
325
© The Author(s) 2020. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

Biology of Reproduction, 2021, 104(2), 325–335
doi:10.1093/biolre/ioaa215

Research Article
Advance Access Publication Date: 27 November 2020

Research Article

ZC3H4—a novel Cys-Cys-Cys-His-type zinc

finger protein—is essential for early

embryogenesis in mice†

Jianmin Su1,2,‡, Xiaosu Miao1,‡, Danielle Archambault1,

Jesse Mager1,* and Wei Cui1,3,*

1Department of Veterinary and Animal Sciences, University of Massachusetts, Amherst, MA, USA, 2Key Laboratory
of Animal Biotechnology of the Ministry of Agriculture, College of Veterinary Medicine, Northwest A&F University,
Yangling, Shaanxi, PR China and 3Animal Models Core Facility, Institute for Applied Life Sciences (IALS), University
of Massachusetts, Amherst, MA, USA

*Correspondence: Department of Veterinary and Animal Sciences, University of Massachusetts, Amherst, MA 01002,
USA. E-mail: jmager@vasci.umass.edu (J. Mager), wcui@umass.edu (W. Cui)

†Grant Support: This work was supported by faculty start-up funds (WC) and by NIH grant R01HD083311 (JM).
‡Jianmin Su and Xiaosu Miao have contributed equally to this work.

Received 28 June 2020; Revised 10 October 2020; Accepted 25 November 2020

Abstract

Zinc finger domains of the Cys-Cys-Cys-His (CCCH) class are evolutionarily conserved proteins that

bind nucleic acids and are involved in various biological processes. Nearly 60 CCCH-type zinc finger

proteins have been identified in humans and mice, most have not been functionally characterized.

Here, we provide the first in vivo functional characterization of ZC3H4—a novel CCCH-type zinc

finger protein. Our results show that although Zc3h4 mutant embryos exhibit normal morphology

at E3.5 blastocyst stage, they cannot be recovered at E7.5 early post-gastrulation stage, suggesting

implantation failure. Outgrowth assays reveal that mutant blastocysts either fail to hatch from

the zona pellucida, or can hatch but do not form a typical inner cell mass colony, the source of

embryonic stem cells (ESCs). Although there is no change in levels of reactive oxygen species,

Zc3h4 mutantsdisplay severe DNA breaks and reduced cell proliferation. Analysis of lineage

specification reveals that both epiblast and primitive endoderm lineages are compromised with

severe reductions in cell number and/or specification in the mutant blastocysts. In summary, these

findings demonstrate the essential role of ZC3H4 during early mammalian embryogenesis.

Summary sentence

ZC3H4 is essential during early embryo development in vivo, loss of ZC3H4 results in defective

epiblast and primitive endoderm lineages, severe DNA breaks, reduced cell proliferation, and

failure to develop beyond blastocyst formation.
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Introduction

Preimplantation development in mammals involves four stages:
oocyte fertilization, embryo cleavage, morula, and blastocyst
formation [1, 2]. To form a competent blastocyst stage embryo that is
capable of uterine implantation, the newly formed zygote undergoes
a series of cleavage divisions resulting in increasing numbers of
smaller blastomeres [3, 4]. During this period, three major transcrip-
tional and morphogenetic events also take place concurrently. The
first event, maternal-to-zygotic transition, initiates the degradation
of maternal mRNAs and proteins with replacement from zygotic
transcripts [5, 6]. Upon reaching 8-cell stage in the mouse, embryo
initiates the second major event, compaction, and polarization [3, 4].
Following this, the third critical event occurs, which is blastomere cell
fate allocation resulting in the outer polar cells differentiating exclu-
sively into the trophectoderm (TE), whereas the apolar cells located
inside of the morula give rise to the inner cell mass (ICM) [7, 8].
When the blastocyst contains 32–64 cells, the ICM separates into the
pluripotent epiblast (EPI) lineage and the primitive endoderm (PE)
lineage [9]. These first three lineages (EPI, PE, and TE) will give rise
to the embryo, parietal yolk sac, and placenta, respectively [10, 11].

Lineage specification during early mammalian embryogenesis is
a highly regulated process that relies on the differential expression of
various genes within distinct cell populations [12, 13]. Specific local-
ization of transcription factors (TFs) and differential gene expression
profiles have been illustrated in blastocyst embryos of different
mammalian species [14–16]. For example, to establish and maintain
the cell fate in mouse embryos, the TF CDX2 is enriched in TE,
whereas OCT4 (alias POU5F1) becomes highly expressed in the
ICM [17]. Similarly, the segregation of the EPI and PE lineages
within the ICM is demarcated by Nanog homeobox (NANOG)
expression in the EPI cells and SOX17 in the PE [18]. Through
advances in genome manipulation, single-cell transcriptomics and
loss-of-function studies, increasing numbers of genes have been
found to be required during early lineage specification in mammalian
embryos. For example, members of Hippo signaling pathway [18–
20], Notch signaling [21], WNT signaling [22], and ROCK signaling
[23, 24]. Furthermore, epigenetic regulation [25–28] and newly
discovered factors, such as NOP2 [29, 30], SBNO1 [31], TFAP2C
[32], SMCHD1 [6, 33], and RBBP4 [34, 35], also contribute to and
dictate these unique cellular identities.

During mammalian development, zinc-finger-containing proteins
represent the most abundant protein superfamily and are well known
as transcriptional regulators. Among them, there is a less common
family that contains tandem zinc-binding motifs characterized by
three cysteines followed by one histidine (CCCH) [36, 37]. Nearly
60 CCCH-type zinc finger proteins have been identified in humans
and mice; however, few have been carefully investigated in vivo. For
example, Zfp36, Rc3h1, and Zc3h12a are critical for regulation of
mRNA stability in immune cells, and each individual knockout (KO)
shows similar phenotype of systemic inflammatory responses and
autoimmune disease in mice [38]. Whereas Zfp36 function is impor-
tant for the immune system, Zfp36l2 shows essential role in female
fertility. Oocytes from Zfp36l2 KO mice can be fertilized normally,
however, the resultant embryos cannot progress beyond the two-cell
stage [36]. Through loss-of-function experiments, ZC3H14 has been
found to be a key regulator of RNA poly (A) tail length and essential
for regulation of neuronal transcripts in mouse brain [39, 40] that
corroborates a previous study of the orthologous Drosophila gene
dNab2 in neuronal development [41]. In zebrafish, the TF Zc3h8
has been shown to be required for development of multiple organs,

including liver, gut, and pancreas [42]. ZC3H4, the focus of this
study, has not been extensively studied at the preclinical or clinical
levels, nor it been studied in embryogenesis or developmental events
of any organism [43]. Up to now, it has only been examined in
anaplastic thyroid carcinoma [44] and mouse lung epithelial cells
[43]. Data from these cultured cells strongly suggest that ZC3H4
is essential for cell proliferation and the epithelial to mesenchymal
transition, respectively.

In the present study, we use a novel knockout allele to explore the
role of ZC3H4 during murine development in vivo. Our data show
that ZC3H4 is essential during early embryo development in vivo,
where loss of ZC3H4 results in defective EPI and PE lineages, many
DNA breaks, reduced cell proliferation, and failure to implant in the
uterus.

Material and methods

All chemicals and media were purchased from Millipore-Sigma
(Burlington, MA, USA) unless otherwise indicated.

Generation of Zc3h4 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). Zc3h4 KO allele (C57BL/6NCrl-Zc3h4em1(IMPC)Mbp/Mmucd)
was generated on C57BL/6NCrl background as part of the Knockout
Mouse Project (KOMP) and available from the Mutant Mouse
Resource & Research Centers (MMRRC, Stock #: 043477-UCD,
Strain Origin: University of California, Davis). The entirety of
exon 4 (ENSMUSE00000895527, 223 bp) was deleted from
the Zc3h4 gene (ENSMUST00000098789.4) to generate frame-
shifted KO allele by using CRISPR/Cas9 gene editing technology in
mouse zygotes (Figure 1A). Produced founders were backcrossed
to C57BL/6N to produce sequence confirmed heterozygous
Zc3h4−/Zc3h4+ (hereafter referred to as Het) mice (N1), which
were then backcrossed again to generate Het mice (N2), in
MMRRC. To expand the colony in our animal facility for the
present study, Het mice from MMRRC (N2) were first backcrossed
with C57BL/6N wildtype Zc3h4+/Zc3h4+ (hereafter referred
to as WT) mice, and subsequent Het mice were intercrossed to
generate Zc3h4−/Zc3h4− mutants (hereafter referred to as Mut).
Genotyping primers used: common Forward for both WT allele and
Mut allele: 5′- ACCCCACTTTCCCTCCAAAGG; Reverse for WT
allele: 5′- GGCTAGGGGACAGCAGTACATGG; Reverse for Mut
allele: 5′- CTTCCCTCATCTTGCCTTATGCC.

Embryo recovery, outgrowth culture, and genotyping

Zc3h4 heterozygous females (8–12 weeks old) were caged overnight
with Zc3h4 heterozygous males and examined for the presence of
copulatory plugs each morning. The presence of a plug was defined
as embryonic day 0.5 (E0.5). E7.5 and E3.5 embryos were collected
from heterozygous females by dissection or flushing the uterus,
respectively. For E7.5 embryos, embryos were imaged immediately
after dissection, then collected into individual tubes for lysis and
Polymerase Chain Reaction (PCR) genotyping. For E3.5 blastocysts,
embryos were imaged individually in droplets and then cultured for
3 days in DMEM (Lonza, Allendale, NJ, USA) supplemented with
10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch,
GA, USA) and 1X GlutaMAX (Thermo Fisher Scientific, Waltham,
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Figure 1. Zc3h4 knock-out allele generation, embryo collection and genotyping, and expression analysis. (A) Schematic of Zc3h4 knock-out allele generation and

genotyping primers for WT allele and Mut allele. F, forward; R, reverse. (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. Although mutant blastocysts were indistinguishable from littermates at E3.5, they do not form successful outgrowths. Outgrowths

from WT and Het blastocysts displayed a distinctive ICM colony (red dashed line) surrounded by trophoblast cells (black dashed line). Mutant exhibited 2 distinct

phenotypes, either failing to hatch from the zona pellucida with all blastomeres trapped in the zona (5 from 11) or they hatched but resulted in an outgrowth

completely devoid of typical ICM colony (6 from 11). Scale bars, 100 μm. (D) Representative genotyping PCR of individual outgrowth. (E) RT-PCR to identify

Zc3h4 expression in WT preimplantation embryos. Actb was used as loading control.
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MA, USA). After 3 days of culture, outgrowths were individually
imaged again before lysis and genotyping. Outgrowth analysis was
performed as described previously [45, 46]. Briefly, an outgrowth
that displayed a distinctive ICM colony surrounded by trophoblast
monolayer is considered a normal successful outgrowth, whereas
outgrowths that fail to hatch, lack ICM colony or lack trophoblast
monolayer are considered as failed outgrowths.

Blastocyst immunofluorescence

Immunofluorescence staining (IF) was carried out in accordance
with the methods of our previous studies [46, 47]. Prior to fixation
and IF, E3.5 blastocysts were harvested and cultured overnight in
KSOM at 37 ◦C in a humidified atmosphere of 5% CO2, 5%
O2 balanced in N2, to further deplete the maternally-loaded pro-
tein/mRNA and also to ensure embryos had undergone EPI/PE/TE
specification. After fixation in 4% paraformaldehyde and brief wash
in PBS, embryos were permeabilized with 0.5% Triton X-100 in
PBS containing 10% FBS for 20 min. Embryos were then blocked
in blocking solution (PBS with 10% FBS and 0.1% Triton) for 1 h
at room temperature, and then incubated with primary antibodies
overnight at 4 ◦C. All primary antibodies were diluted 1:200 using
the blocking solution, including: goat anti-OCT4 (abcam, ab27985);
mouse anti-CDX2 (BioGenex, MU392A-UC); rabbit anti-NANOG
(abcam, ab80892); rabbit anti-TRP53 (Cell Signaling Technology,
#9284); goat anti-SOX17 (R&D Systems, AF1924). After three
washes, embryos were incubated with suitable secondary antibodies
(Alexa Fluor, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at
room temperature in dark. After two washes, DNA was stained with
4,6-diamidino-2-phenylindole (DAPI) before transferring embryos
into single wells of chambered slides (Corning Co., Corning, NY,
USA) for imaging under a Nikon A1 Spectral Detector Confocal
with FLIM Module. Z-stacks (20X objective, 8-μm sections) were
collected and maximum projection applied. Embryos were han-
dled individually such that each one was imaged and then recov-
ered for PCR genotyping. The intensity of reactive oxygen species
(ROS; green fluorescence) was analyzed using Image J software
with DAPI intensity as the reference. High-resolution z-stack images
were acquired under identical capture settings and intensities were
measured on the raw images as described previously [48].

EdU and TUNEL labeling

Click-iT Plus EdU Cell Proliferation Kit (C10638, Thermo Fisher
Scientific) was used for EdU (5-ethynyl-2′-deoxyuridine) labeling.
According to the manufacturer’s instructions, embryos were incu-
bated in KSOM medium supplemented with 10-μM EdU for 25 min.
Then embryos were fixed and permeabilized as mentioned in IF
staining, followed by cocktail reaction of the kit to show the signal.
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end label-
ing) staining was carried out using the In Situ Cell Death Detection
Kit (11684795910, Roche) according to the manual. After EdU
staining, embryos were washed three times and labeled with TUNEL
reaction mixture in the dark at 37 ◦C for 30 min. Then DNA was
stained with DAPI for 10 min before embryos were individually
transferred into single wells of chambered slides for imaging under
confocal as described in the IF method section.

Detection of ROS

CellROX Green Reagent (C10444, Thermo Fisher Scientific) was
used to detect ROS level according to the product manual. Embryos
were incubated in KSOM supplemented with 5-μM CellROX Green

Reagent at 37 ◦C for 30 min. After this, embryos were washed three
times with PBS and then fixed in 4% paraformaldehyde for 20 min.
Fixed embryos were then washed and individually transferred into
single wells of chambered slides for imaging as described in the IF
method section.

RNA extraction and reverse transcription PCR

Total RNA extraction was carried out with a Roche High Pure RNA
Isolation Kit (#11828665001). Complementary DNA was synthe-
sized using iScript cDNA synthesis kit (#170-8891; Bio-Rad Labora-
tories, Hercules, CA, USA). Intron-spanning primers used for reverse
transcription PCR (RT-PCR): (Actb: 5′-GGCCCAGAGCAAGAGAG
GTATCC and 5′-ACGCACGATTTCCCTCTCAGC; Zc3h4: 5′-
GCGATGACTTCTCGGACTTC and 5′- CCTCGAGATCCTC-
CTCGACT).

Embedding, sectioning, and immunofluorescence

Freshly dissected E5.5 decidua from heterozygous intercross were
fixed in 4% paraformaldehyde overnight, dehydrated in ethanol,
cleared in xylene, embedded with paraffin, and sectioned at 7-μm
thick. The sectioned embryos were deparaffinized and rehydrated
for subsequent procedures. Antigen retrieval was performed by
boiling the slides in Tris-ethylenediaminetetraacetic acid (EDTA)
buffer (pH 9) for 4 min and cooling to room temperature. The slides
were then rinsed twice in phosphate buffered saline/0.01% Tween
20 (PBT) for 2 min and blocked with 0.5% milk in PBT for 2 h at
room temperature in a humid chamber. Primary antibodies including
OCT4 (Abcam, ab27985, 1: 200), CDX2 (Biogenex, AM392-5 M,
1:200), and Laminin (Sigma Aldrich, L9393, 1:250) were applied
in 0.05% milk/PBT at 4 ◦C overnight in a humid chamber. The
slides were then rinsed three times with PBT for 15 min, followed by
incubation with suitable secondary antibodies at room temperature
for 1 h in a humid chamber. Next, the slides were rinsed with PBS for
15 min, three times. Nuclei were counterstained with DAPI in PBS
(1:10 000) for 3 min. Slides were rinsed with 1X PBS and sealed with
ProLong Gold (Thermo Fisher Scientific, P36934). Fluorescent slides
were imaged with Nikon Eclipse Ti inverted microscope.

Statistical analysis

All experiments were repeated at least three times and data are
presented as mean ± standard error of the mean. Chi-square test was
applied to the incidence of successful outgrowths, and percentage
data were analyzed by analysis of variance, and differences were
considered statistically significant at P < 0.05.

Results

Zc3h4 mutants cannot be recovered in vivo at E7.5

The Zc3h4 knock-out allele (Stock#:043477-UCD) was generated
by using CRISPR/Cas9 gene editing technology to delete the entirety
of exon 4 (ENSMUSE00000895527, 223 bp) generating a frame-
shifted KO allele (Figure 1A). According to the initial phenotyp-
ing analysis performed for the International Mouse Phenotyping
Consortium (IMPC) [49], no homozygous Zc3h4 mutants were
born, nor found at E15.5 or E12.5 (http://www.mousephenotype.o
rg). Therefore, we first dissected embryos at E7.5. Twenty-four
embryos were recovered from four heterozygous intercrosses. Geno-
typing revealed 15 Het and 9 WT embryos (Figure 1B). No Zc3h4
homozygous mutant embryos were present at E7.5, however, there
was an obviously increased number of empty decidua (n = 13),

http://www.mousephenotype.org
http://www.mousephenotype.org
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suggesting that Zc3h4 mutants may trigger decidual response but do
not produce viable gastrulation stage embryos. To gain more insight
into the mechanism underlying the embryonic lethality in vivo, we
collected E3.5 blastocysts for morphological assessment and 3-day-
outgrowth assays. Six heterozygous intercross litters produced 46
blastocysts comprised of 11 Zc3h4 mutants, 25 Het and 10 WT
embryos. Mutant blastocysts at E3.5 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 significantly high (Chi-square
test: P < 0.05) for WT (100%, 10/10) and Het blastocysts (88%,
22/25), whereas none of the 11 mutants (0%, 0/11) formed a
successful outgrowth (Figure 1C and D). WT and Het outgrowths
displayed robust ICM colonies surrounded by trophoblast cells that
were easily identified by their flattened morphology. Among 11
mutants, 5 showed failed hatching with all blastomeres still trapped
in the zona and 6 exhibited no typical ICM colony (Figure 1C).
These results which show defective hatching and outgrowth are
consistent with a complete absence of mutant embryos at E7.5 in
vivo. Based on the phenotype and timing of lethality, we evaluated
Zc3h4 expression during preimplantation stages. Due to the lack of
available antibodies suitable for immunofluorescence, we performed
RT-PCR and revealed that Zc3h4 mRNA is present at all stages
examined (Figure 1E).

Zc3h4 mutants have fewer ICM cells

To investigate the mechanisms underlying embryonic lethality in
vivo and outgrowth failure in vitro, we first analyzed markers
of apoptosis (Ser15-phospho active TRP53) and ICM/TE lineage
specification on 27 blastocysts (6 WT, 17 Het, and 4 Mut) from
heterozygous intercrosses (Figure 2A). Regardless of genotype, none
of the embryos showed active TRP53 positive cells (Figure 2A)
(positive control is shown in Supplementary Figure S1). However,
cell counting revealed that Zc3h4 mutants have significantly fewer
blastomeres than Het and WT embryos (Figure 2B). Importantly, the
number of both OCT4 positive cells per blastocyst (Figure 2C) and
percentage of OCT4 positive cells (Figure 2D) is severely reduced in
Zc3h4 mutant blastocysts. Concordant with the decreased total cell
number, the number of CDX2 positive cells per blastocyst was lower
in mutants as well (Figure 2E), but the percentage of CDX2 positive
cells increased significantly (Figure 2F). These results indicate that
the ratio of cell allocation to each lineage is greatly altered with far
fewer ICM specified cells (and more TE specified cells) in Zc3h4
mutant embryos.

Both PE and EPI are defective in Zc3h4 mutants

To further elucidate the mechanism and phenotype in Zc3h4 mutant
embryos, we examined the fidelity of the second lineage specifica-
tion decision where ICM segregates into PE and EPI. Blastocysts
recovered from heterozygous intercrosses were analyzed for the PE
marker SOX17 and the EPI marker NANOG (Figure 3A). Analysis
of 26 embryos (5 WT, 14 Het, and 7 Mut) revealed a significantly
reduced number and percentage of both NANOG-positive EPI cells
(Figure 3C and D) and SOX17-positive PE cells (Figure 3E and F),
when compared with WT and Het littermates. Concordant with
decreased PE and EPI ratios, a significant increase in the percent
of CDX2-positive TE cells was detected (Figure 3G). These results
suggest that both PE lineage and EPI lineage are defective with far
fewer cells in the absence of ZC3H4.

Zc3h4 mutants display many DNA breaks

and reduced proliferation

Since Zc3h4 mutants have reduced total cell numbers, we next per-
formed fluorescent whole-mount TUNEL assays and EdU labeling
to assay DNA breaks and cell proliferation, respectively (Figure. 4A),
on 25 blastocysts (6 WT, 12 Het, and 7 Mut). These assays showed
that Mut embryos exhibited a significantly higher percentage of
TUNEL-positive nuclei (Figure 4B), indicating that loss of ZC3H4
results in increased DNA breaks and cell death. EdU labeling demon-
strated a markedly decreased percentage of EdU-positive cells in
these Zc3h4 mutants (Figure 4C), indicating that many fewer cells
are proliferating in the absence of ZC3H4.

We next assessed the levels of reactive oxygen species (ROS),
which has been used as marker for oxidative homeostasis and general
cell viability/health [48, 50]. Our result showed that all genotypes
exhibited similarly low levels of ROS, suggesting that ZC3H4 does
not significantly regulate or alter oxidative homeostasis during early
mammalian embryogenesis (Figure 5) (positive control is shown in
Supplementary Figure S2).

Discussion

Early embryogenesis is a highly regulated process that relies on the
differential expression of various genes at specific stages and in dis-
tinct cell populations. With the advent of large-scale transcriptome
profiling, more than 11 000 genes have been detected during mam-
malian preimplantation development. Zinc finger proteins (ZFPs)
are one of the most abundant groups of genes expressed during
this developmental window [36, 51]. Compared with other types of
ZFPs (such as C2H2-type and RING-type), CCCH-type is much less
common and most CCCH-type ZFPs have not been characterized
during various cellular events and biological processes [40, 52]. In
the present study, we use a novel knockout allele and for the first time
demonstrate the essential role of ZC3H4 during murine development
in vivo. Although Zc3h4 mutants look normal at E3.5, these blasto-
cysts cannot successfully outgrow in vitro that is consistent with the
absence of E7.5 mutants in vivo. To the best of our knowledge, this
is the first CCCH-type ZFP that causes peri-implantation lethality
when knocked out. Notably, the apparent increase in empty decidua
at E7.5 (n = 13 from 4 intercross litters, along with 15 Hets and
9 WTs) suggests that most Zc3h4-KO embryos elicit a decidual
response, but likely degenerate and resorb such that no embryo can
be isolated at later stages, a phenotype that has been documented
for other KO alleles [53–55]. Our lineage analysis suggests significant
defects in ICM/EPI/PE but not in TE specification. However, implan-
tation failure certainly indicates defective TE function. Signaling
from the ICM has been well documented to be required for TE
function at peri-implantation stages [56]. Therefore, one obvious
possibility is that TE in Zc3h4 mutants does not receive appropriate
signals from the mutant ICM to fully differentiate and facilitate
successful implantation and further development. In order to assess
mutant embryo implantation in vivo, we performed immunoflu-
orescence analysis on E5.5 decidua from heterozygous intercross.
Among 9 deciduae, 6 contained normal E5.5 embryo structures with
radially symmetric egg-cylinder morphology and appropriate OCT4
and CDX2 expression. However, the other 3 decidua had tiny round
structures in the midst of normal sized maternal decidual cells which
were neither OCT4 nor CDX2 positive (Supplementary Figure S3).
Since the occurrence fits mendelian frequency (3/9) and we observe
similar percentage of empty decidua at E7.5, we assume these are

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa215#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa215#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa215#supplementary-data
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Figure 2. Decreased total cell number and altered lineage allocation was found in Zc3h4 mutant embryos. (A) IF of OCT4 (ICM marker), CDX2 (TE marker), and

active TRP53 (apoptosis marker) in blastocysts of different genotypes. (B) Total cell number per blastocyst in Mut embryos was significantly decreased. (C)

The number of OCT4 positive cells per blastocyst was severely reduced in Mut embryos. (D) The percentage of ICM cells (OCT4 positive) in Mut embryos was

significantly decreased. (E) The number of CDX2 positive cells per blastocyst was severely reduced in Zc3h4 mutants. (F) The percentage of CDX2-positive TE

cells was significantly increased in Zc3h4 mutants. Scale bar, 50 μm. ∗, P < 0.05.

remnants of the Zc3h4 mutant embryos (we cannot genotype cleanly
after sectioning within decidua). These results suggest that mutant
embryos do contact the maternal uterine epithelium and induce a
similar decidualization, but do not develop further than blastocyst

stage. Further experiments are needed to determine if ZC3H4 is
required only in the ICM or in all early lineages at different stages.

OCT4, encoded by gene Pou5f1, is a homeodomain TF of POU
family and has been shown to be a key regulator during early
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Figure 3. Both PE and EPI are defective in Zc3h4 mutant embryos. (A) IF of SOX17 (PE marker), NANOG (EPI marker), and CDX2 (TE marker) in blastocysts

of different genotypes. (B) The total cell number per blastocyst in Zc3h4 mutant embryos is decreased, as well as a significantly reduced number (C) and

percentage (D) of NANOG-positive EPI cells when compared with WT and Het littermates. A significantly reduced number (E) and percentage (F) was found for

SOX17-positive PE cells when compared with WT and Het littermates. (G) Concordant with decreased PE and EPI ratios, a significant increase in the percent of

CDX2-positive TE cells was detected in Zc3h4 mutants. Scale bar, 50 μm. ∗, P < 0.05.

embryonic development and ICM lineage specification [57, 58].
Our study demonstrates a 50% reduction in the number of OCT4-
positive cells in the absence of ZC3H4, with concomitant reduction
in both NANOG-positive EPI cells and SOX17-positive PE cells.

These results are consistent with previous findings that NANOG
expression is directly regulated by OCT4 [59, 60] and that sustained
OCT4 expression is required for PE specification [61]. Importantly,
defective ICM has also been reported with loss-of-function in other
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Figure 4. Increased DNA breaks and decreased cell proliferation were found in Zc3h4 mutant embryos. (A) Fluorescent whole-mount TUNEL assay and EdU

labeling assay were performed to see if ZC3H4 is involved in DNA breaks and cell proliferation, respectively. (B) Zc3h4 Mut blastocysts exhibited a significantly

higher percentage of TUNEL-positive nuclei when compared with WT and Het littermates. (C) Percentage of EdU-positive nuclei was markedly decreased in

Zc3h4 mutant blastocysts when compared with WT and Het littermates. Scale bar, 50 μm. ∗, P < 0.05.

Figure 5. IF of ROS (marker for oxidative homeostasis and general cell

viability/health) in blastocysts of different genotypes. All genotypes displayed

similarly low ROS levels, suggesting that ZC3H4 does not significantly regu-

late or alter oxidative homeostasis during early embryo development in mice.

Scale bar, 50 μm.

genes, such as Gins1 [62], Setd1a [63], Med28 [64], and Rbbp4
[35], suggesting that different genes may participate in a common
pathway or mechanism involved in ICM development and function.

It is noteworthy that, ICM formation and morphology look normal
in absence of OCT4 [65]. However, in this study, KO of Zc3h4
reduced the number of cells contributing to the ICM (Figure 2D),
suggesting that Zc3h4 may act upstream of Oct4 expression during
early development of embryonic pluripotency. In fact, ZC3H13,
another CCCH-type ZFP, was recently discovered as a key factor
that promotes mouse embryonic stem cell (ESC) self-renewal and
pluripotency through facilitating m6A methylation [66]. Given the
known fact that some CCCH-type ZFPs (e.g., ZFP36, RC3H1, and
ZC3H12A) can regulate the steady-state and translation of their
target RNAs [38], another possibility is that ZC3H4 may also
facilitate post-transcriptional regulation of target mRNAs that are
essential for cell lineage specification.

It has been previously shown that a minimum of 4 NANOG-
positive EPI cells are needed at the blastocyst stage for normal
embryo development to proceed [67]. Consistent with this report,
our data show that majority of WT (4/5) and Het (13/14) embryos
reached and surpassed this threshold, whereas only 1 of 7 Zc3h4
mutants contained 4 NANOG positive cells (1/7, Figure 3C). In addi-
tion to impaired lineage commitment, loss of ZC3H4 also resulted in
many DNA breaks and reduced cell proliferation (Figure 4). These
results are consistent with a recent study that identified ZC3H4 as
an essential factor for cell proliferation in thyroid carcinoma cells
[44]. As a novel member in CCCH family, role of ZC3H4 was
recently investigated in mouse lung epithelia and cell culture data
suggest that ZC3H4 is a pivotal player in epithelial-mesenchymal
transition (EMT) during lung fibrosis [43]. Interestingly, as an evolu-
tionarily conserved process, EMT also occurs during embryogenesis
and is essential for cell differentiation and lineage specification.
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In mammals, the first wave of EMT occurs during implantation that
produces trophoblast giant cells from TE that migrate and invade the
endometrium [68, 69]. EMT also occurs in the PE to form the parietal
endoderm [70]. In order to fully understand the mechanism and
specificity of ZC3H4 function during embryogenesis, we will likely
need to assess transcriptome wide effects in KO or KD embryos,
and possibly perform conditional deletion experiments to determine
if there are lineage specific requirements of ZC3H4. Alternatively,
ESCs and trophoblast stem cells may serve as good models to
explore ZC3H4 function in embryonic pluripotency and trophoblast
invasion, respectively.

In summary, using a newly generated Zc3h4 knockout allele,
we demonstrate for the first time that ZC3H4 is essential for early
mammalian development in vivo. Loss of ZC3H4 results in defective
ICM with consequent reduction of both EPI and PE. Additionally,
ZC3H4 KO results in many DNA breaks and reduced cell prolifer-
ation, which likely drive the reduced cell numbers and implantation
failure resulting in the early lethality of mutant embryos.
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