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Abstract

Retinoblastoma-binding protein 4 (RBBP4) (also known as chromatin-remodeling factor RBAP48)

is an evolutionarily conserved protein that has been involved in various biological processes.

Although a variety of functions have been attributed to RBBP4 in vitro, mammalian RBBP4 has

not been studied in vivo. Here we report that RBBP4 is essential during early mouse embryo

development. Although Rbbp4 mutant embryos exhibit normal morphology at E3.5 blastocyst

stage, they cannot be recovered at E7.5 early post-gastrulation stage, suggesting an implantation

failure. Outgrowth (OG) assays reveal that mutant blastocysts cannot hatch from the zona or

can hatch but then arrest without further development. We find that while there is no change

in proliferation or levels of reactive oxygen species, both apoptosis and histone acetylation

are significantly increased in mutant blastocysts. Analysis of lineage specification reveals that

while the trophoblast is properly specified, both epiblast and primitive endoderm lineages are

compromised with severe reductions in cell number and/or specification. In summary, these

findings demonstrate the essential role of RBBP4 during early mammalian embryogenesis.

Summary sentence

RBBP4 is essential during early embryo development in vivo, loss of RBBP4 results in defective

inner cell mass (ICM), severe DNA damage and apoptosis, hyperacetylated histones and preim-

plantation lethality in mice.
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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 [1]. The newly
formed zygote undergoes a series of cleavage divisions resulting
in increasing numbers of smaller blastomeres [2, 3]. In the mouse,

zygotes cleave three times to eight-cell stage and begin to undergo
a morphological change named compaction [4]. Most of the outer
cells are epithelialized and become specified as trophectoderm (TE),
a single epithelial layer that surrounds a fluid-filled cavity. The
inner cells of the morula generate the inner cell mass (ICM) during
blastocyst formation [5, 6]. Well-defined gene expression profiles
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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 [7]. When blastocyst contains 32–64 cells, the ICM
separates into the pluripotent epiblast (EPI) lineage and the primitive
endoderm (PE) lineage [8], demarcated by NANOG expression in
the EPI cells and SOX17 in the PE [9]. These first three lineages
(EPI, PE, and TE) will give rise to the embryo, parietal yolk sac, and
placenta, respectively [10, 11].

Early embryogenesis is a highly regulated process that relies
on the differential expression of various genes among different
stages and distinct cell populations. With the advent of large-scale
transcriptome profiling, more than 11 000 genes have been detected
during mammalian preimplantation time window, and understand-
ing the role of each expressed gene is then the next frontier [12].
Through advances in genome manipulation, live imaging, and loss of
function studies, increasing numbers of genes have been found to be
required during preimplantation. For example, CDH1 [13] and other
cadherin-dependent filopodium components [14] were proved to be
essential for preimplantation embryo compaction. By performing
RNA interference (RNAi) and knockout (KO) screen, we have
identified many genes that are essential for pre- or peri-implantation
development. For instance, we showed that NOP2 deficiency can
result in severe apoptosis and global reduction of RNA [15], while
KO of Mcrs1 [16] will damage cell lineage specification during mouse
blastocyst formation. Although many genes continue to be identified
as essential during early embryogenesis, their functions, interactions,
and upstream regulatory networks are still not fully delineated [17].

Retinoblastoma-binding protein 4 (RBBP4) (also known
as chromatin-remodeling factor RBAP48) is an evolutionarily
conserved protein that was initially identified in yeast and human
as the small subunit of chromatin assembly factor 1 (CAF-1),
which assembles nucleosomes in a replication-dependent manner
[18, 19]. During DNA replication, RBBP4 loads histones H3 and
H4 onto newly replicated DNA to initiate nucleosome assembly
[20, 21]. As a member of a highly conserved subfamily of Trp-Asp
(WD) repeat proteins, RBBP4 is also found in many other protein
complexes involved in the regulation of chromatin structure and
gene transcription. For example, RBBP4 is a subunit of the core
histone deacetylase (HDAC) complex that removes acetyl groups
from specific amino acids on histones [22]. RBBP4 was also found
as a subunit of the nucleosome remodeling and deacetylase complex
(NuRD) [23] and the polycomb repressive complex 2 (PRC2) [24],
which play key roles in the regulation of gene expression and lineage
commitment [25, 26]. Interestingly, RBBP4 has also been implicated
in other biological processes, such as cell proliferation and apoptosis
[27], nuclear transport and cellular senescence [28], DNA repair
and tumorigenesis [29], as well as age-related memory loss [30].
However, the function of RBBP4 during mammalian development
in vivo has not been studied.

In the present study, we use a novel knockout allele to explore
the role of RBBP4 during murine development in vivo. Our data
show that RBBP4 is essential for early embryo survival and successful
implantation. Loss of RBBP4 results in severe apoptosis, defective
inner cell mass specification, and hyperacetylated histones.

Materials and methods

Unless otherwise specified, all chemicals and media were obtained
from MilliporeSigma (Burlington, MA, USA).

Generation of Rbbp4 mutants

All procedures and methods were carried out in accordance with
the approved guidelines and regulations. All animal experimental
protocols were approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts, Amherst (2017-
0071). Rbbp4 KO allele (C57BL/6NCrl-Rbbp4em1(IMPC)Mbp/Mmucd)
was generated on C57BL/6NCrl background as part of the Knockout
Mouse Project (KOMP) and available from the Mutant Mouse
Resource and Research Centers (MMRRC, Stock #: 043433-
UCD, Strain Origin: University of California, Davis). Exon 3
(ENSMUSE00001236831), and flanking splicing regions were
deleted from the Rbbp4 gene using CRISPR-Cas9 gene editing
technology (Figure 1A). Founders were backcrossed to C57BL/6N
to produce sequence confirmed heterozygous (Het) mice. To expand
the colony for the present study, Het mice from MMRRC were
backcrossed with C57BL/6N wild-type (WT) mice, and subsequent
Het mice were intercrossed to generate Rbbp4 mutants (Mut).
Genotyping primers used common forward for both WT allele
and Mut allele, 5′-CAAGATGGGAAACAGGAGGA; reverse for
WT allele, 5′-GCCGATGAATGCTGAAATCT; and reverse for Mut
allele, 5′-TGGCACATGCCTAAGAATCA.

Embryo recovery, outgrowth culture and genotyping

Rbbp4 heterozygous females 8–14 weeks old were caged with Rbbp4
heterozygous males and the presence of a vaginal plug defined
as embryonic day 0.5 (E0.5). Embryos were collected from het-
erozygous females by dissection or flushing to collect E7.5 or E3.5
embryos, respectively. For E7.5 embryos, embryos were imaged right
away after dissection and then collected into individual tubes for lysis
and PCR genotyping. For E3.5 embryos, blastocysts were first indi-
vidually transferred into single culture droplets for imaging. After
3 days of outgrowth in these droplets containing DMEM (Lonza,
Allendale, NJ, USA), 10% fetal bovine serum (Atlanta Biologicals,
Flowery Branch, GA, USA) and 1× GlutaMAX (Thermo Fisher
Scientific, Waltham, MA, USA), outgrowths were imaged again
right before lysis and genotyping PCR. Outgrowths were evaluated
by morphology as previously demonstrated [31, 32]. 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

Immunofluorescence (IF) was performed as previously described
[16, 32]. E3.5 blastocysts were freshly harvested by flushing and
then cultured overnight at 37 ◦C in a humidified atmosphere of
5% CO2, 5% O2 balanced in N2 prior to fixation and IF (to
further deplete the maternally loaded protein/mRNA and also
to ensure embryos had undergone EPI/PE/TE specification). 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-RBBP4 (Abcam, ab79416), rabbit anti-H4 (acetyl
K5 + K8 + K12 + K16) (Abcam, ab177790), rabbit anti-H3 (acetyl
K56) (Abcam, ab76307), rabbit anti-H3K27me3 (Millipore, 07-
449), goat anti-SOX17 (R&D Systems, AF1924), and goat anti-
OCT4 (Abcam, ab27985). After suitable secondary antibody (Alexa
Fluor, Thermo Fisher Scientific, Waltham, MA, USA) and DAPI
staining, embryos were individually transferred into single wells
of a chambered slide (Corning Co., Corning, NY, USA) for imaging



RBBP4 is required for early embryogenesis, 2020, Vol. 103, No. 1 15

Figure 1. (A) Schematic of Rbbp4-knockout allele generation and genotyping primers for WT allele and Mut allele (F, forward; R, reverse), as well as RT-PCR

primers (on Exon2 and 4) to evaluate mRNA expression after deletion of Exon 3. (B) Representative genotyped embryos at E7.5. (C) E3.5 blastocysts from

heterozygous intercrosses were imaged and subjected to 3-day-outgrowth assay before knowing the genotypes. After outgrowth culture, outgrowths were

imaged again and then lysed for genotyping PCRs. Though mutant blastocysts were indistinguishable from littermates based on morphology at E3.5, they do

not form any successful outgrowths. Instead, outgrowths from WT and Het blastocysts displayed a distinctive ICM colony (red dashed line) surrounded by

trophoblast cells (black dashed line). Scale bars, 50 μm.

using a Nikon A1 Spectral Detector Confocal with FLIM module. Z-
stacks (20× objective, 8 μm sections) were collected and maximum
projection applied. The total cell number of each blastocyst was
counted based on DAPI staining; positive cells of each nuclear marker
were defined by a fixed threshold across all images acquired from
the same batch as described previously [16]. 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 Figure S1). Fluorescence
intensities of histone acetylation and ROS level were quantified and
analyzed as previously described [33]. Briefly, high-resolution z-stack
images were acquired under identical capture settings, and relative
intensities were measured on raw images using ImageJ software [34],
with DAPI intensity as the reference.

EdU and TUNEL labeling

EdU labeling was performed following the manufacturer’s instruc-
tions (C10638, Thermo Fisher Scientific). Briefly, blastocysts were
incubated in KSOM medium containing 10 μM EdU (5-ethynyl-
2′-deoxyuridine) for 25 min. After this, embryos were fixed in 4%
paraformaldehyde and then permeabilized with 0.5% Triton-X 100
at room temperature for 20 min, followed by cocktail reaction of
the kit to show the signal. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining was performed using the
In Situ Cell Death Detection Kit (11684795910, Roche) according
to the manufacturer’s protocol. After EdU staining, embryos were
washed and labeled with TUNEL reaction mixture at 37 ◦C for
30 min, protected from light. Then, embryos were stained with
DAPI and imaged under confocal. The total cell number and

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa046#supplementary-data
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positive cells were counted as described above in the IF method
section.

Detection of reactive oxygen species (ROS)

Detection of ROS level was executed according to the manufacturer’s
protocol (CellROX Green Reagent, C10444, Thermo Fisher Scien-
tific). Embryos were incubated in KSOM containing 5 μM CellROX
Green reagent at 37 ◦C for 30 min. After incubation, embryos were
washed three times with PBS and then fixed for imaging.

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, Her-
cules, CA, USA). Intron-spanning primers used for RT-PCR are
as follows: Actb, 5′-GGCCCAGAGCAAGAGAGGTATCC and 5′-
ACGCACGATTTCCCTCTCAGC, and Rbbp4, 5′-AAGGTGGTG-
GATGCAAAGAC and 5′-ACGATCGGTACCACTGGAAG).

Simultaneous extraction of RNA and DNA from single

blastocyst

As previously described [32], blastocysts collected from heterozy-
gous intercrosses were lysed individually following the manual of
Roche Kit (#11828665001), with DNase treatment step skipped.
A volume of 13 μl elution buffer was applied, and the eluted
mixture of RNA and DNA was used as follows: 6 μl mixture for
genotyping PCR with Platinum SuperFi Green PCR Master Mix
(Thermo Fisher) and genotyping primers as listed above and the
other 6 μl mixture for cDNA synthesis using iScript cDNA synthesis
kit (Bio-Rad, 170-8891). Regarding the resultant 8 μl cDNA, 3 μl
was used for Actb RT-PCR, and 5 μl was used for Rbbp4 RT-
PCR, with Platinum SuperFi PCR Mix (Thermo Fisher) and RT-
PCR primers illustrated on Figure 1A: Rbbp4 RT-F (on Exon 2),
5′-AGTGGCTTCCAGATGTGACC, and Rbbp4 RT-R (on Exon 4),
5′-AATGATGCAGGGGTTCTGAG.

Statistical analysis

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

Results

Rbbp4 mutants cannot be recovered in vivo after E3.5

The Rbbp4-knockout allele (Stock#:043433-UCD) was generated by
using CRISPR-Cas9 gene editing technology to delete the Exon 3
(ENSMUSE00001236831) and flanking regions (Figure 1A). During
the initial phenotyping performed for the International Mouse Phe-
notyping Consortium (IMPC) [35], no homozygous Rbbp4 mutants
were born, nor found at E15.5 or E12.5 (http://www.mousephe
notype.org). Therefore, we first dissected embryos at E7.5. Forty-
three embryos were recovered from seven heterozygous intercrosses.
Genotyping revealed 26 Het and 17 WT embryos (Figure 1B). No
Rbbp4 homozygous mutant embryos were present at E7.5, nor were
there increased numbers of empty decidua (n = 6, as typically found
on B6N background), suggesting that Rbbp4 mutants fail to implant.

We next collected 4 litters of blastocysts at E3.5 and performed
3-day-outgrowth assays on these embryos. Results show that, among
all 26 blastocysts, 6 Rbbp4 mutants were recovered along with 12

Het and 8 WT embryos. Mutant blastocysts were indistinguishable
from littermates based on morphology alone (Figure 1C). However,
3 days of in vitro outgrowth revealed fully penetrant phenotype.
Hatching and successful outgrowth rates were high for WT (100%,
8/8) and Het blastocysts (83.3%, 10/12), while none of the 6
mutants (0%, 0/6) formed a successful outgrowth (Figure 1C). WT
and Het outgrowths displayed robust ICM colonies surrounded by
trophoblast cells which were easily identified by their flattened mor-
phology. Rbbp4 mutant outgrowths exhibited arrested growth and
differentiation immediately after hatching (3/6) or failed hatching
with some blastomeres still trapped in the zona (3/6, Figure 1C).
These results indicating defective hatching and/or TE/ICM differen-
tiation are consistent with a complete absence of mutant embryos at
E7.5.

Expression of Rbbp4 during preimplantation period

Based on the phenotype and timing of lethality, we evaluated Rbbp4
expression during preimplantation stages. Immunofluorescence (IF)
and RT-PCR analysis of WT preimplantation embryos revealed
that Rbbp4 mRNA and protein are present at all stages examined
(Figure 2A and B). RBBP4 protein is present in the cytoplasm at
the oocyte stage. After fertilization, RBBP4 protein concentrates
in the pronuclei at one-cell stage, and similar pattern is detected
at two-cell stage. Following development, RBBP4 protein exhibits
strong nuclear localization continuously throughout preimplanta-
tion stages including the blastocyst stage where RBBP4 is evident
in both ICM and TE cells (Figure 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 examine the images with known
genotypes. Strong RBBP4 signal was observed in all WT (n = 8) and
Het (n = 13) blastocysts. However, no signal was detected in any
mutant embryos (n = 6, Figure 2C). Based on the absence of antibody
signal specifically in mutant embryos, these results confirm that the
antibody is specific to mouse RBBP4 protein. To determine if the
KO allele produces any Rbbp4 transcript (and possible truncated
mutant protein), RT-PCR primers were designed in Exon 2 and 4
to flank deleted Exon 3 (Figure 1A). Both DNA and RNA were
extracted from single blastocysts (n = 36) derived from heterozygous
intercrosses (7 WT, 21 Het, 8 Mut), to both genotype embryos
and assess Rbbp4 expression. As shown in Figure 2D, no Mut or
Het embryos exhibited shortened RT-PCR band although they all
showed robust Actb product, indicating that the KO allele fails to
produce a transcript. This is further supported by the complete lack
of product in homozygous mutant blastocysts (Figure 2D). Although
not quantitative PCR, it is worth noting that all Het blastocysts
show approximately 50% amplicon intensity when compared to
WT samples, suggesting that there is no haploinsufficiency since
heterozygotes show no obvious phenotypes.

Rbbp4 mutants have fewer ICM cells

To gain more insight into the mechanisms underlying embryonic
lethality in vivo and outgrowth failure in vitro, we first exam-
ined markers of apoptosis (active TRP53) and the first cell lineage
specification (OCT4 for ICM and CDX2 for TE) (Figure 3A) on
40 blastocysts from heterozygous intercrosses (10 WT, 20 Het, 10
Mut). Although not significant, cell numbers in mutants tended to
be slightly lower (Figure 3B). Strikingly, the percentage of OCT4

http://www.mousephenotype.org
http://www.mousephenotype.org
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Figure 2. (A) Immunofluorescence (IF) identifying RBBP4 protein expression from the metaphase II oocyte to the blastocyst stage. (B) RT-PCR to identify Rbbp4

expression in WT pre-implantation embryos. Actb was used as loading control. (C) WT and Het blastocysts expressed robust RBBP4 abundance, while no signal

was detected in homozygous Rbbp4 mutants. (D) Simultaneous extraction of both RNA and DNA from single blastocysts to perform both genotyping PCR and

Rbbp4 RT-PCR, to assess Rbbp4 expression of the KO allele. Actb used as cDNA control. Scale bars, 50 μm.

positive cells was severely reduced in Rbbp4 mutant blastocysts com-
pared with Het and WT littermates (Figure 3C), which is also obvi-
ous in the whole-mount IF images. Concordant with the decreased
OCT4 positive cells, we observed an increase in the percent of
CDX2 positive cells (Figure 3D). In addition, the percentage of active
TRP53-positive cells was significantly increased in Rbbp4 mutant
blastocysts (Figure 3E). These results indicate that the ratio of cell
allocation to each lineage is severely altered with far fewer ICM
cells present in Rbbp4 mutants. In addition, loss of RBBP4 function
results in increased TRP53 positive cells (phosphorylation at Ser15),
which likely contributes to the skewed lineage allocation.

Both PE and EPI are defective in Rbbp4 mutants

To further explore the phenotype in Rbbp4 mutant blastocysts,
we investigated the fidelity of the second embryonic lineage spec-
ification where ICM segregates into primitive endoderm (PE) and
epiblast (EPI). Blastocysts flushed from heterozygous intercrosses
were evaluated for the PE marker SOX17 and the EPI marker

NANOG (Figure 4A). Of 28 blastocysts genotyped after IF (8 WT,
12 Het, 8 Mut), we found that Mut blastocysts contained a sig-
nificantly reduced percentage of SOX17-positive PE cells when
compared with WT and Het embryos (Figure 4B). Similarly, the per-
centage of NANOG-positive EPI cells was also markedly decreased
in these same Rbbp4 mutant blastocysts (Figure 4C). Concordant
with decreased PE and EPI cells, a significant increase in the percent
of CDX2-positive TE cells was detected (Figure 4D). These results
indicate that both PE lineage and EPI lineage are defective with far
fewer cells in the absence of RBBP4.

Rbbp4 mutants display severe DNA breaks

Since loss of RBBP4 function can result in TRP53-mediated apop-
tosis, we performed fluorescent whole-mount TUNEL assays and
EdU labeling to assay DNA breaks and cell proliferation, respectively
(Figure 5A). Of 33 genotyped blastocysts (8 WT, 18 Het, 7 Mut), we
found that Mut blastocysts exhibited a significantly higher percent-
age of TUNEL-positive nuclei when compared with WT embryos
(Figure 5B). However, all genotypes displayed similar percentages
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Figure 3. (A) IF of OCT4 (ICM marker), active TRP53 (apoptosis marker), and CDX2 (TE 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. (D) Concordant with decreased

OCT4 positive cells, the percentage of CDX2-positive TE cells in Mut embryos was significantly increased. (E) The percentage of active TRP53-positive cells was

obviously increased in Rbbp4 mutant blastocysts. Scale bar, 50 μm. ∗P < 0.05.

on EdU labeling assay (Figure 5C), indicating that, although loss
of RBBP4 results in increased cell death, proliferation is not signifi-
cantly altered in the absence of RBBP4.

Histones are hyperacetylated in Rbbp4 mutant

embryos

We next assessed the levels of reactive oxygen species (ROS), which
has been used as marker for oxidative homeostasis and general
cell viability/health [33, 36]. Given that RBBP4 is a subunit of
the core histone deacetylase (HDAC) complex [22] that removes
acetyl groups from histones, we hypothesized that Rbbp4 mutants
may have increased histone acetylation during early embryogenesis.
To test this, we examined H4 acetylation (H4ac) in blastocysts

recovered from heterozygous intercrosses using an antibody that
recognizes multiple H4ac residues (H4K5 + K8 + K12 + K16).
From 36 blastocysts genotyped (8 WT, 22 Het, 6 Mut), ROS levels
were similar across all genotypes (Figure 6B), suggesting that RBBP4
does not significantly alter oxidative homeostasis. However, com-
pared with WT and Het littermates, Rbbp4 Mut blastocysts exhibit
obviously increased H4 acetylation (H4K5 + K8 + K12 + K16)
(Figure 6C). To see if RBBP4 also regulates histone H3 acetylation
during embryogenesis, we measured acetylation of H3 lysine 56
(H3K56ac), which is normally reduced in response to DNA dam-
age [37]. From 31 blastocysts genotyped (6 WT, 20 Het, 5 Mut),
we found that Rbbp4 mutants also displayed significantly higher
H3K56ac (Figure 6D and E), even though Mut blastomeres have
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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 percentage of SOX17-

positive PE cells and percentage of NANOG-positive EPI cells were significantly decreased in Rbbp4 Mut embryos when compared with WT and Het littermates.

(D) Concordant with decreased PE and EPI cells, a significant increase in the percent of CDX2-positive TE cells was evident. Scale bar, 50 μm. ∗P < 0.05.

increased DNA damage (Figure 5A and B). These results indicate
that RBBP4 is a regulator of histone deacetylation during preimplan-
tation development.

Discussion

Early embryogenesis is a highly regulated process requiring a multi-
tude of correctly timed molecular and cellular events. Cell lineage
specification is a major challenge that relies on the differential
expression of various genes among distinct cell populations [38].
While the localization of specific transcription factors (TFs) within
ICM/TE and EPI/PE/TE lineages have been well delineated during

mammalian embryogenesis, the upstream regulation of these critical
factors is still not fully known [39, 40]. Several signaling networks
have been found critical for early mammalian lineage specification,
including Hippo signaling in TE [9, 41] and ICM [42] specification,
Notch signaling [43], and ROCK signaling [44, 45] in TE fate
acquisition.

With advances in large-scale RNAi screening and genome editing,
increasing numbers of genes have been discovered that are essential
factors for early lineage specification [31, 46]. For example, RNAi
knockdown (KD) experiments have shown that Sin3a and Suds3 are
essential for early lineage specification in vivo [47, 48]. By using
knockout (KO) strategy, we recently demonstrated the essential role
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Figure 5. (A) Fluorescent whole-mount TUNEL assay and EdU labeling assay were performed to see if RBBP4 is involved in DNA breaks and cell proliferation,

respectively. (B) Rbbp4 Mut blastocysts exhibited a significantly higher percentage of TUNEL-positive nuclei. (C) Percentages of EdU-positive nuclei were similar

among all genotypes. Scale bar, 50 μm. ∗P < 0.05.

of MCRS1 in early mouse embryogenesis and ICM/EPI specification
[16]. Our present study demonstrates a severe phenotype in the
absence of RBBP4. We found only ∼30% of the appropriate number
of ICM cells present in Rbbp4 mutants with both PE and EPI
damaged (vs ∼45% ICM cells in Mcrs1 mutants with only EPI
damaged). Additionally, Rbbp4 mutants fail to implant in vivo or
form outgrowths in vitro.

OCT4, encoded by gene Pou5f1, is a homeodomain transcription
factor of POU family and has been deemed as a key regulator
during early embryonic development and cell lineage specification
[49, 50]. Our results clearly show a significant reduction of ICM
cells and a reduction of both NANOG-positive EPI cells and SOX17-
positive PE cells in the absence of RBBP4 function. These findings
are consistent with previous studies that demonstrate NANOG
expression is directly regulated by OCT4 [51, 52] and sustained
OCT4 expression is required for PE specification [53]. Our findings
are also consistent with a recent study that demonstrates double KD
of Rbbp4 and Rbbp7 results in a similar phenotype where Hdac1/2
co-KD embryos have severely decreased OCT4 and NANOG [54].
It is noteworthy that although OCT4 is the master regulator of
pluripotency and cell lineage commitment during early embryonic
development, ICM formation and morphology look normal in the
absence of OCT4 [55]. However, in our present study, KO of Rbbp4
reduces not only OCT4 expression but also the number of cells
contributing to the ICM. These results suggest that Rbbp4 acts
upstream of Oct4 expression during early embryonic development,
which is consistent with the fact that RBBP4 is found in many
protein complexes involved in the regulation of chromatin structure
and gene transcription [22–24]. These findings offer RBBP4 as
yet another protein involved in the segregation of ICM and TE
[31, 49].

Recently, Balboula and colleagues reported that RBBP4 is a
regulator of histone deacetylation during mouse oocyte meiotic
maturation. They found Rbbp4-knockdown oocytes exhibit
abnormal spindle formation and impaired chromosome segregation,
along with increased histone acetylation on multiple residues
[56]. Though our data also clearly showed that both H3 and
H4 acetylation residues were hyperacetylated in Rbbp4 mutant
blastocysts (note that the antibody we used recognizes multiple
H4ac residues H4K5 + K8 + K12 + K16 simultaneously but
not individually, which may explain the discrepancy that H4K5ac
did not change apparently, whereas acetylation of H4K8, H4K12,
and H4K16 did increase significantly after RBBP4 KD [56]),
examination of chromosomes via DAPI in Mut blastocysts did not
reveal obvious defects in chromosome segregation, suggesting that
RBBP4 may perform distinct functions during meiosis and mitosis.
Also, different from the dynamic expression pattern demonstrated
in that study [56], we found robust RBBP4 protein throughout all
stages. This could be due to different mouse strains or different
antibodies used. In addition, although RBBP4 assembles histones
onto newly replicated DNA to initiate nucleosome assembly in
cell lines [20, 21], we did not observe defects in cell proliferation,
suggesting that the regulation of DNA replication is not RBBP4
dependent during early mammalian development. Given that RBBP4
is a subunit of the polycomb repressive complex 2 (PRC2) [24]
and PRC2 is essential for imprinted X-chromosome inactivation
[57], we evaluated H3K27me3, which is first enriched on the
prospective inactive paternal X-chromosome in the TE cells during
early embryogenesis. Of 26 blastocysts examined (10 males and
16 females, gender confirmed by Sry PCR), all female embryos
(5 WT, 5 Het, and 6 Mut) exhibited H3K27me3-enriched foci
regardless of genotype. As control, male blastocysts did not show
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Figure 6. (A) IF of ROS and H4 acetylation (H4ac) on multiple residues (H4K5 + K8 + K12 + K16) in blastocysts of different genotypes. (B) All genotypes displayed

similar ROS levels. (C) Rbbp4 Mut blastocysts exhibited a significantly higher H4 acetylation (H4K5 + K8 + K12 + K16) compared with WT and Het littermates. (D)

IF of H3K56ac in blastocysts of different genotypes. (E) A significant increase of H3K56ac was detected in Rbbp4 mutant embryos. Scale bars, 50 μm. ∗P < 0.05.

any enrichment (Supplementary Figure S2). These results suggest
RBBP4 is not involved, at least not directly, in the establishment of
imprinted X-inactivation.

In summary, we demonstrate that RBBP4 is essential for
early mammalian development in vivo—loss of RBBP4 results in
reduced/absent inner cell mass, severe apoptosis, and hyperacetylated

histones, each likely contributing to the implantation failure and
preimplantation lethality in mice.
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