorescence was performed
on paraffin embedded, serially sectioned (4 pm) ovaries. A
total of 5-9 slides (3 sections per slide) were assessed from
each ovary. Briefly, paraffin sections were dewaxed in histo-
lene and heat-induced epitope retrieval was performed in 10
mM sodium citrate buffer (pH 6). Sections were blocked in
10% donkey serum (Sigma Aldrich, D9663) in Tris-sodium
chloride (TN) buffer with 3% Bovine Serum Albumin (BSA)
(Sigma Aldrich, A9418). Sections were then incubated with
buffer only (as negative controls) or primary antibodies for
24 hours at 4°C in TN with 1% BSA in the following di-
lutions: 1:100 SMCHD1 #5 or #8 (own derivation) and
1:500 CD117/c-kit Antibody (NOVUS af1356). Donkey anti-
Goat Alexa 488 (ThermoFisher Scientific, A-11055) and Don-
key anti-Rat IgG DyLight 550 (Invitrogen, SA5-10027) sec-
ondary antibodies were applied at 1:500 in TN after washing.
Slides were cover-slipped with ProLong™ Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific, MA, USA,
P36931) and imaged via a confocal Nikon Eclipse 90i (Nikon
Corp., Tokyo, Japan) microscope. Images were processed
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and analysed using FI1JI software (54). A minimum of 5 fol-
licles for primordial, late secondary follicles and 2-3 antral
follicles were tracked and imaged across multiple sections for
each genotype.

Native GFP imaging of preimplantation embryos. Preim-
plantation embryos were collected by flushing oviducts/uteri
at 2-cell, 4-cell, 8-cell, 16-cell, 32-cell and blastocyst stages,
at E1.5, E2.0, E2.25, E2.75, E3.5 as described previously

(55).  Embryos collected from Smchd1STF/SFP females

crossed Smchd1GFP/GFP males were used as positive controls

and embryos from Smchd1t/+ parents were used as negative
controls simultaneously with the test embryos to ensure aut-
ofluorescence could be accounted for in imaging for GFP.
Preimplantation embryos were fixed with 4% paraformalde-
hyde for 10 min, washed with PBS and imaged in Fluorobrite
DMEM media (ThermoFisher scientific A1896701) using an
AxioObserver microscope (Zeiss) at 20x magnification. Im-
ages were processed and analysed using FIJI software (54).
For each experiment at least 3 embryos were scored.

Immunofluorescence of preimplantation embryos. Embryos
were collected from Smchd1SFP/GFP females crossed with
Smchd1t/* male and Smchdi®/* females crossed with Sm-
chd1CGFP/GFP 1ale as tests, Smchd1t/T crossed with Sm-
chd1/ as negative controls, and Smchd1SFF/GFP females
crossed Smchd1SFF/GFP male as positive controls at 8-cell,
12-16-cell and 24-32-cell stage embryos. The zona pellu-
cida was removed using Acid tyrodes solution (Sigma T1788),
then embryos washed with M2 solution (Sigma M7167) and
fixed with 2% PFA for 20 min at room temperature. Embryos
were permeabilized in 0.1% Triton-X100 (Sigma T8787) in
PBS for 20 min at room temperature. Embryos were blocked
in 0.25% gelatin in PBS (gelatin, Sigma, G1393) for 20 min at
room temperature. Embryos were transferred to primary an-
tibody, rabbit anti-GFP (Thermofisher A11122, lot 2015993)
diluted in block and incubated for 1 hour. Embryos were
washed with PBS then transferred to secondary antibody,
anti-rabbit Alexa 488 (Thermofisher A21206, lot 1874771)
diluted in block and incubated for 40 min in a dark humid-
ified chamber. The embryos were finally washed with PBS,
stained with DAPI for 10 min, washed with PBS again and
mounted into Vectashield H-1000 (Vector labs). The embryos
were imaged using the Zeiss LSM 880 system, 40x magnifi-
cation with airyscan processing. Images were processed and
analysed using FIJI software (54). Negative and positive
controls were used to normalise fluorescence signal.

Bulk RNA and DNA preparation from embryos and placen-
tae. RNA and DNA were prepared from snap-frozen samples
either using a Qiagen All prep kit (Qiagen, Cat # 80204),
or a Zymo Quick DNA/RNA miniprep plus kit (Zymo re-
search, Catalog # D7003). DNA and RNA were quantified
using nanodrop (Denovix DS-11 spectrophotometer).

Bulk RNA-sequencing and analysis. Libraries were prepared
using TruSeq V1 or V2 RNA sample preparation kits from
500 ng total RNA as per manufacturers’ instructions. Frag-
ments above 200 bp were size- selected and cleaned up using
AMPure XP magnetic beads. Final cDNA libraries were
quantified using D1000 tape on the TapeStation (4200, Agi-
lent Technologies) for sequencing on the Illumina Nextseq500
platform using 80-bp, paired-end reads.
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RNA-seq reads were trimmed for adapter and low quality se-
quences using TrimGalore! v0.4.4, before mapping onto the
GRCm38 mouse genome reference N-masked for CAST/EiJ
SNPs (prepared with SNPsplit v0.3.2 (56) with HISAT2
v2.0.5 (57), in paired-end mode and disabling soft-clipping.
Alignments specific to the C57BL/6 and CAST/EiJ alleles
were separated using SNPsplit v0.3.2 in paired-end mode.
Gene counts were obtained in R 3.5.1 (58) from the split
and non-split bam files with the featureCounts function from
the Rsubread package (1.32.1 (59, 60)), provided with the
GRCm38.90 GTF annotation downloaded from Ensembl,
and ignoring multi-mapping or multi-overlapping reads.
Because the samples for the maternal and zygotic deletion
experiment are first-generation backcrosses of CastB6F1s to
C57BL/6, differential expression between alleles can only be
performed in genomic regions that are heterozygous (half of
the genome, on average). To identify these regions for each
sample, we fit a recursive partition tree with R rpart (58, 61,
62) function to the proportion of CAST/EiJ reads in each
100-kb bin tiling the genome, with options minsplit = 4, cp
= 0.05.

Genes were defined as expressed and retained for differen-
tial expression analysis if they had at least one count per
million (cpm) in at least a third of the libraries in the non-
haplotyped data.

For analysis of global expression changes, total (non-
haplotyped) counts were normalised in edgeR (3.24.0 (63,
64)) with the TMM method (65), and differential expres-
sion analysis performed with quasi-likelihood F-tests (66). P-
values were corrected with the Benjamini-Hochberg method
(67). Differential expression results were visualised with
Glimma (1.10.0 (68)), with differential expression cut-offs of
adjusted p-value < 0.05 and log2-fold-change > 1. Plots
were generated in R with the ggplot2(69), cowplot (70), gg-
beeswarm (71), ggrepel (72), ggrastr (73), and pheatmap (74)
packages.

Testing for changes in imprinted expression was performed as
follows: we compiled a list of all 316 known mouse imprinted
genes and kept autosomal genes expressed in the experiment
of interest (based on total counts, as above). To determine
whether they were imprinted in the tissue of interest, we
then fitted a logistic regression with the glm function from
the stats package (58) on the maternal and paternal counts
for each gene in the wild-type samples and retained the genes
with an absolute log-ratio of expression greater than or equal
to log(1.5). Genes without on average at least 10 haplotyped
counts per sample for each genotype were also excluded from
further analysis.

To investigate the effect of Smchdl oocyte-deletion on im-
printed expression, we used edgeR’s paired sample design
(75) with tagwise dispersion to model the maternal and pa-
ternal counts as a function of genotype (and Cre-deletion,
in the case of placental samples where we had both Zp3-Cre
and MMTV-Cre samples). We tested the effect of genotype
with a likelihood ratio test. P-values were corrected with the
Benjamini-Hochberg method. Genes were considered differ-
entially imprinted when the adjusted p-value was less than
0.05 and the absolute difference in silent allele proportion
average between wild-type and oocyte-deleted samples was
greater than 5% (for at least one Cre construct in the case
of placenta).

We could not use the same approach for the zygotic-and-
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oocyte deletion experiment as the genetic heterogeneity of
the samples resulted in a haplotyped counts matrix with
about half of the values missing. Instead, we fitted a beta-
binomial regression with the betabin function from package
the aod (76) package on the maternal and paternal counts for
each gene with informative samples, with a fixed dispersion
of 0.01 estimated from the oocyte-only deletion data. We
used the same criteria of 5% false discovery (FDR) and 5%
absolute difference in silent allele proportion to call differen-
tial imprinting.

Bulk reduced representation bisulfite sequencing and anal-
ysis. DNA extracted above was cleaned up using Zymo re-
search DNA Clean & concentrator-5 kit. DNA was quanti-
fied using Qubit dsDNA assay kit (ThermoFisher Scientific
Q32853) and 100 ng were used as input for library prepa-
ration with the NuGEN Ovation RRBS methyl-seq system
(Integrated sciences). Bisulfite conversion was carried out
using QIAGEN EpiTect Fast DNA Bisulfite Kit. Quantita-
tive and Qualitative analysis of library prep was carried out
using D1000 tape on TapeStation 2200 (Agilent Technolo-
gies). Samples were sequenced on the HiSeq2500 platform
using 100-bp paired-end reads.

Paired RRBS reads were trimmed first for adapter and low
quality sequences with TrimGalore! v0.4.4 specifying the
options -a AGATCGGAAGAGC -a2 AAATCAAAAAAAC,
and then for the diversity bases introduced during li-
brary preparation with the trimRRBSdiversity AdaptCus-
tomers.py script provided by NuGEN (https://github.
com/nugentechnologies/NuMetRRBS). Trimmed reads were
mapped onto the GRCm38 mouse genome reference N-
masked for CAST/EiJ SNPs with Bismark v0.20.0 (77) and
the alignments were split by allele with SNPsplit v0.3.2 in
bisulfite mode. Methylation calls were extracted with Bis-
mark’s bismark_methylation_extractor function.

We compiled a list of 45 known imprinted Differentially
Methylated Regions (DMRs) and aggregated the haplotyped
methylated and unmethylated counts over these regions. Re-
gions with fewer than 10 counts per sample on average for
wild-type and oocyte- deleted genotypes were filtered out, as
were regions with an average methylation difference between
the parental alleles in wild-type samples of less than 10%.
Methylated and unmethylated counts for the hypermethy-
lated allele were analysed with edgeR’s paired sample design,
setting the dispersion as the common dispersion (75). P-
values were adjusted for multiple testing with the Benjamini-
Hochberg correction. Hypermethylated alleles were consid-
ered to be differentially methylated between wild-type and
oocyte-deleted samples when the adjusted FDR was below
0.05.

Smchd1-GFP ChIP-Seq in neural stem cells. Three primary
female Smchd1GFP/GFP NSC lines were derived as previ-
ously described (26) and harvested with Accutase (Sigma-
Aldrich), washed with culture medium and PBS and cross-
linked with 1% formaldehyde (vol/vol) for 10 min at room
temperature with rotation, and subsequently quenched with
glycine. The cells were immediately pelleted at 456 g for
5 minutes at 4°C and washed twice in cold PBS. The
crosslinked pellets were then snap-frozen in dry ice.

For each cell line, 4 x 107 crosslinked nuclei were extracted
from frozen pellets by incubating on ice for 10 minutes in 14
mL of ChIP buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.5,
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5mM EDTA, 0.5% vol/vol Igepal CA-630, 1% Triton X-100,
1X cOmplete cocktail (Roche) and homogenizing 25 times in
a tight dounce on ice. Nuclei were pelleted at 12,000 g for
1 min at 4°C, washed with ChIP buffer then resuspended in
1.6 mL of of MNase buffer with 1x BSA (NEB). The nuclei
solution was preincubated at 37°C for 5 minutes, then 2 x 10%
U of MNase (NEB) was added and incubated for a further
5 minutes. The reaction was stopped by adding 10 mM of
EDTA and incubating on ice for 10 minutes. Nuclei were
pelleted (4°C, 12,000 g, 1 minute), resuspended in 520 pL
of ChIP buffer then sonicated with a Covaris S220 sonicator
(peak power, 125; duty factor, 10; cycle/burst, 200; dura-
tion, 15 s) in Covaris microTubes. Sonicated solution was
diluted 10 times with ChIP buffer then spun at 12,000 g at
4°C for 1 minute to clear debris. 20 ul of the supernatant was
taken for the whole cell extract (WCE) samples and the rest
was used for immunoprecipitation overnight at 4°C with ro-
tation with 16 pg of anti-GFP antibody (Invitrogen A11122).
The chromatin was then cleared by centrifugation (12,000 g
for 10 minutes at 4°C) and 80 pL of protein G DynaBeads
(ThermoFisher, washed 3 times in cold ChIP buffer right
before use) were added before incubating at 4°C for 1 hour
with rotation. The samples were then washed 6 times with
cold ChIP buffer. The antibody-bound chromatin was eluted
from the beads with two rounds of 400 pL of Elution buffer
(1% SDS, 0.1 M NaHCO3) by rotating at room tempera-
ture for 15 minutes. 8 nL. of 5 M NaCL and 1 pL. of RNase A
(NEB) were added to every 200 pL of eluate and to the WCE
samples (diluted to 200 pL. with Elution buffer), incubated
overnight at 65°C to reverse crosslinking then treated with 4
pL of 20 ng/mL Proteinase K at 65°C for 1 hour. DNA was
extracted with Zymo ChIP DNA clean and concentrator kit.
Libraries were generated with an Illumina TruSeq DNA Sam-
ple Preparation Kit. 200- to 400-bp fragments were size-
selected with AMPure XP magnetic beads. Libraries were
quantified with a D1000 tape in a 4200 Tapestation (Agi-
lent). Libraries were pooled and sequenced on the Illumina
NextSeq platform, with 75-bp single-end reads.

Adapter trimming was performed with Trim galore! v0.4.4,
library QC was assessed with FastQC v0.11.8(78) before
mapping with Bowtie2 v2.3.4.1(79) with default options to
the GRCm38.p6 version of the reference mouse genome.
BAM files were imported into SeqMonk v1.45.1(80) extend-
ing them by 150 bp and peaks were called with the MACS-
style caller within the SeqMonk package (settings for 300-bp
fragments, p < 1 x 107°) by merging all three Smchd1GFP
and both WCE biological replicates into replicate sets. ChIP-
seq tracks were produced with SeqMonk by defining probes
with a running window (1000 bp width; 250 bp step), doing
a read-count quantitation then normalizing by library size
before doing a match distribution normalization within each
replicate set and smoothing over 5 adjacent probes.

Single-preimplantation embryo M&T-seq. E2.75 embryos
were sorted into a preprepared lysis buffer containing 2.5 pL
of RLT Plus (Qiagen) with 1 U/pL SUPERase-IN (Ambion).
Genomic DNA and mRNA were separated using oligo-dT
conjugated magnetic beads according to the G&T-seq proto-
col (81), however gDNA was eluted into 10 pL of H20 and
16 cycles of amplification followed for cDNA synthesis.

Bisulfite libraries were prepared using an adapted scBS-seq
protocol (82). Briefly, bisulfite conversion was performed
before introducing Illumina adaptor sequences with random
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priming oligos. Only one round of first and second strand
synthesis was performed, using primers compatible with the
NEBNext multiplex oligos for library production (Forward:
5-CTACACGACGCTCTTCCGATCTNNNNNN-3’; Re-
verse: 5- CAGACGTGTGCTCTTCCGATCTNNNNNN-
37). Sixteen cycles of library amplification followed and all
Ampure XP bead (Beckman Coulter) purifications were
performed at 0.65x. To assess library quality and quan-
tity a High-Sensitivity D5000 ScreenTape on the Agilent
TapeStation and the ProNex NGS Library Quantification
Kit were used. Single-embryo bisulfite libraries were pooled
for 150-bp paired-end sequencing on a NovaSeq6000.
RNA-seq libraries were prepared from amplified cDNA us-
ing the Nextera XT kit (Illumina) according to the manufac-
turer’s guidelines but using one-fifth volumes. Single-embryo
RNA-seq libraries were pooled for 75-bp paired-end sequenc-
ing on a NextSeq500.

Single preimplantation embryo M&T-seq analysis.

Methylome analysis. To remove sequence biases due to the
post-bisulfite adapter tagging, the first nine base pairs
from read 1 and read 2 were removed with Trim Ga-
lore!  v0.4.4 (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/), in addition to adapter and
quality trimming, with options (--clip_R1 9 --clip_R2 9).
The reads were then first mapped to the CAST /EiJ-masked
GRCm38 genome in paired-end mode with Bismark v0.20.0
(77) with the --pbat option to allow dovetail mapping, and
keeping unmapped reads (--unmapped). Unmapped reads
1 and 2 were then mapped in single- end mode, with the
--pbat option set for read 1. Each alignment file (paired,
unmapped reads 1 and unmapped reads 2) was then dedu-
plicated with deduplicate_bismark, and haplotyped with
SNPsplit v0.3.2. Methylation calls were obtained with
bismark_methylation_extractor and pooled (paired, un-
mapped reads 1 and unmapped reads 2).

Embryos were sexed based on their CAST /EiJ-haplotyped
bisulfite reads mapping to the X chromosome. Embryos that
did not produce a library, showed evidence of maternal con-
tamination (much higher proportion of C57BL/6 reads com-
pared to CAST/EiJ reads in the methylome and transcrip-
tome data), or displayed chromosomal abnormalities were
excluded.

Differences in methylation at known imprinted DMRs were
tested in edgeR as for the bulk samples, although we also
tested the non-split data in additition to the hypermethy-
lated allele to increase the coverage and have more testable
regions.

Transcriptome analysis. RN A-seq analyses for the single em-
bryos passing quality control were performed as for the bulk
samples, except that the dispersion was set as the common
dispersion (rather than tagwise) to avoid unreliable estimates
of dispersion for individual genes on sparser single-embryo
expression data.
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Fig. S1. a. Embryo lethality data for Smchdl maternal null embryos and animals at weaning, compared to control litters generated from Smchd1/f non-transgenic
dams, or a reciprocal cross. The p-value was calculated using student two-tailed T-test. b. Immunofluorescence detection of maternal Smchd1-GFP in the nuclei
of 8-cell embryos, with SmchdIt/* used as negative controls and Smchd16FP/CFP embryos were used as positive controls. Zygotic Smchdl was detectable in some
cells from the 8-cell stage onwards but comparatively less signal intensity to the GFP control when embryos were imaged with identical settings, in experiments
performed on the same day. n = 2 embryos. c. Intersection of the differentially expressed gene lists in MMTV-Cre and Zp3-Cre maternal deletion experiments,
E14.5 placental samples. d-f. MA-plots of total gene expression in MMTV-Cre (e) and Zp3-Cre (d) maternal deletion experiments, E14.5 placental samples, and
MMTV-Cre E9.5 embryos (f). Genes below the 5% FDR and differentially expressed by at least 2-fold are plotted in black. Smchdl and genes with partial loss of
imprinting are labelled.
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Fig. S2. a. Heatmap of maternal allele expression proportion for genes that are differentially imprinted in at least one experimental set (MMTV-Cre and Zp3-Cre
E14.5 placenta) b. MA-plots of allelic gene expression in MMTV-Cre E9.5 embryos and E14.5 placentae, and Zp3-Cre E14.5 placentae. Genes below the 5% FDR
and differentially expressed by at least 2-fold are plotted in colour. Smchdl and genes with partial loss of imprinting are labelled. c. Expression of the silent allele
as a proportion of total expression of the gene at the Snprn cluster genes Ndn and Pegl2, in E9.5 Smchdl maternal null embryos. * p < 0.05, ** p < 0.01, ***
p < 0.001, when the difference in silent allele proportions is at least 5%.
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Fig. S3. a. Expression of the silent allele as a proportion of total expression of the gene at the lone imprinted genes Sppl and Epop, in the embryonic portion of
the placenta of Smchd1 maternal null conceptuses at E14.5. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, when the difference in silent allele proportions
is at least 5%. b. ChlIP-seq for Smchd1-GFP over the Kcnql (upper panel, chr7:142950000-143850000) and Snrpn (lower panel chr7:58625000-62593000) gene
clusters. Gene tracks showing mRNA annotation are on top (some annotated genes not mentioned in this study were removed for clarity). MACS2-like Smchd1-GFP
ChlP-seq peaks are shown as dark grey rectangles, as are differentially methylated regions in the track below. Smoothed Smchd1-GFP (average of 3 biological
replicates) and whole cell extract (WCE) (average of 2 biological replicates) tracks show normalised enrichment of reads from Smchd1"/¢FP neural stem cells.
Scale is normalised ChlIP-seq reads and the y-axis starts at a value equal to 75% of the mean value of the WCE of the region shown.
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Fig. S4. a. Schematic for breeding scheme to generate oocyte (matA), zygotic (zygA), oocyte-and-zygotic deletion (matzygA) of Smchdl. Strain background
is shown underneath each parent. Genotype is shown above each parent. Allele-specific RNA-seq expression profiles of the silent allele is shown as a proportion of
total expression at the b. Snrpn cluster in E9.5 embryo ¢. Kcnql cluster and d. SppI and Epop in the embryonic portion of the placenta at E14.5. * p < 0.05, **
p < 0.01, ¥** p < 0.001, when the difference in silent allele proportions is at least 5%.
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Fig. S5. MA-plots of total (a) and allelic (b,c) gene expression in MMTV-Cre maternal deletion E2.75 embryos experiments. Genes below the 5% FDR and
differentially expressed by at least 2-fold are plotted in black. Smchdl and genes with partial loss of imprinting are labelled.
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