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Abstract

Microspherule protein 1 (MCRSL1, also known as MSP58) is an evolutionarily conserved protein
that has been implicated in various biological processes. Although a variety of functions have been
attributed to MCRSL1 /n vitro, mammalian MCRS1 has not been studied /n vivo. Here we report
that MCRSL1 is essential during early murine development. McrsI mutant embryos exhibit normal
morphology at the blastocyst stage but cannot be recovered at gastrulation, suggesting an
implantation failure. Outgrowth (OG) assays reveal that mutant blastocysts do not form a typical
inner cell mass (ICM) colony, the source of embryonic stem cells (ESCs). Surprisingly, cell death
and histone H4 acetylation analysis reveal that apoptosis and global H4 acetylation are normal in
mutant blastocysts. However, analysis of lineage specification reveals that while the trophoblast
and primitive endoderm are properly specified, the epiblast lineage is compromised and exhibits a
severe reduction in cell number. In summary, our study demonstrates the indispensable role of
MCRSL in epiblast development during early mammalian embryogenesis.
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Introduction

Mammalian preimplantation embryo development begins with oocyte fertilization and
concludes with the formation of a blastocyst-stage embryo that is capable of uterine
implantation (Arny et al. 1987). During this period, the newly formed embryo undergoes
three major transcriptional and morphogenic events. The first event, maternal-to-zygotic
transition (MZT), initiates the epigenetic reprogramming that is required to establish
totipotency (Latham et al. 1991, Liu et al. 2018). Following several early cleavage divisions,
the eight-cell embryo initiates compaction and polarization, events critical for the first cell-
fate acquisition (Sutherland & Calarco-Gillam 1983, Houliston & Maro 1989). The last
major preimplantation event occurs when the polarized outer cells of compacted morula
differentiate into the trophectoderm (TE) of the blastocyst, while the apolar cells located
inside develop into the inner cell mass (ICM) (Nichols et al. 1998, Tompers et al. 2005).
Well-defined gene expression profiles occur within these two distinct lineages to maintain
and reinforce cell fate. For example, the transcription factor (TF) CDX2 is enriched in TE,
whereas the TF OCT4 (alias POU5F1) becomes highly expressed in the ICM (Niwa et al.
2005). At approximately the 32 cell stage, the ICM becomes segregated into epiblast (EPI)
and primitive endoderm (PE), demarcated by NANOG expression in the EPI cells and
SOX17 in the PE (Strumpf et al. 2005). These first three lineages EPI, PE, and TE will give
rise to the embryo, parietal yolk sac, and placenta, respectively.

Lineage specification during early embryogenesis is a highly regulated process that relies on
the differential expression of various genes within distinct cell populations. In addition to
key TFs, such as NANOG and CDX2, many additional genes required for specific lineage
function have been identified through large-scale RNAI screening and genome editing (Cao
et al. 2015, Cui et al. 2016, 2018). By using an advanced single-cell gene-expression and 3D
mapping analysis, microspherule protein 1 (MCRS1) was recently identified as a putative
EPI-specific marker in human blastocysts (Durruthy-Durruthy et al. 2016). Remarkably,
overexpression of MCRS1 as well as two other novel EPI markers TET1 and THAP11, leads
to the resetting of primed human embryonic stem cells (RESCs) to naive pluripotency /in
vitro (Durruthy-Durruthy et al. 2016). The role of MCRS1 has not yet been assessed during
human development due to limitations of working with human embryos.

MCRS1 (also called MSP58 or P78) is an evolutionarily conserved protein that was initially
identified in yeast as a nucleolar protein associated with rRNA transcription and cell
proliferation (Ren et al. 1998). Later in both yeast and humans, MCRS1 was found to act as
the regulatory component of the chromatin remodeling INO80 complex, catalyzing ATP-
dependent sliding of nucleosomes along DNA (Jin et al. 2005). In both Drosophila and
human, MCRS1 is a subunit of the non-specific lethal (NSL) Complex, which can acetylate
nucleosomal histone H4 on multiple lysine residues, including lysine 5 (H4K5), 8 (H4K8),
and 16 (H4K16) (Cai et al. 2010). Interestingly, in Drosophila, MCRS1 promotes gene
transcription by facilitating the recruitment of the RNA polymerase 11 (RNAP 1)
preinitiation complexes to the promoter regions of target genes (Andersen et al. 2010). In
human cell lines, MCRS1 has also been implicated in proliferation, inducing senescence,
mitotic spindle assembly, activation of mechanistic target of rapamycin complex 1
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(mTORC1), and tumorigenesis (Benavides et al. 2013, Liu et al. 2014, Fawal et al. 2015).
However, the function of MCRSL1 during mammalian development has not been studied.

In the present study, we use both knockout (KO) and knockdown (KD) strategies to explore
the role of MCRS1 during murine development. Our data show that MCRSL is essential for
early embryo survival and successful implantation due to a specific role in epiblast function
and development during the initial stages of lineage commitment and expansion.

Materials and methods

Unless otherwise specified, all chemicals and media were obtained from Millipore-Sigma.

Generation of Mcrs1 mutants

All animal experimental protocols were approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts, Amherst (2015-0011, 2018-0003). Mcrs1
KO allele (B6N(Cg)- Mcrs1tML-1(KOMP)VIcg y stock#: 025386) was generated on
C57BL/6NJ background by the Knockout Mouse Phenotyping Program (KOMP2) at The
Jackson Laboratory (JAX). Briefly, a beta-galactosidase containing ZEN-UB1 Velocigene
cassette (Cassette#: VG16025) was inserted into the Mcrs1 gene, replacing all coding exons
and intervening sequences (Fig. 1A) and creating a deletion of 7372 bp between positions
99,250,469 — 99,243,098 of Chromosome 15 (Genome Build 38). The construct was
introduced into C57BL/6N-derived VGB6 embryonic stem cells and the resulting chimeric
males bred to C57BL/6NJ females. Offspring were crossed to B6N.Cg-Tg(Sox2-cre)l
Amc/J to remove the neo cassette and the offspring were crossed to remove the transgene.
To expand the line in our colony, heterozygous (Het) mice from JAX were backcrossed
again with C57BL/6NJ WT. Heterozygous intercrosses were used to generate McrsI mutants
(Mut). The genotyping primers include WT Forward: CCCTGACTTGGGTCAGAGTT; WT
Reverse: CTGCATCTGAGAAGTTGAGCA,; Mut Forward:
CGGTCGCTACCATTACCAGT; Mut Reverse: CTTGCCTCAAAGGCTCAATC.

Embryo recovery, culture and genotyping

For natural matings, Mcrs1 heterozygous females 8 to 14 weeks old were caged with Mcrs1
heterozygous males and the presence of a vaginal plug defined as embryonic day 0.5 (EO.5).
Embryos were collected from heterozygous females by dissection or flushing to collect E7.5
or E3.5 embryos, respectively. Embryos were imaged, collected into individual tubes and
then lysed for PCR genotyping.

To prepare zygotes for sSiRNA microinjection or /in vitro culture and immunofluorescence,
B6D2F1 female mice 8 to 10 weeks old were super-ovulated with 7.5 U preghant mare
serum gonadotropin (PMSG, BioVendor, Asheville, NC, USA), followed 48 h later by 7.5
IU human chorionic gonadotropin (hCG). Females were then mated with B6D2F1 males and
euthanized 20 h post hCG injection. Zygotes were released from oviducts and cumulus cells
were removed by pipetting in M2 medium containing hyaluronidase. Zygotes were washed
in M2 and cultured in KSOM at 37°C in a humidified atmosphere of 5% CO,, 5% O,
balanced in No.
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Outgrowth assay

Blastocysts were harvested and cultured individually in a single well of DMEM (Lonza,
Allendale, NJ, USA) containing 10% fetal bovine serum (Atlanta Biologicals, Flowery
Branch, GA, USA) and 1X GlutaMAX (Thermo Fisher Scientific). Blastocysts were allowed
to attach and outgrow for 3 days at 37°C in a humidified atmosphere of 5% CO, prior to
imaging and genotyping. Outgrowths were evaluated by morphology as previously
demonstrated (Cui et al. 2016, 2018). Briefly, an outgrowth that displayed a distinctive ICM
colony surrounded by trophoblast monolayer is considered a normal successful outgrowth,
while outgrowths that fail to hatch, lack ICM colony or lack trophoblast monolayer are
considered as failed outgrowths.

Immunofluorescence and imaging of preimplantation embryos

Immunofluorescence (IF) was performed as previously described (Cui et al. 2018). E3.5
blastocysts were freshly harvested by flushing and then cultured overnight at 37°C in a
humidified atmosphere of 5% CO», 5% O balanced in N prior to fixation and IF (to ensure
embryos had undergone EPI/PE/TE specification). /n vitro-produced blastocysts were
harvested at 4 days post microinjection. All primary antibodies for IF were used at 1:200
including mouse anti-CDX2 (BioGenex, MU392A-UC); rabbit anti-NANOG (Abcam,
ab80892); rabbit anti-TRP53 (Cell Signaling Technology, #9284); rabbit anti-MCRS1
(Sigma-Aldrich, HPA039057); rabbit anti-H4K5 + K8 + K12 + K16 (Abcam, ab177790);
goat anti-SOX17 (R&D Systems, AF1924); goat anti-OCT4 (Abcam, ab27985). After
suitable secondary antibody (Alexa Fluor, Thermo Fishier Scientific) and DAPI staining,
embryos were individually transferred into single wells of a chambered slide (Corning Co.,
Corning) for imaging using a Nikon A1 Spectral Detector Confocal with FLIM Module. Z-
stacks (20x objective, 8 um sections) were collected and maximum projection applied.
Embryos were handled individually such that each one was imaged and then recovered for
PCR genotyping (example of individual blastocysts post imaging and genotyping shown in
Supplementary Fig. 1, see section on supplementary materials given at the end of this
article). Fluorescence intensity of H4 acetylation was quantified and analyzed as previously
described (An et al. 2019). Briefly, high-resolution zstack images were acquired under
identical capture settings, and relative intensities were measured on the raw images using
ImageJ software (Schneider et al. 2012), with DAPI or OCT4 intensity as the reference.

X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) staining

Freshly dissected embryos were fixed in X-gal buffer containing 0.2% glutaraldehyde and
1% formaldehyde on ice for 15 min and subjected to modifications from previous protocol
(Tremblay et al. 2000). In brief, the fixed embryos were washed with X-gal buffer (PBS, 5
mM EGTA, 2 mM MgCI:6H,0, 0.2% NP-40, 0.2 mM deoxycholate) for 10 min three times
and stained with X-gal stain (X-gal buffer with 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, and 0.5 mg/ml X-gal) for 48 h at 37°C. Subsequently, embryos were
dehydrated in ethanol, cleared in xylene, embedded in paraffin, and sectioned at 7 pm. Slides
were deparaffinated in xylene, counterstained with Eosin and coverslipped in Cytoseal

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/REP-19-0334.
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(Thermo Fisher Scientific) and imaged with a Pannoramic MIDI |1 slide scanner
(3DHISTECH Ltd., Budapest, Hungary).

Microinjection
Microinjection was performed as previously described (Cui et al. 2016). A volume of 5-10
pL of 50 uM Scrambled Control (5’-CAGGGTATCGACGATTACAAA, Qiagen) or Mcrs1
siRNA (siRNAL target: 5'-CAAGGTGTCATCAAGTTGAAA, siRNA2 target: 5'-
CTCAAGGACATGCGAGATGAA, Qiagen) was microinjected into the cytoplasm of
zygotes.

RNA extraction and reverse transcription PCR (RT-PCR)

Total RNA extraction was performed with a Roche High Pure RNA Isolation Kit
(#11828665001). cDNA was synthesized using iScript cDNA synthesis kit (#170-8891; Bio-
Rad Laboratories). Intron-spanning primers used for RT-PCR include (Actb: 5’-
GGCCCAGAGCAAGAGAGGTATCC and 5'-ACGCACGATTTCCCTCTCAGC; McrsI:

5 -GAGCCCTCCTCTAGTGAGAAG and 5'-ACCCAGGTGGACAGATGTCA).

Statistical analysis

All experiments were repeated at least three times. Percentage data were analyzed by
ANOVA, and a value of £< 0.05 was considered statistically significant. Data are expressed
as mean £ sEM.

Results

Mcrs1 mutants cannot be recovered in vivo after E3.5

The Mecrs1 knockout allele was generated by insertion of ZEN-UB1 Velocigene cassette
(Cassette#t: VC16025, http://velocigene.com/komp/detail/16025) for the Knockout Mouse
Phenotyping Program (KOMP2) at The Jackson Laboratory (Fig. 1A). During the initial
phenotyping performed for the International Mouse Phenotyping Consortium (IMPC), no
homozygous Mecrs1 mutants were born, nor found at E15.5 or E12.5 (http://
www.mousephenotype.org). Therefore, we first dissected embryos at E7.5. Forty embryos
were recovered from seven heterozygous intercrosses. Cenotyping revealed 25 Het and 15
WT embryos (Fig. 1B). No Mcrs1 homozygous mutant embryos were present at E7.5, nor
were there increased numbers of empty decidua (7= 4), suggesting that McrsI mutants fail
to implant. We next collected three litters of embryos at E3.5, and recovered four Mcrs1
mutants, ten Het and two WT embryos at the blastocyst stage. Mutant blastocysts were
indistinguishable from littermates based on morphology alone (Fig. 1C).

Since Mcrs1 mutant blastocysts appear morphologically normal but are not found at E7.5,
we performed /n vitro outgrowth assays as a surrogate for implantation /n vivo which allows
for assessment of hatching from the zona pellucida as well as ICM and TE cell growth.
Blastocysts were obtained from three heterozygous intercrosses and individual embryos
were cultured for 3 days on tissue culture plastic. As expected, hatching and successful
outgrowth rates were high for WT (100%, 3/3) and Het blastocysts (80%, 8/10). By 72 h in
culture, successful outgrowths display a distinct 3D ICM colony surrounded by trophoblast
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cells which are easily identified by their flattened morphology (Fig. 1D). Although each
mutant blastocyst hatched and produced trophoblast and primitive endoderm cells, none of
the four mutants assayed formed a typical ICM colony. These results suggest that the
implantation failure of Mcrs1 mutant blastocysts is due to impaired signaling from or
proliferation of the ICM.

Expression of MCRS1 during early mouse embryogenesis

Based on the phenotype and timing of lethality, we evaluated MCRS1 expression during
preimplantation and gastrulation stages. Immunofluorescence (IF) and RT-PCR analysis of
WT preimplantation embryos revealed that McrsI mRNA and protein are present at all
stages examined (Fig. 2A and B). MCRS1 protein is present in both the cytoplasm and
nucleus from the oocyte through the two-cell stage. By the four-cell stage, MCRS1 appears
more concentrated in the nucleus and by the blastocyst stage MCRS1 becomes notably
concentrated in the nuclei of ICM cells compared with the TE (Fig. 2A). In order to validate
the antibody, we performed IF on late blastocysts (dissected at E3.5 and cultured overnight
to further deplete the maternally loaded protein/mRNA) from Het intercrosses. Each embryo
was genotyped after imaging to retrospectively examinethe images knowing specific
genotypes. MCRS1 protein was observed in both ICM and TE from all WT (7= 6) and Het
(n = 10) blastocysts (possible enriched in the ICM). However, no signal was detected in ICM
nor TE of any mutant embryos (n=5, Fig. 2C). All embryos regardless of genotype showed
non-specific signal on the zona pellucida. Based on the absence of antibody signal
specifically in mutant embryos, these results confirm that the knockout allele does not
produce MCRS1 protein.

We also examined MCRS1 expression during gastrulation by examining expression of the
LacZ reporter, inserted during generation of the knockout allele, in Hets. At E6.5, LacZ is
weak but present throughout cells of the epiblast (Epi) and extra-embryonic ectoderm (Exe)
cells (Fig. 2D and D) but is largely absent from the visceral endoderm (VE). At E7.5, this
same lineage-specific pattern continues (Fig. 2D and D”). Together, the LacZ-staining
pattern observed during gastrulation is consistent with the ICM enriched expression
observed in blastocysts (Fig. 2A).

Mcrs1 mutants have fewer ICM cells

To explore the mechanism of embryonic lethality /n vivo and outgrowth failure in vitro, we
first examined markers of apoptosis (active TRP53) and the first cell lineage specification
(OCT4 for ICM and CDX2 for TE). Of 20 blastocysts examined from heterozygous
intercrosses (4 WT, 12 Het, 4 Mut), none showed appreciable levels of active TRP53,
indicating no increase in cell death in McrsI mutant blastocysts (Fig. 3A and Supplementary
Fig. 2). All embryos exhibited OCT4 expression specifically in the ICM and mutually
exclusive CDX2 expression in the TE. Although OCT4 expression was confined to a cluster
of cells within Mcrs1~/~ blastocysts, there is an obvious reduction in the number of OCT4-
positive cells compared with Het and WT littermates (Fig. 3A). Further quantification of
several litters of embryos demonstrated that although blastocysts of all genotypes (9 WT, 26
Het, 10 Mut) have a similar total cell number (Fig. 3B), the percentage of OCT4-positive
cells is severely reduced in mutant blastocysts (Fig. 3C). Concordant with reduced OCT4
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positive cell number, an increase in the percent of CDX2-positive cells is also evident (Fig.
3D). These results indicate that ICM and TE are both specified in the absence of Mcrs1, but
that the ratio of cell allocation to each lineage is altered with only ~45% of the appropriate
number of ICM cells present in mutants.

Considering this and the possible role of MCRSL1 in histone H4 acetylation on multiple
lysine residues (Cai et al. 2010), another batch of blastocysts (5 WT, 14 Het, 6 Mut) was
evaluated for H4 acetylation levels, using an antibody that recognizes multiple H4ac
residues (H4K5 + K8 + K12 + K16). As shown in Fig. 3E and F, no significant difference
was observed in the H4ac levels in ICM cells among different genotypes indicating there is
no global loss of H4ac in MCRS1 mutants. Since we observed a reduction in ICM cell
number (Fig. 3A and C), we also calculated H4ac intensity/OCT4 intensity to see if there is
any correlation between H4ac and OCT4 expression in the absence of MCRS1. As shown in
Fig. 3G, no significant difference was identified among different genotypes.

Mcrs1 mutants have normal PE but defective EPI allocation

To further explore the phenotype in Mcrs mutant blastocysts, we investigated the fidelity of
the second embryonic lineage decision, ICM segregation into epiblast (EPI) and primitive
endoderm (PE). Blastocysts flushed from heterozygous intercrosses were assessed for the
EPI marker NANOG and the PE marker SOX17 (Fig. 4A). From all 26 blastocysts
genotyped (4 WT, 15 Het, 7 Mut), we found that Mut blastocysts contained a significantly
reduced number and percentage of EPI cells (NANOG positive) when compared with WT
and Het embryos (Fig. 4B and C). However, both the total number of PE cells per blastocyst
(SOX17 positive, Fig. 4D) and the percentage of PE cells (Fig. 4E) were not significantly
altered in Mcrs1 mutants. Of the seven Mut blastocysts collected for this experiment, four
had very few EPI cells, while other three (Fig. 4A, bottom row) contained no NANOG-
positive cells within the ICM.

Mcrs1 knockdown embryos phenocopy genetic-knockout mutants

In order to establish a more efficient platform for studying the function of MCRS1 during
development, we used RNA interference (RNAI) to knockdown (KD) Mcrs1. Two distinct
Mecrs1 siRNAs were individually microinjected into zygotes. Robust KD efficacy was
confirmed at the early morula stage after microinjection with both siRNAs as evidenced by a
loss of MCRS1 protein IF (Fig. 5A) and mRNA (Fig. 5B). Similar to the KO phenotype,
Mecrs1 KD did not affect blastocyst formation or morphology (Fig. 5C and G) but did lead to
outgrowth failure, where all failed KD outgrowths exhibited complete lack of
morphologically evident ICM colony (Fig. 5G). Importantly, similar to the KO, KD with
either siRNA did not change ratio of SOX17-positive PE cells (Fig. 5D), but did lead to a
decrease in the ratio of NANOG-positive EPI cells (Fig. 5E), and concordantly an increase
in the ratio of CDX2-positive TE cells (Fig. 5F), compared with control blastocysts
(evaluated embryos: control = 13, siRNAL = 13, siRNA2 = 12). We speculated that a more
severe KD phenotype might be achieved with extended culture time. As expected, when KD
and control embryos were subjected to an additional 72-h outgrowth, a more severe
phenotype was observed. Embryos that did not hatch during /n7 vitro outgrowth had zero
NANOG-positive cells in KD groups (0/21, siRNA1 = 10, siRNA2 = 11), while all embryos
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from the control group displayed robust NANOG-positive cells (11/11) (Fig. 6). For those
KD embryos that did hatch during /n7 vitro outgrowth, again, no NANOG-positive cells could
be detected in KD outgrowths (0/20, siRNAL = 10, siRNA2 = 10), whereas majority of the
control outgrowths exhibited strong NANOG-positive cells (12/15) (Fig. 6). Furthermore, no
obvious differences were noted in SOX17 or CDX2 expression in KD outgrowths (Fig. 6,
additional examples shown in Supplementary Fig. 3). These results show that the
phenotypes of Mcrs1 KO can be fully recapitulated by microinjection of a single Mcrs1
SiRNA, resulting in severely reduced/no epiblast cells remaining in the absence of MCRS1
function.

Discussion

Lineage specification and subsequent cell differentiation is a complex and highly regulated
process that occurs during the development of all multicellular eukaryotic organisms.
Although the localization of specific transcription factors within ICM/TE and EPI/PE/TE
lineages have been well studied during mammalian development, the upstream regulation of
these critical factors is not fully understood (Paul & Knott 2014, Marcho et al. 2015, Cui &
Mager 2018). Among the multiple signaling networks involved in early mammalian lineage
specification, Hippo signaling has been shown to be involved in both TE (Strumpf et al.
2005, Yagi et al. 2007) and ICM (Wicklow et al. 2014) specification, while roles for Notch
(Rayon et al. 2014) and ROCK signaling in TE fate acquisition have also been well
supported (Kono et al. 2014, Negron-Perez et al. 2018). In addition, multiple factors are
known to contribute to cell lineage segregation. For example, during mouse preimplantation,
PRDM14 interacts with the methyltransferase CARM1 to promote methylation of arginine
26 of histone H3 (Burton et al. 2013). This interaction leads to an upregulation of NANOG
and SOX2, biasing the progeny toward the ICM fate (Torres-Padilla et al. 2007). Explaining
these observations, two newer studies have found that H3R26me potentiates long-lived
SOX2-DNA binding, ensuring access of SOX2 to its pluripotency-related targets while
suppressing TE-specific genes, ultimately biasing blastomeres toward ICM (Goolam et al.
2016, White et al. 2016).

Recent single-cell expression profiling of human blastocyst-derived cells predicted that
MCRS1 plays a role in EPI formation; however, its function during mammalian
embryogenesis has not been studied /n vivo (Durruthy-Durruthy et al. 2016). In the present
study, we use KO and KD studies in vivoand in vitroto demonstrate the essential role of
MCRS1 during mammalian embryogenesis. Our data show that McrsZ mutant mouse
embryos fail to implant and are unable to form ICM/epiblast colonies in outgrowth assays.
Although previous studies using human cell lines have shown that MCRS1 silencing leads to
apoptosis (Hsu et al. 2012), we do not observe increased cell death in mutant embryos (Fig.
3A), suggesting that MCRS1 regulates cell allocation rather than cell survival in vivo.
Furthermore, because MCRS1 is a subunit of the NSL complex which can acetylate
nucleosomal histone H4 on multiple lysine residues (Cai et al. 2010), we examined if loss of
MCRS1 led to a reduction in H4 acetylation. IF analysis revealed that KO of MecrsI causes
no significant global difference in H4 acetylation (H4K5 + K8 + K12 + K16) in the ICM of
MCRS1 mutants (Fig. 3E). It is notable that the ENCODE database shows overlapping
peaks of H4K8Ac and K4K91Ac at promoters of OC74 and NANOG but not SOX17in
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hESC ChlP-seq experiments (http://www.encodeproject.org). These findings are consistent
with the hypothesis that MCRS1 does indeed facilitate H4Kac deposition and gene activity
in the ICM/EPI and that a more sensitive locus-specific assay may be required to detect
consequences of MCRSL loss /n vivo. siRNA KD of MCRS1 may allow for production of
large numbers of embryos with which to perform such ChIP-seq experiments.

Our preliminary data show that knockout of Mcrs1 did not alter cell lineage specification at
E3.5 early blastocyst stage (Supplementary Fig. 4). We suspect this is due to maternally
loaded MCRSL. It is also noteworthy that we used OCT4 as a definitive ICM marker (Fig.
3). However, it has been shown that loss of Oct4 does not affect formation of ICM (Nichols
et al. 1998), therefore, it is possible that there could be OCT4-negative ICM cells. Thorough
analysis of all observed blastocysts revealed that all cells are either OCT4 or CDX2 positive
and we did not detect any OCT4 negative ICM cells (Fig. 3). These results also highlight an
important difference with other epiblast-failure phenotypes (TCF7L1 (Hoffman et al. 2013)
and FOXD3 (Hanna et al. 2002)), in that Mcrs1 KO embryos do specify ICM/TE normally
but with far fewer ICM cells.

Our results clearly show a significant reduction of ICM cells, a reduction of NANOG-
positive epiblast in E4.0 Muts and a complete loss of NANOG-positive cells in outgrowth
assays in the absence of MCRS1 function. Importantly, TE and PE specification occur
normally, highlighting the specific requirement of MCRSL for epiblast specification or
maintenance in murine blastocysts. It has been reported that a minimum of four NANOG-
positive EPI cells are needed at the blastocyst stage for normal embryo development (Morris
et al. 2012). Consistent with this report, our data show that all WTs (4/4) and majority of
Hets (13/15) reached and surpassed this threshold, while only one of seven McrsI mutants
obtained a minimal number of four NANOG-positive cells (1/7, Fig. 4B). It is noteworthy
that MCRS1 protein shows ICM-enriched but not ICM-exclusive expression/localization
pattern in mouse blastocysts, which is consistent with immunostaining of MCRS1 in human
blastocysts (Durruthy-Durruthy et al. 2016). Therefore, we hypothesize that MCRS1 has
multiple functions during embryo development. Previous studies have also confirmed that
MCRS1 can be detected at different regions of the cell to perform different roles, such as in
nucleolus to regulate rRNA transcription (Ren et al. 1998), in the nucleus to control gene
transcription (Du et al. 2006, Andersen et al. 2010), on the centrosome to modulate mitosis
and cell cycle transition (Hirohashi et al. 2006), as well as in the cytoplasm to regulate
MRNA translation (Davidovic et al. 2006). While MCRS1 may not directly regulate global
histone acetylation, we hypothesize that MCRS1 may directly regulate histone acetylation at
transcription factors loci that are essential for EPI specification and maintenance.
Documented MCRS1 function during induction of naive pluripotency in human ESCs
(Durruthy-Durruthy et al. 2016) and its regulation of stem cell marker ITCAG in cancer cells
(Liu et al. 2014) support this hypothesis. Together, our study demonstrates that MCRS1 is
essential for embryo survival by promoting the epiblast lineage during early murine
embryogenesis /in vivoand in vitro.
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Figure 1.
(A) Schematic of Mcrs1 knockout allele generation. /acZ, B-galactosidase coding sequence

from the E. coli lacZ gene; p(A), polyadenylation signal. (B) Representative genotyped
embryos at E7.5. (C) Representative genotyped embryos at E3.5. (D) Outgrowths from WT
and Het displayed a distinctive ICM (red dashed line) surrounded by trophoblast (blue
dashed line), while Mut outgrowths did not display an ICM. Scale bars, 100 pm.
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Figure 2.
(A) Immunofluorescence (IF) identifying MCRS1 protein expression from the metaphase Il

oocyte to the blastocyst stage. Scale bar, 50 um. (B) RT-PCR to identify Mcrs1 expression in
WT pre-implantation embryos. Actbwas used as loading control. Oo, metaphase 1l oocyte;
2y, zygote; 2C, 2-cell embryo; 4/8C, mix of 4- and 8-cell stage embryos; Mo, morula; Bias,
Blastocyst. (C) WT and Het blastocysts express MCRS1 protein in both ICM and TE, while
no signal is detected in homozygous mutants (all embryos show non-specific zona staining).
Scale bar, 50 pm. (D) LacZ-reporter staining of both E6.5 and E7.5 Hets. Exe, extra-
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embryonic ectoderm; Epi, epiblast; VE, visceral endoderm. Ec, ectoderm; Me, mesoderm;
En, endoderm. D" and D”: enlarged LacZ staining showing that LacZ is present throughout
cells of the Epi and Exe cells but is largely absent from the VE.
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Figure 3.
(A) IF of OCT4 (ICM marker), CDX2 (TE marker), and active TRP53 (apoptosis marker) in

blastocysts of different genotypes. (B) All genotypes had similar total cell number per
blastocyst. (C) The percentage of ICM cells (OCT4 positive) in Mut embryos was
significantly decreased and (D) the percentage of CDX2-positive TE cells in Mut embryos
was significantly increased when compared with WT and Het littermates. Embryos
evaluated in Fig. 3B, C and D: 9 WT, 26 Het, 10 Mut. (E) H4 acetylation (antibody
recognizing H4K5 + K8 + K12 + K16) in blastocysts of different genotypes. Fluorescence
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intensity analysis of H4 acetylation in ICM cells (white outlines) showed no significant
difference between genotypes when DAPI intensity (F) or OCT4 (C) was used as reference.
Embryos evaluated in Fig. 3F and G: 5 WT, 14 Het, 6 Mut. Scale bars, 50 pm. */<0.05.
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Figure 4.

(A) IF of SOX17 (PE marker), NANOG (EPI marker), and CDX2 (TE marker) in
blastocysts of different genotypes. (B and C) Both the number of EPI cells (NANOG
positive) per blastocyst and percentage of EPI cells were significantly decreased in Mut
embryos when compared with WT and Het embryos. (D and E) No significant difference in
the number of PE cells (SOX17 positive) per blastocyst or percentage of PE cells was
detected between genotypes. Scale bar, 50 pm. *£<0.05.
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Figure5.
(A and B) KD efficiency was confirmed at the early morula stage (2 days after

microinjection) by both MCRS1 protein IF and RT-PCR. Scale bar, 50 um. (C, D, E and F)
Lineage assessment in KD blastocysts showed that, compared with the Control group, Mcrs1
KD did not alter the ratio of blastocyst cells with SOX17 (PE marker) or CDX2 (TE

marker). However, as with KO of Mcrs1, the ratio of cells with NANOG (EPI marker) was
decreased in each KD group. Scale bar, 50 pm. Blastocysts were harvested at 4 days post
microinjection and then fixed for immunofluorescence. (G) KD of Mcrs1 by either sSiRNA

Reproduction. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cuietal.

Page 20

did not affect blastocyst formation or morphology, but led to a significant failure of ICM
outgrowth. Red and blue dashed lines indicate ICM outgrowth and trophoblast cells,
respectively. Control: scrambled siRNA. 1, number of embryos; *£<0.05. Scale bars, 100
um.
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Figure 6.
Lineage assessment of control and KD embryos that were subjected to an additional 72 h of

outgrowth (OG) culture. No NANOG-positive cells could be detected in any KD embryo,
regardless of failure to hatch. The control group consistently displayed strong NANOG
signal. Control: scrambled siRNA. In this experiment blastocysts were examined at 7 days
post microinjection. Scale bars, 50 pm.
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