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SUMMARY
Embryo size, specification, and homeostasis are regulated by a complex gene regulatory and signaling network. Herewe used gene expres-

sion signatures ofWnt-activatedmouse embryonic stem cell (mESC) clones to reverse engineer anmESC regulatory network.We identify

NKX1-2 as a novel master regulator of preimplantation embryo development. We find that Nkx1-2 inhibition reduces nascent RNA syn-

thesis, downregulates genes controlling ribosome biogenesis, RNA translation, and transport, and induces severe alteration of nucleolus

structure, resulting in the exclusion of RNA polymerase I from nucleoli. In turn, NKX1-2 loss of function leads to chromosomemissegre-

gation in the 2- to 4-cell embryo stages, severe decrease in blastomere numbers, alterations of tight junctions (TJs), and impairment of

microlumen coarsening. Overall, these changes impair the blastocoel expansion-collapse cycle and embryo cavitation, leading to altered

lineage specification and developmental arrest.
INTRODUCTION

Embryo formation begins in the one-cell zygote. After

fertilization, the zygote reaches the blastocyst stage, con-

sisting of an inner cellmass (ICM) and trophectoderm cells.

The ICM is further differentiated into the epiblast (Epi) and

the primitive endoderm (PrE) (Zhu and Zernicka-Goetz,

2020b). Precise cell fate specification during preimplanta-

tion development is essential for the subsequent post-

implant and full-term development. Numerous consecu-

tive events—such as the establishment of cellular polarity,

embryo compaction, and symmetric and asymmetric cell

division—govern lineage specification (White et al., 2016;

Zhu and Zernicka-Goetz, 2020a).

TheWnt/b-catenin signaling cascade is highly conserved

across the animal kingdom and is one of the most critical

pathways controlling embryo development (Munoz-Des-

calzo et al., 2015; Xie et al., 2008). In mouse, it controls

not only early development but also cell proliferation and
Stem Cel
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tissue homeostasis (Aulicino et al., 2020). Following b-cat-

enin knockout (KO),mouse embryos develop normally un-

til 7 days after fertilization (embryonic day 7 [E7.0]) but are

degraded at the gastrulation stage due to abnormal ante-

rior-posterior body axis establishment (Haegel et al.,

1995; Huelsken et al., 2000). Moreover, these embryos

show disorganized mesodermal and endodermal germ

cell layers (Kishimoto et al., 2020).

Several WNT proteins are expressed as early as in blasto-

cyst embryos, predominantly in the ICM (Kemp et al.,

2005). Notably, Wnt/b-catenin signaling pathway must

be switched off upon implantation for proper development

(ten Berge et al., 2008, 2011).While it is clear that theWnt/

b-catenin signaling pathway is important for post-implant

development and mouse embryonic stem cell (mESC)

establishment, it is not clear whether it also plays a key

role in preimplantation development.

To address this question, we used an unbiased systems

biology approach to elucidate the master regulator (MR)
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proteins responsible for mechanistically implementing the

transcriptional state of the cell (Alvarez et al., 2016). Specif-

ically, we used the extensively validated VIPER (Virtual

Inference of Protein-activity by Enriched Reglon analysis)

algorithm (Alvarez et al., 2016; Obradovic et al., 2021; Paull

et al., 2021) to transform the transcriptional profile of

mutant mESC lines, expressing a constitutively active

Wnt/b-catenin pathway or with a deletion of Tcf3 (an in-

hibitor of the Wnt/b-catenin pathway) (Lluis et al., 2011;

Merrill, 2012), into comprehensive protein activity pro-

files. This approach allowedus to identify regulatory factors

that control the Wnt/b-catenin-mediated transcriptional

state via their transcriptional targets. To generate the tran-

scriptional targets of all regulatory proteins, we analyzed a

large collection of mESC profiles using the ARACNe (Algo-

rithm for the Reconstruction of Accurate Cellular Net-

works) algorithm (Basso et al., 2005). This analysis identi-

fied Nkx1-2 (also known as Sax-1) as a novel Wnt/

b-catenin effector and as an essential MR of preimplanta-

tion development in mouse embryos. In mice (and hu-

mans), NKX1-2 is a homeobox protein family member (Ro-

vescalli et al., 2000). Inhibition of Nkx1-2 resulted in i)

mislocalization of RNA POLYMERASE I (POL I) from the

nucleolus and the dysfunction of pathways and genes regu-

lating ribosome biogenesis, RNA translation, and trans-

port, resulting in chromosome missegregation, as early as

the 2- to 4-cell stages, ii) loss of embryo cavitation, and

iii) inappropriate lineage specification, culminating in em-

bryo development arrest. Thus, we conclude that NKX1-2

controls nascent RNA synthesis, ribosomal biogenesis,

and POL I localization in the nucleolus during preimplan-

tation mouse embryo development.
RESULTS

Identification of Wnt/b-catenin pathway-dependent

MRs that control pluripotency and preimplantation

development

To identify yet-unknownWnt pathway effectors that play a

key role in controlling ESC pluripotency, we analyzed RNA

sequencing (RNA-seq) profiles from i) wild-type (WT)

mESCs, ii) two S33Y b-catenin mutant mESC clones (#1

and #2) (Theka et al., 2019), and iii) a Tcf3 KO mESC line

(Lluis et al., 2011). The Wnt pathway activity was higher

in all three mutantmESCs than inWTmESCs, as measured

using a Wnt reporter as previously reported (Theka et al.,

2019), and Wnt activity was higher in clone #2 than in

clone #1 (Theka et al., 2019). Principal-component analysis

(PCA) showed that replicates of the clones #1 and #2, or of

Tcf3 KO mESCs, clustered together but that these clusters

were separate from the corresponding WT mESCs

(Figure 1A).
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Analysis of differentially expressed genes (DEGs) in the

mutant vs. WT cells showed that pluripotency regula-

tors—including Nanog, Pou5f1, Sox2, Esrrb, and Prdm14,

as well as the Wnt-dependent gene Axin2—were signifi-

cantly upregulated in the b-catenin clones and in Tcf3 KO

mESCs (false discovery rate [FDR] <0.05), whereas lineage

differentiation markers, such as Fgf5, Dnmt3b, Krt18, T,

and Neurog1, were significantly downregulated (Figure 1B).

Overall, we identified >4,000 DEGs (FDR <0.05) (Fig-

ure S1A), presenting a significant challenge to directly iden-

tifying potential mechanistic effectors of Wnt/b-catenin

activation as candidate pluripotency drivers. To address

this challenge, we used the VIPER algorithm, which is de-

signed to identify proteins that mechanistically regulate a

gene expression signature based on the differential expres-

sion of their transcriptional targets (Alvarez et al., 2016).

We identified the context-specific transcriptional targets

of all regulatory proteins (i.e., the mESC interactome) by

analyzing a large collection of mESCs that had been per-

turbed with a combination of morphogens and small mol-

ecules, using the ARACNe algorithm (Basso et al., 2005; Le-

febvre et al., 2010) (Tables S1 and S2). The statistical

significance of the VIPER-measured differential protein ac-

tivity in the mutant mESCs (both b-catenin mESC clones

#1 and #2 and the Tcf3 KO mESCs) vs. WT cells was gener-

ated by integrating p values across the six replicates of each

condition, using Stouffer’s method (Figure 1C).

Consistent with expectations, well-known pluripotency

regulators (such as the transcription factors [TFs] NANOG

[Nanog homeobox], PRMD14, and ESRRB) were identified

in the top 30 candidate MR proteins inferred by the anal-

ysis (Figure 1C). Thus, we hypothesized that additional, un-

characterized pluripotency regulators could also be present

in the most differentially active MRs. Specifically, we iden-

tified the TFs GLI2, NKX1-2, ZFP960, and DMBX1 as the

four most differentially active proteins in Wnt-activated

cells, suggesting their potential role as putative down-

stream Wnt pathway effectors, with a yet-to-be-defined

role in pluripotency (Figure 1C). We then compared the

VIPER activity of mESCs cultured with the Wnt inhibitor

Dkk1 to that in WT cells. In Wnt-repressed mESCs, GLI2,

ZFP960, and DMBX1 showed very low activity, while

NKX1-2 showed no activity, suggesting that these factors

are Wnt-dependent MRs (Figure S1B).

As theWnt pathway is active in the ICM in preimplanta-

tion embryos (ten Berge et al., 2011), we next assessed the

differential activity of the most statistically significant

VIPER-inferred TFs in the ICM, using VIPER analysis of

a published RNA-seq dataset from embryos at different

preimplantation stages (Boroviak et al., 2015). The analysis

confirmed the differential activity of TFs that are

known lineage-specific markers of embryogenesis, as pre-

dicted by VIPER analysis (Figure 1D). For instance, the
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Figure 1. Differential gene expression analysis of b-catenin clones and Tcf3 �/� ESCs and MR analysis
(A) PCA analysis of S33Y-b-catenin #1 (dark blue dots), S33Y-b-catenin #2 (yellow dots), S33Y-b-catenin isogenic E14 WT line (light blue
dots), Tcf3 �/� KO (green dots), and Tcf3 isogenic E14tg2a WT line (red dots). n = 6 independent experiments per condition.
(B) Differential mRNA expression levels of pluripotency and differentiation genes normalized to the WT. False discovery rate (FDR) < 0.05.
(C) Top active (red) or inactive (blue) MRs in the S33Y-b-catenin #1 or #2 mESC lines or the Tcf3 KO mESC line, ranked according to the
cumulative Stouffer score. n = 6 independent experiments per condition.
(D) Heatmap showing MR activity across the different early mouse developmental stages (active, red; inactive, blue).
(E) Violin plot showing the activity of the top 18 MRs from Figure 1C (FDR <0.005).
analysis identified i) significantly increased activity of es-

tablished pluripotency factors (e.g., TCFP2L1, TBX3,

KLF4, PRDM14, NANOG, and ESRRB) in the E3.5 and
E4.5 ICM or in mESCs cultured in 2iLif medium (hereafter,

2iL-mESCs), which maintain a naive ground pluripotency

state (Ying et al., 2008); ii) significantly increased activity
Stem Cell Reports j Vol. 19 j 689–709 j May 14, 2024 691



of the differentiation markers DMT3B, OTX2, DNMT3A,

and SOX1 in post-implantation epiblasts, and decreased ac-

tivity in the preimplantation embryos or in 2iL-mESCs; iii)

significantly increased activity of TCF7L1 (a transcriptional

repressor and Wnt pathway inhibitor) in post-implanta-

tion epiblasts, and decreased activity in preimplantation

embryo stages and in 2iL-mESCs; and iv) significantly

increased activity of the PrE markers GATA6, GATA4, and

SOX17 in the PrE, as compared to reduced activity in the

morula, the ICM, the early Epi, the post-implantation late

Epi, or 2iL-mESCs (Figure 1D). Moreover, the top 18 TFs

predicted by VIPER were highly active in the ICM of the

preimplantation embryos, and 2iLif-mESCs, compared to

a significantly reduced activity in the post-implantation

Epi (Figure 1E).

Taken together, these data show that VIPER-based MR

analysis accurately recapitulates the differential activity of

well-established pluripotency and lineage differentiation

markers, based on their targets’ expression rather than their

own expression.

Nkx1-2 regulates mouse embryo development

MR analysis identified the homeobox protein family mem-

ber NKX1-2 (Rovescalli et al., 2000) as a highly differen-

tially activated MR in the mESC clones #1 and #2, in Tcf3

KO mESCs, as compared to WT mESCs (Figure 1C), and

in the top 8most-activated factors in the ICM of themouse

preimplantation embryos (Figures 1D and 1E). Given that

several homeobox proteins play crucial roles in the zygotic

genome activation (ZGA) and preimplantation develop-

ment in mouse (Eckersley-Maslin et al., 2018), we selected

Nkx1-2 for further experimental validation. Notably, in 2iL-

mESCs, in which the Wnt pathway is activated by the

GSK3b inhibitor, Nkx1-2 was upregulated along with the

known Wnt target Axin2, confirming that NKX1-2 is a

Wnt target (Figures S1C and S1D).

To assess whether Nkx1-2 plays an important physiolog-

ical role in early embryo development, we analyzed zygotes

with an Nkx1-2 knockdown (KD) mediated by antisense

morpholino oligonucleotides (MOs). For this, we microin-

jected Nkx1-2-MOs (or with a randomized sequence as a

control; hereafter, CTL-MO) into the cytoplasm of zygotes,

which developed in vitro until E4.5. In contrast to the

normal development of CTL-MO embryos, 70% of the

Nkx1-2 KD embryos (95 of the 136) failed to properly

expand the blastocoels and were categorized as ‘‘arrested’’

(Figures 2A and 2B). Of note, most Nkx1-2 KD embryos

that were arrested at the E3.5 stage had formed either no

blastocoel (hereafter, a ‘‘shrunk’’ embryo) or only a small

blastocoel (hereafter, a ‘‘cavity’’ embryo) (Figure 2A). These

MO-mediated KD results were further confirmed using two

different small interfering RNA (siRNAs) to mediate the

Nkx1-2 KD: 65.5% (57 of 87) and 95.2% (80 of 84) of em-
692 Stem Cell Reports j Vol. 19 j 689–709 j May 14, 2024
bryos injected with Nkx1-2-siRNA#1 or with Nkx1-2-

siRNA#2, respectively, arrested at the morula stage,

with some of the embryos arrested at the 2-cell stage

(Figures 2C and 2D).

To characterize the developmental defects following

Nkx1-2 KD, we performed single-cell (sc) RNA-seq profiling

of CTL-MO or Nkx1-2-MO-mediated KD embryos at the

morula and blastocyst stages. UMAP analysis of morula

stage profiles identified three clusters (MC0–MC2), whereby

MC0 contained only CTL-MO cells (red circles) and MC2,

only Nkx1-2 KD cells (blue triangles). In turn, MC1 con-

tained mostly Nkx1-2 KD cells (81%; green triangles) but

also CTL-MO cells (green circles), consistent with the het-

erogeneity of the phenotypic assays (Figure 2E).

Gene ontology (GO) analysis (Zhou et al., 2019) of genes

differentially expressed in theMC2 vs.MC0 clusters showed

strong enrichment of the categories ‘‘translation factors,’’

‘‘mRNA transport,’’ and ‘‘translation’’ (Figure 2F). One of

the most significantly downregulated genes in Nkx1-2 KD

cells was Hnrnpa2b1 (Figure S1E), which encodes a nuclear

ribonucleoprotein that controls pre-mRNA processing,

splicing, RNA nuclear export, and mRNA translation at

the ribosomes (Kwon et al., 2019; Liu et al., 2017; Vautier

et al., 2001), all of which are essential functions for

mammalian embryonic development (Kwon et al., 2019).

Other downregulated genes included Acyp1 (Figure S1F)

and Hnrnph3 (Figure S1G), which also encode proteins

involved in controlling RNA splicing and RNA processing.

Finally, Zfas1, which encodes a ribosome-associated long

non-coding RNA involved in translation and RNA process-

ing, was also downregulated (Figure S1H).

scRNA-seq analysis at the blastocyst stage identified four

molecularly distinct clusters, termed BC0–BC3 (Figure 2G):

BC0 contained only Nkx1-2 KD cells; BC2, only CTL-MO

cells; and BC1 and BC3, a mixture of both cell types.

Comparing the GO analysis of BC0 against all other clusters

showed enrichment of genes belonging to the ‘‘translation

factors’’ category (Figure 2F). GO analysis of Nkx1-2 KD

cells (BC0) vs. CTL-MO cells (BC2) showed strong enrich-

ment for genes related to ‘‘formation of a pool of free 40S

subunits’’ (Figure S2A). Overall, at both the morula and

blastocyst stages, Nkx1-2 KD cells showed downregulation

of genes and pathways that control ribosome biogenesis,

anaphase progression, translation, RNA transport, and

focal adhesion (Figures 2H and S2B).

Nkx1-2 is expressed in the nucleoli of preimplantation

embryos and controls RNA Pol I nucleolar localization

and nucleologenesis

To analyze NKX1-2 expression in the preimplantation em-

bryo stages, we first generated a polyclonal anti-NKX1-2

antibody using a mixture of three peptides (peptides A–C;

Figure S3A). A peptide competition assay suggested that
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the antibody specifically targets the NKX1-2 protein region

corresponding to peptide A (Figure S3B). Analyzing

germinal vesicle (GV) oocytes and preimplantation em-

bryos (from E0.5 to E3.5) by immunofluorescence staining,

we detected NKX1-2 exclusively within foci inside and at

the edge of the nucleolus (Figure S3C). Notably, fluores-

cence was significantly decreased inNkx1-2 KD shrunk em-

bryos at E2.5 and E3.5, following either MO-mediated (Fig-

ure 2I) or siRNA-mediated KD (Figure 2J), confirming the

specificity for NKX1-2.

Growing mouse oocytes from the secondary or preantral

follicle display high ribosomal RNA transcription activity,

while fully grown oocytes do not show active transcription

(Borsos and Torres-Padilla, 2016; Inoue et al., 2008). To

determine whether the NKX1-2 localization pattern

changed following the initiation of transcriptional activity

in the nucleolus, we analyzed NKX1-2 and UBTF (pstream

Binding Transcription Factor) (an rRNA TF) by immunoflu-

orescence. In growing oocytes, NKX1-2 and UBTF were ex-

pressed across the nucleoluswith a high level of co-localiza-

tion; in contrast, in fully grown oocytes, they were

concentrated in foci in the nucleolus, with poor co-locali-
Figure 2. Nkx1-2 is essential for preimplantation development a
(A) Representative images of embryos injected with CTL-MO (top) or N
(black line) or of Nkx1-2 KD embryos with a cavity (red line) or shrunk
(zoomed).
(B) Preimplantation development of CTL-MO (n = 152 embryos) or Nk
zygotes; preimplantation development was evaluated at E4.5. n = 10
(C) Representative images of embryos injected with CTL-siRNA (top),
400 mm.
(D) Preimplantation development of embryos injected with CTL-siRN
siRNA#2 (n = 84 embryos) at the E0.5 stage and evaluated at E4.5. n
(E) Single-cell clustering through UMAP (Uniform Manifold Approxim
injected with CTL-MO (n = 96 blastomeres; circles) or Nkx1-2-MO (n =
cells identified, cluster 0 only contained CTL embryos, and cluster 2,
(F) GO enrichment analysis by Metascape (https://metascape.org/g
regulated genes in the Nkx1-2 KD cluster 2 versus the CTL cluster 0 in
(p < 0.05).
(G) Single-cell clustering through UMAP dimensionality reduction of C
blastocyst embryos. CTL-MO injected cells, circles; Nkx1-2 KD cells, tr
(H) Circos plot showing downregulated genes and overlapped genes b
Downregulated genes in Nkx1-2 KD embryos were identified by compar
and -3 (for blastocyst). Each arc in the plot represents a gene list, whe
expressed in both morula and blastocyst; light orange, genes expressed
in both morula and blastocyst, and blue lines link different genes fal
(I and J) Mean fluorescent intensity (normalized by area) of NKX1-2 in
Nkx1-2 KD (siRNA-mediated) embryos (J). For (I), the following blasto
Nkx1-2 KD E2.5 (red dots, n = 178 blastomeres), CTL-MO E3.5 (gray d
blastomeres), and Nkx1-2 KD shrunk E3.5 (red dots, n = 17 blastomeres
immunostaining are shown for E2.5 and E3.5 CTL-MO embryos and N
analyzed in E3.5 embryos: CTL-siRNA (gray dots, n = 152 blastomeres)
siRNA#1 KD cavity (orange dots, n = 29 blastomeres), Nkx1-2 siRNA#2
cavity (orange dots, n = 35 blastomeres). n = 3 independent experimen
E3.5 CTL-siRNA or Nkx1-2 KD embryos (right). For both (I, J), green,
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zation (Figure 3A). In the preimplantation embryos, as ex-

pected, UBTF was expressed after the 2-cell stage, when

ZGA takes place (Figure 3B). Of note, while UBTF was not

expressed in the zygote at E0.5, NKX1-2 was found only

in thematernal pronucleus, suggesting NKX1-2 was mater-

nally inherited. Interestingly, NKX1-2 and UBTF colocal-

ized at all stages of embryo development onceUBTF expres-

sion was triggered (Figure 3B). These results strongly

suggested that NKX1-2 specifically localizes to the nucleoli

of mouse oocytes and preimplantation embryos andmight

thus regulate rRNA biogenesis.

To further investigate a possible role of Nkx1-2 in rRNA

biogenesis, we analyzed nascent RNA synthesis by

5-ethynyl-uridine (EU) incorporation (Wang et al., 2014).

The nuclear EU signal was strong in CTL-MO embryos

but was significantly reduced in Nkx1-2 KD embryos

(Figures 3C and S3D), suggesting rRNA transcription

impairment. Further, using quantitative reverse-transcrip-

tion PCR (RT-qPCR) to analyze individual embryos, we

found that Nkx1-2 KD embryos had a significantly reduced

expression of the pre-ribosomal RNA gene 45S and showed

a trend for reduced expression of the 18S and 28S rRNAs
nd regulates translation and ribosome biogenesis
kx1-2-MO (for KD; bottom). Zoomed images of E3.5 CTL-MO embryos
(blue line) formation. Scale bars, 400 mm (non-zoomed) and 50 mm

x1-2 MO-mediated KD embryos (n = 136 embryos), injected at E0.5
independent experiments. ***p < 0.01.
Nkx1-2 siRNA#1 (middle), or Nkx1-2 siRNA#2 (bottom). Scale bars,

A (n = 87 embryos), Nkx1-2 siRNA#1 (n = 87 embryos), or Nkx1-2
= 5 independent experiments. ****p < 0.0001.
ation and Projection) dimensionality reduction of morula embryos
95 blastomeres; triangles). Of the three separate clusters of single
only Nkx1-2 KD embryos.
p/index.html#/citations/) of significantly (adj. p < 0.01) down-
the morula stage, or versus all other clusters in blastocyst embryos

TL (n = 86 blastomeres) and Nkx1-2MO (n = 91 blastomeres) injected
iangles. Four separate clusters of single cells were identified.
etween morula and blastocyst embryos after Nkx1-2-MO injection.
ing the marker genes of MC0 vs. MC2 (for morula) and BC0 vs. BC1, -2,
reby each gene has a spot on the arc. Dark orange represents genes
uniquely in one. Purple lines link the same genes that are expressed
ling into the same ontology term.
CTL-MO or Nkx1-2 KD (MO-mediated) embryos (I), or in CTL-siRNA or
meres were analyzed: CTL-MO E2.5 (gray dots, n = 85 blastomeres),
ots, n = 36 blastomeres), Nkx1-2 KD cavity E3.5 (pink dots, n = 48
). n = 3 independent experiments. Representative images of NKX1-2
kx1-2 KD embryos (right). For (J), the following blastomeres were
, Nkx1-2 siRNA#1 KD shrunk (red dots, n = 43 blastomeres), Nkx1-2
KD shrunk (red dots, n = 64 blastomeres), and Nkx1-2 siRNA#2 KD
ts. Representative images of NKX1-2 immunostaining are shown for
NKX1-2 (anti-NKX1-2); magenta, DNA (DRAQ5). Scale bars, 5 mm.

https://metascape.org/gp/index.html#/citations/
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(Figure 3D), further suggesting rRNA transcription impair-

ment. Thus, we next investigated RNA POL I localization.

We found that NKX1-2 and POL I colocalized in the

nucleoli of CTL-MO embryos from the 2-cell until blasto-

cyst stages (Figures 3E–3H). Strikingly, however, the POL I

signal was strongly reduced or absent in the nucleoli of

Nkx1-2 KD embryos (from the 2-cell to blastocyst stage)

(Figures 3E–3H for the MO-mediated KD, and Figure S3E

for the siRNA#1- or siRNA#2-mediated KD), indicating

that POL I was either not imported into nucleoli or not

correctly assembled, and thus not retained in the nucle-

olus, in Nkx1-2 KD embryos.

Nucleologenesis takes place progressively during

mouse preimplantation development (Fulka and Aoki,

2016; Kone et al., 2016), and the formation of mature

nucleoli is essential for rRNA biogenesis (Boisvert et al.,

2007). To determine whether nucleologenesis was

impaired by Nkx1-2 KD, we next analyzed the nucleoli

of Nkx1-2 KD or CTL-MO embryos at the morula (E2.5)

and blastocyst (E3.5) stages, using transmission electron

microscopy (TEM). In Nkx1-2 KD blastocyst embryos, we

observed condensed nucleoli (Figure 3I, yellow asterisk)

and disrupted nucleoli (Figure 3I, black arrow) in some

blastomeres. These results strongly suggest that NKX1-2

is essential for proper nucleologenesis in preimplanta-

tion embryos.

Nkx1-2 KD triggers severe chromosome

missegregation and mitotic division errors during

preimplantation development

Protein-protein interaction analysis of the MO-mediated

Nkx1-2 KD embryos revealed that the anaphase progres-

sion complex was deregulated (Figures 2F and S2B;

MCODE_2). Based on this and the observation that

NKX1-2 appeared to play a major role in ribosomal RNA
Figure 3. NKX1-2 colocalizes with UBTF and regulates rRNA expre
(A) Representative images of NKX1-2 and UBTF showing co-localizati
developed oocytes. Green, NKX1-2 (anti-NKX1-2); red, UBTF (anti-UB
(B) Representative images of NKX1-2 and UBTF in preimplantation e
always colocalizes with NKX1-2. Green, NKX1-2 (anti-NKX1-2); yello
(zygotes), 2 mm (zoomed), or 10 mm (low magnification).
(C) Representative images of EU incorporation and mean fluorescent
(DRAQ5). The EU signal was significantly reduced in Nkx1-2 KD embry
dots, n = 58 blastomeres) formation, as compared to CTL-MO embryo
***p < 0.01. Scale bars, 20 mm.
(D) RT-qPCR of 45S, mature 18S, and mature 28S in Nkx1-2 KD and CTL
experiments. p values, t test.
(E–H) Representative images of NKX1-2 and RNA POL I immunostainin
(E), E2.0 (4-cell) (F), E2.5 (morula) (G), or E3.5 (blastocyst) (H). Gree
(DRAQ5). Scale bars, 3 mm.
(I) Representative images of transmission electron microscopy image
tocyst). In the low-magnification images, red asterisks, hollows; yell
and yellow arrows, tight junctions. Scale bars, 5 mm.
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synthesis and translation, we studied for possible defects

in mitotic division by comparing live-cell imaging of

Nkx1-2 KD vs. CTL-MO embryos. We observed binuclea-

tion and severe lagging chromosomes in Nkx1-2 KD em-

bryos (Figure 4A and Videos S1, S2, and S3), starting in

the 2- to 4-cell transition (Figure 4A, Nkx1-2 KD binuclea-

tion and lagging).

Robust bipolar spindle formation and precise attachment

of kinetochore-microtubules (K-MTs) are essential for accu-

rate cell division and correct chromosome segregation (Has-

sold andHunt, 2001; Nakagawa and FitzHarris, 2017). Inter-

estingly, NKX1-2 also colocalized with UBTF on mitotic

chromosomes (Figure S3F). To assess whether binucleation

and chromosome segregation errors were induced due to

incorrect spindle formation and/or K-MT attachment in

Nkx1-2KDembryos, we performed aK-MTattachment assay

in embryos synchronized inmitosis (Watanabe et al., 2016).

Embryos were synchronized at the E1.0 (1- to 2-cell transi-

tion) and E2.0 stages (4- to 8-cell transition). After a cold

shock treatment, we found that several Nkx1-2 KD embryos

had multipolar spindles (55.6%, 10 out of 18) and disorga-

nized microtubules (MTs) (27.8%, 5 out of 18) (Figures 4B

and 4C) and an increased number of chromosomes with

merotelic attachment (28.7% vs. 66.3%, Figures 4D–4F).

The Nkx1-2 KD embryos contained many micronuclei

(asterisk in Figure 4A, and yellow arrows in Figure 4G), a

hallmark of segregation errors and chromosome instability

(Fenech et al., 2011), further suggesting chromosome mis-

segregation. AllNkx1-2 KD embryos showed a significantly

reduced number of blastomeres as compared to CTL-MO

embryos (Figure 4H); specifically, the average blastomere

number at E3.5 for CTL-MO embryos was 57.7 ± 4.7, for

Nkx1-2 KD shrunk embryos, 17.3 ± 3.9 (p < 0.0001),

and for Nkx1-2 KD cavity embryos, 21.6 ± 2.5

(p < 0.0001). Moreover, blastomeres inNkx1-2 KD embryos
ssion in mouse oocytes and preimplantation embryos
on in growing mouse germinal vesicle (GV) oocytes but not in fully
TF); cyan, DNA (DRAQ5). Scale bars, 5 mm.
mbryos. UBTF is expressed starting from the 4-cell stage and then
w, UBTF (anti-UBTF); magenta, DNA (DRAQ5). Scale bars, 5 mm

intensity in Nkx1-2 KD or CTL-MO embryos. Green, EU; gray, DNA
os, both with shrunk (red dots, n = 29 blastomeres) or cavity (pink
s (gray dots, n = 70 blastomeres). n = 3 independent experiments.

-MO embryos. Data are presented as mean ± SEM. n = 3 independent

g of CTL-MO or Nkx1-2 KD (MO-mediated) embryos, at E1.5 (2-cell)
n, NKX1-2 (anti-NKX1-2); red, RNA POL I (anti-RPA194); gray, DNA

s of Nkx1-2 KD or CTL-MO embryos at E2.5 (morula) or E3.5 (blas-
ow asterisks, condensed nucleoli; black arrows, disrupted nucleoli;
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were multi-nucleated (Figures 4G and 4I), further suggest-

ing a defect during cell division. Taken together, these

data show that NKX1-2 transcriptional activity is essential

for accurate chromosome segregation and proper mitotic

division during preimplantation development.

The blastocoel formation cycle is impaired in Nkx1-2

KD embryos

As shown earlier, Nkx1-2 KD induced incomplete blasto-

coel formation in a large majority of the embryos, as well

as arrest during preimplantation development (Figures

2A–2D). Moreover, we observed that Nkx1-2 KD embryos

showed highly significant blastomere number reduction

and chromosome segregation defects (Figures 4A–4I),

both of which impair embryo size and development.

Consistent with previous reports (Chan et al., 2019),

CTL-MO embryos increased their size by repeating the blas-

tocoel expansion-collapse cycle and finally hatched after

several cycles (Figures 2A, 2C, and 4J, and Video S4). The

timing of the first blastocoel formation was comparable

in CTL-MO and Nkx1-2 KD embryos (mean ± SD for CTL-

MO embryos, 94:43 ± 4:40 h; Nkx1-2 KD embryos,

95:20 ± 3:10 h; Figure 4K). However, although blastocoel

expansion-collapse cycles were observed in some of the

Nkx1-2 KD embryos, the cycle was not associated with an

increase in embryo size (Figure 4L and Video S5), as as-

sessed by measuring the cavity’s diameter (Figure 4L;
Figure 4. Nkx1-2 KD leads to severe chromosome missegregation
(A) Time-lapse images of Nkx1-2 KD and CTL-MO embryos. Binucleat
white asterisk. Chromosomes and plasma membrane were visualized b
(B–D) Analyses of CTL-MO or Nkx1-2 KD embryos after nocodazole syn
20 min (D). In (B), representative images show that CTL-MO embryo
frequently had multipolar spindles (middle) or disorganized spindle
bipolar (gray), multipolar (red), or disorganized (black). Nkx1-2 KD;
periments. *p = 0.0116, ****p = 0.0002. In (D), representative ima
attachment in CTL-MO embryos (zoomed) but frequently showed mer
zoomed). For (B) and (D): green, microtubules (anti-b-TUBULIN); red,
non-zoomed) or 1 mm (for zoomed images).
(E) K-MT attachment was classified into three categories: end-on, me
chromatid.
(F) Quantification of K-MT attachment in CTL-MO or Nkx1-2 KD embryos
n = 36 embryos, CTL-MO; n = 18 embryos, n = 3 independent experim
(G) Representative images (at E3.5) of mitotic division in CTL-MO em
different z stacks of a single embryo. Micronuclei were present in the
arrows) embryos. Gray, E-cadherin; magenta, DNA (DRAQ5). Scale bar
(H and I) Quantification of the total number of blastomeres (H) or mic
embryos; cavity, n = 7 embryos; total, n = 27 embryos) E3.5 embryos
(J) Time-lapse images of blastocoel formation in CTL-MO or Nkx1-2 K
collapse cycle in CTL-MO embryos but not in Nkx1-2 KD embryos.
(K) Timings of the first blastocoel formation in CTL-MO (n = 20 embryos
than five expansion/collapse cycles were analyzed. n = 3 independen
(L) Quantification of cavity diameter in CTL-MO (n = 20 embryos) or Nk
each cycle of expansion (mean ± SEM). n = 3 independent experimen
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CTL-MO embryos: 1st expansion, 123.76 ± 40.12 mm, last

expansion 156.76 ± 33.99 mm; Nkx1-2 KD embryos: 1st

expansion, 100.41 ± 35.72 mm, last expansion 106.20 ±

34.36 mm, mean ± SD). Some embryos showed no or only

minimal re-expansion of the blastocoel for several hours,

finally terminating with blastocoel collapse (Figure S3G

and Video S6). These results indicated that the blastocoel

expansion-collapse process severely failed in Nkx1-2 KD

mouse embryos.

TJs are not sealed in Nkx1-2 KD embryos

The proper formation and sealing of TJs, which regulate the

diffusion of solutes and ions between the apical and baso-

lateral plasma membranes (Tsukita et al., 2001), are essen-

tial for blastocoel formation during preimplantation devel-

opment (Eckert and Fleming, 2008). To test whether

impaired blastocoel formation in Nkx1-2 KD embryos was

due to improper TJ sealing, we first immunostained the

TJ proteins ZO-1 and VINCULIN in CTL-MO and Nkx1-2

KD embryos.While both ZO-1 and VINCULINwere homo-

genously expressed in CTL-MO embryos, neither protein

was expressed in Nkx1-2 KD embryos (Figures 5A and 5B).

To directly assess whether TJs were properly sealed, we

performed a TJ permeability assay by incubating CTL-MO

and Nkx1-2 KD embryos in a rhodamine-dextran medium

for 10 min and then checking for rhodamine-dextran

influx into the blastocoels. Indeed, we observed that
and mitotic division errors
ion, white arrow; lagging chromosomes, red arrow; micronucleoli,
y H2B:EGFP and Gap43:EGFP, respectively.
chronization, cold shock, and heating (at E2.0) for 15 min (B, C) or
s (top) had normal microtubules (MTs), while Nkx1-2 KD embryos
formation (bottom). In (C), spindle formation was categorized as
n = 18 spindles, CTL-MO; n = 18 spindles, n = 3 independent ex-
ges show that bipolar spindles had end-on kinetochore-MT (K-MT)
otelic/lateral K-MT attachment in Nkx1-2 KD embryos (Nkx1-2 MO,
kinetochores (anti-CREST); gray, DNA (DRAQ5). Scale bars, 5 mm (for

rotelic/lateral, or unattached. Green, MTs; red, kinetochore; gray,

. Gray, end-on; red, merotelic/lateral; black, unattached. Nkx1-2 KD;
ents. ****p = 0.0002.
bryos (left) or Nkx1-2 KD embryos (middle and right). Images show
Nkx1-2 KD shrunk (middle, yellow arrows) and cavity (right, yellow
s, 10 mm.
ronuclei (I) in CTL-MO (n = 15 embryos) or Nkx1-2 KD (shrunk, n = 20
. n = 3 independent experiments.
D embryos. Cavity expansion was observed after each expansion/

) or Nkx1-2 KD (n = 7 embryos) embryos. Only embryos showing more
t experiments.
x1-2 KD (n = 7 embryos) embryos. Cavity diameter was measured at
ts.
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rhodamine-dextran infiltrated into the blastocoel in all 12

Nkx1-2 KD embryos (100%) (Figure 5C) but only in 4 of 26

CTL-MO embryos (15%) (Figure 5C). TEM analyses also

confirmed that TJs were not sealed in Nkx1-2 KD embryos

(Figure 3I; TJs, yellow arrow). We concluded that TJ sealing

was dysregulated in Nkx1-2 KD embryos, resulting in

increased embryo permeability that affected blastocoel for-

mation and thus preimplantation development.

Microlumen coarsening is impaired, and actomyosin

is chaotically expressed, in Nkx1-2 KD embryos

Formation of the blastocoel, which is a fluid-filled lumen,

requires the generation of hundreds of microlumens at

the external membranes of neighboring blastomeres as

well as microlumen coarsening (Arroyo and Trepat, 2019;

Dumortier et al., 2019). As Nkx1-2 KD embryos showed se-

vere defects in blastocoel formation and TJ permeability,

we asked whether they also had impaired microlumen

coarsening. Notably, all of the E3.5 Nkx1-2 KD embryos

with a shrunk formation (20 of 20) showed the presence

of microlumens at the cell-to-cell blastomere adhesion

sites, while only 1 of 16 E3.5 CTL-MO embryos (6.3%)
Figure 5. Severe impairment of TJ sealing, actin/myosin express
(A and B) Representative images of the TJ proteins ZO-1 and vinculin
siRNA or Nkx1-2 KD (siRNA-mediated) embryos. ZO-1 and vinculin were
1; green, vinculin. Scale bars, 15 mm.
(C) Representative images of E3.5 embryos with Nkx1-2 KD (MO-med
plemented with rhodamine-dextran (3,000 MW). Only cavity embryos w
n = 2 independent experiments. Scale bars, 20 mm.
(D) Representative images and quantification of microlumen coarsenin
cavity, n = 10 embryos) embryos at E3.5. Microlumens are indicated wit
embryos with numerous microlumens. n = 3 independent experiment
(E) Representative immunofluorescence images of E-CADHERIN, F-ACT
E-CADHERIN; red, MYOSIN (using anti-PHOSPHO-MYOSIN LIGHT CHAI
bars, 20 mm.
(F) Representative immunofluorescence images of E-CADHERIN and AC
gray, F-ACTIN (anti-PHALLOIDIN). Line scans were quantified in the m
(CTL-MO, 25 embryos; Nkx1-2 KD shrunk, 16 embryos; Nkx1-2 KD cavity,
and Nkx1-2 KD cavity, and 2 mm for Nkx1-2 KD shrunk. n = 3 indepen
(G) Representative immunofluorescence images of NANOG (epiblast c
embryos (E4.5). Green, NANOG (anti-NANOG); red, GATA6 (anti-GATA
(H and I) Quantification of the number of NANOG-positive cells (H) o
(shrunk, n = 12 embryos; cavity, n = 25 embryos) embryos (at E4.5)
**p < 0.01.
(J) Quantification of the number of NANOG and GATA6 double-positi
embryos; cavity, n = 20 embryos) embryos (at E4.5). n = 3 independe
(K) Representative immunofluorescence images of NANOG (epiblast ce
KD (siRNA-mediated) embryos (E4.5). Green, NANOG (anti-NANOG); r
(L) Representative immunofluorescence images of CDX2 (trophectode
mediated) embryos (at E3.5). Green, CDX2 (anti-CDX2); red, NANOG (
(M) Quantification of the number of CDX2 (trophectoderm cells) and NA
and Nkx1-2 KD (shrunk, n = 4 embryos; cavity, n = 5 embryos) embryo
(N) Representative immunofluorescence images of OCT4 (ICM marker)
magenta, DNA (DRAQ5). Scale bars, 20 mm.
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showed visible microlumens (Figure 5D, asterisk). In sharp

contrast, none of the Nkx1-2 KD cavity embryos showed

microlumens (0 of 10; Figure 5D).

Microlumen coarsening is controlled by cell adhesion

and cell contractility programs (Arroyo and Trepat, 2019;

Dumortier et al., 2019). Of note, our scRNA-seq analysis

showed that the gene encoding the myosin-binding sub-

unit of myosin phosphatases (Ppp1r12a) was specifically

downregulated in the Nkx1-2 KD cell cluster (Figure S3H).

Consistently, network-based gene set enrichment analysis

using protein-protein interactions (Bader and Hogue,

2003) revealed that ‘‘focal adhesion’’ and ‘‘regulation of

actin cytoskeleton’’ genes were downregulated in the

Nkx1-2 KD cell clusters (Figure S2B, MCODE_8). We next

investigated whether cell adhesion and/or cell contractility

programs were dysregulated in Nkx1-2 KD embryos by

analyzing the immunostaining of E-CADHERIN, which

regulates cell adhesion, and of PHOSPHORYLATED

MYOSIN LIGHT CHAIN II (p-MYOSIN II) and F-ACTIN,

which control cell contractility (Maitre et al., 2015; Samar-

age et al., 2015).WhileNkx1-2KD cavity embryos andCTL-

MO embryos showed co-localization of all three proteins,
ion, and cell fate specification in Nkx1-2 KD embryos
in (A) CTL-MO and Nkx1-2 KD (MO-mediated) embryos; and (B) CTL-
not detected in Nkx1-2 KD embryos in either KD condition. Red, ZO-

iated) (top) or CTL-MO (bottom), and incubated in medium sup-
ere analyzed (CTL-MO, n = 26 embryos; Nkx1-2 KD, n = 12 embryos).

g in CTL-MO (n = 16 embryos) or Nkx1-2 KD (shrunk, n = 20 embryos;
h black asterisks. Gray, E-CADHERIN. Scale bar, 20 mm. Red indicates
s.
IN, and MYOSIN in CTL-MO or Nkx1-2 KD embryos (at E3.5). Green,
N 2 [Thr18/Ser19]); gray, F-ACTIN (using anti-PHALLOIDIN). Scale

TIN in CTL-MO or Nkx1-2 KD embryos (at E3.5). Green, E-CADHERIN;
iddle areas of embryos (red line), and results are shown in the plots
7 embryos). Scale bars, 20 mm; for zoomed images, 5 mm for CTL-MO
dent experiments.
ells) and GATA6 (primitive endoderm cells) in CTL-MO or Nkx1-2 KD
6). Scale bars, 20 mm.
r GATA6-positive cells (I) in CTL-MO (n = 21 embryos) or Nkx1-2 KD
. n = 3 independent experiments. ****p < 0.0001, ***p < 0.001,

ve cells in CTL-MO (n = 49 embryos) or Nkx1-2 KD (shrunk, n = 24
nt experiments. **p < 0.01.
lls) and GATA6 (primitive endoderm cells) in CTL-siRNA and Nkx1-2
ed, GATA6 (anti-GATA6). Scale bars, 20 mm.
rm cells) and NANOG (epiblast cells) in CTL-MO and Nkx1-2 KD (MO-
anti-NANOG). Scale bars, 20 mm.
NOG (epiblast cells) double-positive cells in CTL-MO (n = 9 embryos)
s at E3.5. n = 2 independent experiments. **p < 0.01.
in CTL-MO or Nkx1-2 KD embryos (at E3.5). Gray, OCT4 (anti-OCT4);



Nkx1-2 KD shrunk embryos showed disorganized expres-

sion patterns of p-MYOSIN II and F-ACTIN (and, to a lesser

degree, of E-CADHERIN) (Figure 5E). With respect to fluo-

rescence intensity, 23 out of 25 CTL-MO embryos

(92.0%) showed comparable E-CADHERIN and F-ACTIN

fluorescence intensity peaks (Figure 5F). In contrast, the in-

tensity of F-ACTIN fluorescence peaks was lower in 13 out

of 16 (81.2%) of the Nkx1-2 KD shrunk embryos, but it was

partially recovered in 4 out of 7 of the cavityNkx1-2KD em-

bryos (57.1%) (Figure 5F). Further, in Nkx1-2 KD shrunk

embryos, E-CADHERINhad a similar fluorescence intensity

as in CTL-MO embryos but did not appear to continuously

line the cells’ adhesion sites, likely because of the lack of

coarsening of the microlumens (Figure 5F, E-CADHERIN

zoomed). Moreover, countless hollows were formed in

the cytoplasm of theNkx1-2 KDmorula and blastocyst em-

bryos (Figure 3I, low magnification, red asterisks).

Cell fate specification is impaired in the ICMofNkx1-2

KD embryos

Blastocoel expansion is critical for cell fate specification of

Epi and PrE cells in the ICM of mouse blastocysts (Chan

and Hiiragi, 2020; Ryan et al., 2019). Thus, we asked

whether cell fate specification in the ICM was affected in

Nkx1-2 KD embryos by assessing the expression of estab-

lished lineage markers, including Nanog for Epi, and

Gata6 for PrE. In CTL-MO embryos, NANOG-positive cells

were localized in the middle of ICM, and GATA6-positive

cells were below NANOG-positive ones, as expected (Fig-

ure 5G). However, both NANOG- and GATA6-positive cells

were randomly localized throughout the entire Nkx1-2 KD

embryos, and many blastomeres co-expressed both genes

(Figure 5G). Importantly, both shrunk and cavity embryos

showed aberrant cell fate specification.Moreover, the num-

ber of blastomeres positive for NANOG (in shrunk or cavity

embryos) or for GATA6 (in cavity embryos) was signifi-

cantly lower in Nkx1-2 KD embryos than in CTL-MO em-

bryos (Figures 5H and 5I).We also found an increased num-

ber of NANOG and GATA6 double-positive blastomeres in

Nkx1-2 KD shrunk embryos (Figure 5J). Confirming the

MO-mediated KD results, a comparable or evenmore severe

phenotype of aberrant cell fate specification was observed

in siRNA #2-mediated Nkx1-2 KD shrunk embryos

(Figures 5K, S3I, and S3J).

Next, we examined additional pluripotencymarker genes

in MO-mediated Nkx1-2 KD embryos, such as Cdx2 (tro-

phectoderm marker) and Oct4 (ICM marker). As expected,

CDX2-positive cells were exclusively localized in the tro-

phectoderm of the E3.5 CTL-MO embryos (Figure 5L). In

sharp contrast, CDX2-positive cells were found across the

entirety of the shrunk or cavity Nkx1-2 KD embryos. Of

note, many blastomeres co-expressed both NANOG and

CDX2 in the Nkx1-2 KD embryos (Figures 5L and 5M).
The OCT4 expression pattern in Nkx1-2 KD embryos was

also affected. Indeed, OCT4-positive cells were localized

only to the ICM in the CTL-MO embryos but were ex-

pressed in the large majority of cells in the Nkx1-2 KD em-

bryos (Figure 5N). Thus, these results showed that defective

blastocoel formation upon Nkx1-2 KD was coupled with

aberrant cell fate specification in the blastocyst embryos.
Microinjection of Nkx1-2 mRNA partially rescues

developmental arrest and ribosome biogenesis in

Nkx1-2 KD embryos

Finally, we asked whether developmental arrest of Nkx1-2

KD embryos could be rescued by ectopic Nkx1-2 mRNA

expression. We thus microinjected MO-insensitive

Nkx1-2 mRNA into (MO-mediated) Nkx1-2 KD zygotes.

While only 19% of embryos hatched after Nkx1-2 KD,

developmental arrest and blastocoel formation were signif-

icantly rescued (45% hatching) by mRNA injection (Fig-

ure 6A); moreover, NKX1-2 and POL I were expressed in

the rescued embryos (Figures 6B–6D). We next assessed

whether cell fate specification could be rescued by Nkx1-2

mRNA overexpression. Both NANOG- and GATA6-positive

cells were correctly localized in the rescued embryos (Fig-

ure 6E). In addition, NANOG-positive cells and total cell

numbers were significantly increased in the rescued em-

bryos (Figures 6E–6G). As we observed rRNA transcription

impairment, we wondered whether P53 expression would

be triggered, as is seen after ribosomal stress (such as that

induced by UV irradiation or transcription inhibition;

Lindstrom et al., 2022). P53 was not expressed in CTL-

MO or Nkx1-2 rescued embryos, but it was significantly ex-

pressed in Nkx1-2 KD embryos, suggesting ribosome

impairment in these embryos (Figure S3K). We then inves-

tigated whether the reduction of rRNA biogenesis gene

expression in Nkx1-2 KD embryos was rescued by Nkx1-2

mRNA expression. Indeed, RT-qPCR results indicated that

expression of the gene encoding the pre-ribosomal RNA

45S was significantly reduced in Nkx1-2 KD embryos but

was partially recovered in the rescued embryos (Figure 6H).

Finally, we transferred CTL-MO, Nkx1-2 KD, and Nkx1-2

rescued embryos into foster female mice to assess their

full-termdevelopment. Healthy pupswere born from foster

mothers implanted with CTL-MO or rescued embryos but

not from those with Nkx1-2 KD embryos, suggesting that

the Nkx1-2 mRNA rescue likewise overcame the Nkx1-2

KD developmental defects (Figure 6I).
DISCUSSION

VIPER-based MR analysis provides a valuable and exten-

sively validated approach to identify direct, mechanistic

regulators of biological functions (Alvarez et al., 2016).
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These mechanistic regulators control the cell state via their

ARACNe-inferred regulatory targets, which are used by

VIPER to assess their activity. Here, MR analysis was instru-

mental in identifyingNkx1-2 as a gene encoding for a novel

Wnt/b-catenin-dependent factor, which we characterized

to be essential for preimplantation development.We found

that Nkx1-2 encodes for a key MR controlling ribosome

biogenesis, translation,mRNA processing, and the localiza-

tion of POL I to nucleoli in mouse preimplantation em-

bryos. Impairment of ribosomal function and biogenesis

in Nkx1-2 KD embryos, using either an MO-mediated or

an siRNA-mediated approach, resulted in severe defects in

blastomere division, homeostasis, and embryo size, culmi-

nating in the arrest of embryo development. How NKX1-2

controls embryo development still needs to be investi-

gated; however, NKX1-2 might regulate the shuttling of

POL I between the nucleoplasm to the nucleolus.

Our findings are in apparent contradiction to an earlier

report that used an Nkx1-2CreERT2 transgenic mouse

model to study the expression of Nkx1-2 in post-implanta-

tion embryos (Rodrigo Albors et al., 2018); however, in this

study, a possible isoform predicted to be encoded from an

ATG (a start codon [amino acid methionine]) located

before the second exon could have had some compensa-

tory effects. Alternatively, it is possible that acute short

hairpin RNA (shRNA)-mediated or MO-mediated loss of

function of TFs leads to embryo developmental arrest,

while compensatory mechanisms can allow viability in

the KO mouse line, as it has been seen for other develop-

mental factors (El-Brolosy et al., 2019; El-Brolosy and Stain-

ier, 2017). Finally, besides the Wnt signaling, other path-
Figure 6. Preimplantation development and cell fate specificatio
injection
(A) Preimplantation development in Nkx1-2 KD (MO-mediated) embry
***p < 0.001 (CTL-MO, n = 116 embryos; Nkx1-2 KD, n = 97 embry
Representative images are shown. Scale bars, 400 mm.
(B) Representative immunofluorescence images of NKX1-2 and POL I
NKX1-2); yellow, RNA POL I (anti-RPA-194); magenta, DNA (DRAQ5).
(C) NKX1-2 mean fluorescent intensity in CTL-MO (gray; n = 23 blasto
n = 67 blastomeres) embryos. n = 5 independent experiments. ****p
(D) Mean fluorescent intensity of RNA POL I in CTL-MO (gray dots, n
rescued (orange dots, n = 64 blastomeres) embryos. n = 5 independe
(E) Representative immunofluorescence images of NANOG (epiblast cel
mediated), and Nkx1-2 mRNA rescued embryos (E4.5). Green, NANOG
(F) Quantification of the number of NANOG-positive cells in CTL-MO
rescued (n = 15 embryos) embryos (at E4.5). n = 4 independent expe
(G) Quantification of the total number of blastomeres in CTL-MO (n = 2
(n = 15 embryos) embryos (at E4.5). n = 4 independent experiments.
(H) RT-qPCR of 45S, in CTL, Nkx1-2 MO, and Nkx1-2 mRNA rescued em
periments; the same CTL-MO and Nkx1-2 KD samples as used for Figur
(I) CTL-MO, Nkx1-2 KD, and rescued embryo transfer. All embryos were
pups were counted after birth. n = 3 independent experiments.
ways might regulate Nkx1-2, resulting in different

phenotypes in KD and KO lines.

In mice, Nkx1-2 belongs to a large homeobox gene fam-

ily, the natural killer (NK) cluster, which likely stemmed

from a HOX (homeobox gene HOX) cluster genome dupli-

cation and rearrangement (Larroux et al., 2007). The cluster

includes 11 homeobox gene classes that encode for TFs

characterized by a helix-turn-helix homeodomain, respon-

sible for their binding to DNA (Duboule andMorata, 1994).

Several studies have shown the importance of the NK gene

cluster in embryo development across species.Nkx2-5 is ex-

pressed in the heart and is essential for cardiac tissue differ-

entiation. Indeed, Nkx2-5-deficient mice are embryonic le-

thal due to a failure in proper blood vessels and cardiac

development, and mutation of the Drosophila ortholog tin-

mon also leads to failing of cardiac development (Tanaka

et al., 1999). Thus, the function of NK genes is well

conserved throughout evolution.

Nkx1-2 is expressed in the neural plate, indicating a po-

tential role in early neural development and, specifically,

in the posterior neuroectoderm specification and neuron

cell fate determination (Schubert et al., 1995). Moreover,

Nkx1-2 is abundantly expressed in adult mouse brain tissue

and the seminiferous epithelium in the testis (Rovescalli

et al., 2000).Nkx1-2mRNAwas detected in E7.0mouse em-

bryo, especially in the primitive streak (Tamashiro et al.,

2012). These studies demonstrated the crucial roles of

NKX1-2 in post-implantation development and morpho-

genesis across different species. However, the potential bio-

logical role of NKX1-2 in preimplantation development

has remained elusive.
n defects in Nkx1-2 KD embryos are rescued after Nkx1-2 mRNA

os was significantly improved by Nkx1-2 mRNA injection (at E4.5).
os; rescued, n = 63 embryos). n = 10 independent experiments.

in CTL-MO, Nkx1-2 KD, and rescued embryos. Green, NKX1-2 (anti-
Scale bars: 5 mm.
meres), Nkx1-2 KD (red; n = 54 blastomeres), and rescued (orange;
< 0.0001.
= 37 blastomeres), Nkx1-2 KD (red dots, n = 52 blastomeres), and
nt experiments. ****p < 0.0001.
ls) and GATA6 (primitive endoderm cells) in CTL-MO, Nkx1-2 KD (MO-
(anti-NANOG); red, GATA6 (anti-GATA6). Scale bars, 20 mm.
(n = 26 embryos), Nkx1-2 KD (n = 23 embryos), and Nkx1-2 mRNA
riments. ****p < 0.0001, ***p < 0.001.
6 embryos), Nkx1-2 KD (n = 21 embryos), and Nkx1-2 mRNA rescued
***p < 0.001.
bryos. Data are presented as mean ± SEM (n = 3 independent ex-
e 3D were plotted). *p = 0.0189.
transferred into the uterus of a foster mother at the E3.5 stage, and
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In the present study, we showed thatNkx1-2 KD embryos

failed to form a blastocoel and could not develop further.

Our single-cell analysis showed that genes involved in con-

trolling pre-mRNA processing, splicing, RNA nuclear

export, and mRNA translation in ribosomes (such as

Hnrnpa2b1, Acyp1, Hnrnph3) were severely downregulated

in Nkx1-2 KD embryo blastomeres. One of the most down-

regulated gene,Hnrnpa2b1, is essential for preimplantation

development and cell fate specification in mouse (Kwon

et al., 2019). Indeed, Hnrnpa2b1 KD mouse embryos also

showed a blastocoel formation defect comparable to what

we observed in this study. HNRNPA2B1 is regulated by

methyltransferase-like 3 (METTL3)-dependent m6A RNA

methylation (Alarcon et al., 2015; Kwon et al., 2019; Liu

et al., 2014). It has recently been reported thatMETTL3 reg-

ulates heterochromatin formation in mESCs (Xu et al.,

2021), which is in agreement with our observation that

NKX1-2 localizes inside and at the periphery of the nucleoli

of oocytes and preimplantation embryos. Therefore, it

would be interesting in the future to investigate the role

of NKX1-2 in heterochromatin formation.

We showed that NKX1-2 colocalized with UBTF, which

regulates the transcription of ribosomal genes (Hamdane

et al., 2014; Kone et al., 2016) and is also a co-factor of POL

I (Hamdane et al., 2014; Kwon and Green, 1994). In fully

grownGVoocytes thathaveno transcriptionactivity (Borsos

and Torres-Padilla, 2016; Inoue et al., 2008), NKX1-2 and

UBTF form large, non-overlapping clusters. However, both

NKX1-2 and UBTF co-localize and spread throughout the

nucleolus in the developing embryos as well as in the

growing GV oocytes, in which transcription is very active

(Borsos andTorres-Padilla, 2016; Inoue et al., 2008). These re-

sults suggest that NKX1-2 as well as UBTF (Hamdane et al.,

2014)might cooperate in the control of ribosomal transcrip-

tional activity. Components of the POL I holoenzyme are

exchanged rapidly between the nucleoplasm and the nucle-

olus, where the holoenzyme is assembled to transcribe ribo-

somal genes (Dundr et al., 2002; Grummt, 2003). Nascent

RNA synthesis, rRNAs, and POL I nucleolar localization

were dramatically altered inNkx1-2 KD embryos, suggesting

a key role of NKX1-2 in ribosomal function.We also showed

that expression of the pre-ribosomal RNA gene 45S was

significantly decreased in Nkx1-2 KD embryos. However,

we did not see a significant reduction of other rRNA genes,

such as for 18S and 28S rRNAs. We cannot exclude that the

RT-qPCR results were limited by the low cDNA levels and

that using a much larger number of preimplantation em-

bryos could show significant differences also for 18S and

28S rRNA expression. Indeed, the structure of nucleoli was

severely altered in Nkx1-2 KD embryos, as shown in TEM

experiments.

The ribosomal activity alteration was likely the cause of

chromosome segregation defects already at 2- and 4-cell
704 Stem Cell Reports j Vol. 19 j 689–709 j May 14, 2024
stages, as well as of the consequent preimplantation devel-

opment arrest. The precise role of nucleolar proteins during

cell division is still elusive. Some nucleolar proteins relo-

cate to the chromosome periphery during mitosis and are

required for proper spindle formation and chromosome

alignment (Ma et al., 2007; Stenstrom et al., 2020).

NKX1-2 localizes in the nucleoli of oocytes and embryos

but also at the centromeres of mitotic chromosomes in

the metaphase blastomeres. Live-cell imaging showed se-

vere cell division defects, including binucleation and lag-

ging chromosomes, in Nkx1-2 KD embryos during preim-

plantation development. This was coupled with

disorganized MTs and multipolar spindle formation. It is

well known that multipolar spindle formation is sufficient

to induce merotelic K-MT attachment (Nakagawa and

FitzHarris, 2017; Thompson and Compton, 2011), in

which a single kinetochore simultaneously attaches to

MTs from both spindle poles, and that merotelic K-MT

attachment leads to lagging chromosomes, micronucleus

formation, and aneuploidy (Bakhoum et al., 2009; Cimini

et al., 2001). The chaotic MT nucleation observed in

Nkx1-2KD embryos is likely the cause ofmultipolar spindle

formation, merotelic K-MT attachment, lagging chromo-

somes, and chromosome division errors. Further investiga-

tion is needed to unravel whether the reduced translation

of a specific factor in Nkx1-2 KD cells is responsible for

the altered MT nucleation and chromosome segregation

observed during preimplantation development.

Blastocoel formation is a critical step for cell fate specifi-

cation during preimplantation development (Chan and

Hiiragi, 2020; Ryan et al., 2019). The emergence of a blasto-

coel starts from the accumulation of solutes in the intercel-

lular space (Chan and Hiiragi, 2020), prompted by the

influx of fluid via ion channels or aquaporins (Navis and

Bagnat, 2015). Actomyosin contractility and cell-to-cell

adhesion have critical roles in fluid-filled lumina formation

in epithelial and endothelial cells (Hannezo and Heisen-

berg, 2019; Lecuit et al., 2011; Munjal and Lecuit, 2014)

and in mouse embryos (Dumortier et al., 2019; Samarage

et al., 2015). The blastocoel expansion triggers Epi-PrE

cell fate specification in the ICM of mouse embryos

(Chan et al., 2019; Ryan et al., 2019). Indeed, if a blastocoel

is deflated by using inhibitors or inserting amicro-needle in

the cavity, lineage specification of the ICM is impaired

(Chan et al., 2019; Chan and Hiiragi, 2020; Ryan et al.,

2019).We observed that, while the timing of blastocoel for-

mation was not altered in Nkx1-2 KD embryos, they failed

to increase volume even after 6 cycles of blastocoel

increasing/collapsing. Sealing of the TJ at the cell-to-cell

contact sites is one of the essential events for blastocoel

expansion (Chan et al., 2019), and proper TJ protein

expression is also critical for TJ sealing (Chan et al., 2019;

Eckert and Fleming, 2008; Wang et al., 2008). We observed



a dramatically reduced expression of the TJ proteins and

aberrant expression of actomyosin in Nkx1-2 KD embryos,

indicating that these defects trigger the failure of TJ sealing

and the consequent impairment of blastocoel expansion,

finally leading to cell fate specification impairment.

In sum, using an unbiased systems biology approach, we

identified NKX1-2 as a novel Wnt/b-catenin-dependent

MR that is essential for preimplantation development

and cell fate specification via its role in ribosomal biogen-

esis and Pol I activity in the mouse embryo.
EXPERIMENTAL PROCEDURES

Resource availability
All data are available in the main text or the supplementary mate-

rials. Additional materials generated in this study are available

from the corresponding author upon request.

Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author Maria Pia Cosma: pia.cosma@crg.es.

Materials availability
No new reagents were generated for this report.

Data and code availability

RNA-seq dataset has been deposited at the NCBI GEO repository

under access code GSE202079.

Oocyte and embryo collection

Growing and fully grown GV oocytes and zygotes were collected

from 4- to 12-week-old C57B6F1 (BDF1) females and from 6- to

12-week-old superovulated C57B6F1 (BDF1) females mated with

BDF1 males (Charles River Laboratories), respectively. Details on

protocols and culturing conditions are specified in the supplemen-

tary material.

Microinjection

mRNAs were manufactured using Ambion mMessage mMachine

kit according to manufacturer’s instructions. Antisense MOs were

purchased from Gene Tools and diluted to 1.0 mMwith sterile wa-

ter. MO sequences were as follows.

Nkx1-2 MO, 50-CGTCCTGCCATGCCAACATG-30

CTL-MO 50-TCCAGGTCCCCCGCATCCCGGATCC-30

We used translation-blocking MOs that target the 50 UTR

through the first 25 bases of coding sequence. Stealth siRNAs (see

sequences in the following) were purchased from Invitrogen and

diluted to 20 mMwith RNase-free water. CTL-siRNAwas purchased

from Invitrogen.

Nkx1-2 siRNA#1, 50-CCCUCUCACCACAAGAUCUCCUUCU-30

Nkx1-2 siRNA#2, 50-AGAAGAGGUGGAAGCAGGGCAAGAU-30

MO, siRNA, or mRNAwere microinjected into zygote cytoplasm

using Narishige micromanipulators mounted on an Olympus in-

verted microscope.

Immunofluorescence and imaging

Oocytes and embryos were fixed with 2% paraformaldehyde (PFA)

(Alfa Aesar, #43368), in PBS for 10 min and permeabilization with

0.25% Triton X-100 (Sigma-Aldrich, #T8787-100 mL) for 10 min.

Blocking was performed with 3% bovine serum albumin (BSA)
(Sigma-Aldrich, #A7906-100G) for 1 h at 37�C or overnight at

4�C. See supplementary material for the primary and secondary

antibodies and imaging conditions.
mESC context-specific interactome
The transcriptome of 208 independent samples from two mESC

strains (JM8.N4 and R1) were profiled by RNA-seq, following pertur-

bations with a combination of small molecules and morphogens

aimed at modulating the activity of regulatory and signaling genes

for interactome reverse engineering purposes. Specifically, mESCs

were maintained feeder free in N2B27 medium supplemented

with 1 mM PD184352 (Biovision, Cat#1585-5), 3 mM CHIR99021

(Sigma-Aldrich, Cat#A3734), and 2 mM SU5402 (Tocris Bioscience,

Cat#3300) as described previously (Ying et al., 2008). To generate

samples for interactome reverse engineering, both strains were incu-

bated for 24 h with N2B27 medium supplemented with one of four

differentiation morphogens—20 ng/mL activin A (Gemini Bio-

Products, #300356), 6 ng/mL bFGF (Basic Fibroblast Growth Factor)

(Gemini Bio-Products, #300305), 2 ng/mL BMP4 (Gemini Bio-

Products, #300236P), or 5 mM retinoic acid (Sigma-Aldrich,

#R2625)—or in N2B27 medium alone, followed by a 30-h incuba-

tion in N2B27 medium supplemented with one of 24 perturbagens

(see Table S1). RNA was then extracted using TRIzol (Thermo Fisher

Scientific, #15596018) following the manufacturer’s instructions,

and RNA was stored in RNA-free water at �80�C until RNA-seq

was performed. RNA-seq data were generated according to the

polyA-capture Illumina TruSeq protocol in a HiSeq 2000 instrument

(Illumina) at the Columbia Sulzberger Genome Center. Sequencing

data were mapped to the mouse genome MGSCv37 (mm9) with

TopHat2 (Kim et al., 2013). Reads that mapped to known genes,

based on Entrez gene identifiers, were counted using the

GenomicFeatures R-system package available from Bioconductor

(Gentleman et al., 2004). Summarized expression data resulting

from these analyses, available from the Gene Expression Omnibus

database (GSE202079), consist of a raw-counts expression matrix

of 21,761 known genes by 208 samples. Expression data were

normalized by equivariance transformation based on negative bino-

mial distribution, using the DESeq R-system package (Anders and

Huber, 2010). The transcriptional interactome was reverse engi-

neered by the ARACNe algorithm (Basso et al., 2005; Margolin

et al., 2006), using 1,490 genes annotated as TFs in the GOMolecu-

lar Function database (specifically, as GO:0003700, transcription fac-

tor activity; GO:0004677, DNA binding; GO:0030528, transcription

regulator activity; GO:0004677, DNA-dependent protein kinase activity;

or GO:0045449, regulation of transcription) as potential regulators,

and 100 bootstrap iterations were performed. Parameters were set

to a data processing inequality (DPI) of 0 tolerance and an MI

(mutual information) p-value threshold of 10�8. The resulting inter-

actome represents a regulatory map between 1,490 TFs and 18,748

target genes, through 754,361 transcriptional interactions. A

networkmodel for themESC context-specific transcriptional regula-

tion (interactome)was assembled based on theARACNe-inferred in-

teractions between TFs and target transcripts, and themode of regu-

lation inferred by correlation analysis as previously described

(Alvarez et al., 2016) (see Table S2).
Protein activity inference by VIPER
The protein activity of each TF represented in the mESCs was in-

ferred using the VIPER algorithm (Alvarez et al., 2016), using

multi-sample (ms)VIPER to deal with the six replicate samples for
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each mutant cell line. The normalized and batch effect-corrected

gene expression profiles of each mutant cell line were subjected

to a gene-wise Student’s t test against the WT gene expression pro-

files to generate a gene expression signature. To maximize the

robustness of the analysis, n = 1,000 null model gene expression

signatures were also generated by shuffling the samples between

the WT and mutant groups. For each TF, the top 200 target genes

were considered (based on p values from the mESC interactome).

An enrichment score was computed based on the target gene

enrichment for each TF from the mutant/null gene expression

signature. The protein activity of each TF was then measured as

the normalized enrichment score by comparing the mutant

enrichment scores to the distribution of all the null enrichment

scores.

Embryo transfer

Seven to ten CTL-MO,Nkx1-2 KD, or rescued embryos at E3.5 were

transferred into CD1 pseudo-pregnant females (at 2.5 days after

copulation with vasectomized males). Pups were counted at birth.

Image analysis and statistics

All image processing and analyses were performed using ImageJ/Fiji

(https://imageJ.net/download/). Signal intensity (SI) of NKX1-2 in

Figure 2G was quantified using the 3D Objects Counter plugin on

Fiji. The mean SI and surface areas were measured from the object

maps based on the recognized NKX1-2 signals (from the 3DObjects

Counter). The mean SI of EU for Figure 3C was normalized by DNA

SI. To quantify the SI of E-cadherin and F-actin in Figure 5F, a free-

hand line was drawn along the cell-to-cell junctions, and the

mean gray values were measured. All data were analyzed by

GraphPad Prism 9 software (GraphPad Software, La Jolla, CA,

USA), and significance was calculated using one-way ANOVA and

Tukey’s multiple comparisons test. Statistical significance was

considered if p < 0.05.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2024.04.004.
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