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SUMMARY
Alternative polyadenylation (APA) gives rise to transcripts with distinct 30 untranslated regions (30 UTRs), thereby affecting the fate of

mRNAs. APA is strongly associated with cell proliferation and differentiation status, and thus likely plays a critical role in the embryo

development. However, the pattern of APA in mammalian early embryos is still unknown. Here, we analyzed the 30 UTR lengths in hu-

man andmouse pre-implantation embryos using available single cell RNA-seq datasets and explored the underlyingmechanism driving

the changes. Althoughhuman andmouse early embryos displayed distinct patterns of 30 UTR changing, RNAmetabolism pathwayswere

involved in both species. The 30 UTR lengths are likely determined by the abundance of the cleavage factor I complex (CFIm) components

NUDT21 and CPSF6 in the nucleus. Importantly, depletion of either component resulted in early embryo development arrest and 30 UTR

shortening. Collectively, these data highlight an essential role for APA in the development of mammalian early embryos.
INTRODUCTION

In eukaryotic cells, the 3’ end of pre-mRNAs undergoes

cleavage and polyadenylation (hereafter referred to as pol-

yadenylation), generating mature mRNAs with a poly(A)

tail (Tian and Manley, 2017). The length of the poly(A)

tail is critical for the nuclear export, stability, and transla-

tional efficiency of mature transcripts, as its shortening

triggers degradation of the mRNAs (Weill et al., 2012).

In addition to the poly(A) tail, the 3’ untranslated region

(30 UTR) of a mature transcript often contains binding

sites for miRNAs and RNA-binding proteins, as well as

motifs for other post-transcriptional modifications, such

as N6-methyladenosine (m6A) (Mayr, 2019). Thus, in coor-

dination with each other, these two features enable spatial

and temporal regulation of gene expression.

Polyadenylation is largely mediated by a multi-complex

machinery (Shi et al., 2009). Works from yeast and

mammalian cells have unraveled the composition of this

machinery, including the complexes of cleavage and poly-

adenylation specificity factor (CPSF), cleavage stimulation

factor (CstF), cleavage factor I (CFIm), and cleavage factor

II (CFIIm), as well as other individual proteins (Shi et al.,

2009). These complexes are recruited to the 30 end of an

mRNA precursor by cis elements flanking the polyadenyla-

tion site (PAS) (Zhu et al., 2018). Genome-wide sequencing

studies have found that, in mammalian cells, at least 70%

of protein-coding genes contain more than one PAS (Derti

et al., 2012). The usage of different PASs generates tran-

scripts with 30 UTRs of various lengths (Tosi et al., 1981),
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lation (APA) (Rosenfeld et al., 1984).

To date, bulk sequencing studies have unraveled tissue-

and context-specific patterns of APA (Zhang et al., 2005;

Derti et al., 2012; Morris et al., 2012). For instance, prolifer-

ating cells, such as germ cells in the testis (Li et al., 2016b),

favor the proximal PASs to have short 30 UTRs (Sandberg

et al., 2008),whereas differentiated cells like neurons exhibit

long 30 UTRs (MacDonald, 2019). Using available single-cell

RNA-sequencing (scRNA-seq) datasets of mouse embryonic

day (E)9.5–13.5 embryos, a recent study revealed global

lengtheningof30 UTRsduringembryogenesis, except incells

of the hematopoietic lineages (Agarwal et al., 2021). Howev-

er, the APA pattern in pre-implantation embryos is still un-

known. With the availability of scRNA-seq data, here we

analyzed theAPApatternsduringearly embryodevelopment

and shed light on theunderlyingmechanism that dictates it.
RESULTS

Identification of PASs in human and mouse early

embryos

A large number of studies have utilized pre-implantation

embryos for single-cell sequencing; the datasets are pub-

licly available. To map the PASs in both human and mouse

early embryos, we selected the scRNA-seq dataset GEO:

GSE44183, which was generated with the same protocol

applied to both human and mouse embryo cells, thus

devoid of the variation caused by different methodologies
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(Xue et al., 2013). We retrieved the original sequencing

data of zygotes, four-cell, and morula embryos for APA

analysis, containing 21 samples in total (Figure 1A). Low-

quality or adaptor-containing reads were filtered out

before mapping. Filtered reads were mapped to the refer-

ence genomes. After removal of duplicate reads, each sam-

ple possessed 4.2 to 18.3 million reads suitable for further

analysis.

Several bioinformatics tools have been developed to

identify and/or measure the usage of PASs based on RNA-

seq data (Gruber and Zavolan, 2019). Among those,

APAtrap is able to not only capture novel PASs but also

quantify the usage of proximal or distal sites with high ef-

ficiency and flexibility (Ye et al., 2018). We therefore em-

ployed it for our analysis (Figure 1A). The APAtrap-detected

PASs with fewer than 10 reads were discarded. The remain-

ing sites were mapped to the corresponding genomes and

were pooled together to obtain the overall distribution.

As expected, the majority of the PASs are located within

the 30 UTRs, 88.9% for the human and 74.9% for themouse

(Figure 1B). For the following analysis, we focused on APA

events in 30 UTRs that use proximal or distal PASs to pro-

duce distinct transcripts.

APA is dynamic during human and mouse early

embryo development

We next assessed the APA dynamics at a single gene level

during early embryogenesis. As APAtrap could capturemul-

tiple proximal PASs for one gene with the respective usage

frequencies, we selected themost frequent one as the repre-

sentative and plotted it for three pre-implantation stages.

Overall, APA occurred more frequently at the proximal

PASs than the distal ones in both human and mouse early

embryos (Figure S1A).

To pinpoint the genes that exhibited 30 UTR length

switching, we quantified 30 UTR length changing between

two pre-implantation stages using APAtrap. The number of

genes exhibiting significant 30 UTR switching ranged from

22 to 1,099 in the human (Figure 1C) and from 72 to 703 in

themouse (Figure 1D). For instance, 30 UTR shortening was

detected in 823 genes, whereas the lengthening was in 22

genes, during the progression from the zygote to four-cell

stage of human embryos (Figure 1C). Unexpectedly, this
Figure 1. The landscape of alternative polyadenylation in human
(A) Schematic of analysis of 30 UTR dynamics during early embryo deve
number of samples.
(B) Distribution of PASs in human and mouse transcriptomes, analyz
stages are pooled together.
(C and D) Percentage difference (PD) of proximal and distal PAS in hum
UTR between the two indicated embryonic stages are colored in blu
category is indicated. Significance was determined by Benjamini-Hoch
is added to those PD values of 0 to shift the data points slightly awa
trend was reversed at the morula stage, when genes with

30 UTR lengthening significantly outnumbered those

with 30 UTR shortening (1,099 versus 185; Figure 1C). In

the mouse, in contrast, 30 UTR lengthening was present

in 703 genes at the four-cell stage, whereas the shortening

was in 609 genes at the morula (Figure 1D).

A previous studyhas suggested that conservedPASs reduce

the diversity of 30 end processing, thus facilitating a consis-

tentAPApatternacross species (Wangetal., 2018).Toaddress

whether the distinct patterns of 30 UTR switching in the hu-

man and themouse were attributed to non-conserved distal

PASs, we identified 3,569 conserved distal PASs, accounting

for 18% of the total distal PASs from both species. Plotting

the usage of the conserved distal PASs at the zygote, four-

cell, and morula stages in both species revealed the same

trends as the overall usage of distal PASs in the respective

species (Figure S1B), suggesting that conserved and non-

conserved distal PASs are recognized similarly during the

developmental window from zygote to morula, and that

the distinct patterns of 30 UTR switching are not caused by

non-conserved distal PASs.

Collectively, these results unravel a dynamic switch of 30

UTR lengths during early embryo development, the

pattern of which depends on the species as well as the

developmental stage.

APA modulates multiple pathways in human and

mouse early embryos

The change of 30 UTR lengths via APAmay have a profound

impact on mRNA stability, translation, and localization

(Mayr, 2019), thereby modulating the activity of affected

pathways. Given that a large number of genes per stage ex-

hibited30 UTR lengthswitchingduring thepre-implantation

development of both human and mouse embryos, we per-

formed a gene set enrichment analysis to identify pathways

affected by APA. In the human, genes involved in apoptosis

were highly enriched when zygotes developed into four-cell

embryos (Figure 2A); from the four-cell stage to the

morula, the most enriched pathways included RNA trans-

port, RNA degradation, adherens junction, and MAPK

pathway (Figure 2A). In contrast, during the progression

from zygotes to four-cell embryos in the mouse, the highly

enriched pathways were ubiquitin-mediated proteolysis,
and mouse early embryos
lopment using a publicly available RNA-seq dataset. n indicates the

ed by APAtrap. PASs detected at the zygote, four-cell, and morula

an and mouse early embryos. Genes with a significantly changed 30

e or red (PD R 0.5 as cutoff). The total number of genes in each
berg method (adjusted p value < 0.05). Note that a value of 0.0009
y from the axes. See also Figure S1.
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Figure 2. Enriched pathways modulated by alternative polyadenylation in early embryos
(A) KEGG pathways in which genes with a significant 30 UTR change are enriched. Only pathways with an adjusted p value < 0.05 are shown.
Normalized enrichment score (NES) for each pathway is also shown.
(B and C) Network analysis of proteins associated with RNA degradation or mRNA surveillance. Nodes in blue or red indicate corresponding
genes with a lengthened or shortened 30 UTR.
(D and E) Read distribution of Cstf1 and Etf1 showing change of the 30 UTR in mouse early embryos. Arrowheads mark the proximal or distal
PAS in the terminal exon, curated by PolyASite 2.0 database.

(legend continued on next page)
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protein processing in ER, spliceosome, phosphatidylinositol

signaling, glycerophospholipid metabolism, mRNA surveil-

lance, nucleotide excision repair, and Hippo pathway

(Figure 2A). Notably, apart from RNA processing pathways

(RNA transport and RNA degradation in the human,

mRNA surveillance in the mouse), other pathways were

not shared by human and mouse embryos (Figure 2A), sug-

gesting a species-specific consequence of APA in early em-

bryo development.

A previous transcriptomic profiling study has unveiled a

conserved role of RNA processing in the development of

bothhumanandmouse embryos (Xue et al., 2013). In agree-

ment with this, we identified two APA-modulated pathways

related to RNA processing: RNA degradation at the morula

stage in the human and mRNA surveillance at the four-cell

stage in the mouse (Figure 2A). Network analysis revealed

that the CCR4-NOT complex was at the core of the RNA

degradation pathway enriched in human embryos (Fig-

ure 2B), including CNOT6L, CNOT8, CNOT1, CNOT2, and

CNOT4. Among these, CNOT8 and CNOT1 displayed a

shortened30 UTRat themorula, incontrast to theother three

(Figure 2B). In addition to the CCR4-NOT complex, PAN3,

the subunit of the PAN2-PAN3 complex, was also present

in this pathway (Figure 2B). These two complexes catalyze

the deadenylation of mRNAs to initiate degradation (Wahle

and Winkler, 2013), suggesting that APA is probably

involved in the regulation of mRNA turnover. In support of

this notion, a recent transcriptome-wide mRNA poly(A)

profiling study revealed a dynamic change of poly(A) tail

lengths during human oocyte-to-embryo transition (Liu

et al., 2021b).

Recent analyses on the poly(A) have shown that, in early

embryos, the non-A residues within the poly(A) tail are

incorporated between de- and re-adenylation, which are

used as a marker for distinguishing zygotic mRNAs from

maternal ones (Liu et al., 2021a, 2021b). For instance, G res-

idues, added by TENT4A/B, stabilize zygotic mRNAs,

whereas U residues promote fast degradation of maternal

mRNAs (Liu et al., 2021a). Interestingly, the 30 UTRs of

TENT4A/B (also known as PAPD7/5) transcripts, were

extended at the morula stage, compared with the four-

cell stage (Figure 2B), suggesting that the activity of

TENT4A/B is coupled with the deadenylation complexes

in human early embryos.

In mouse embryos, genes clustered in the mRNA surveil-

lance pathway can be further divided into two main func-

tional groups: non-sense mediated mRNA decay (NMD)

and polyadenylation (Figure 2C). The former includes

Smg1, Smg6, and Etf1, the products of which form the
(F and G) Quantification of 30 UTR change and relative expression of ca
primer pairs for quantifying the distal PAS usage are illustrated. Data
one-way ANOVA followed by Dunnett’s multiple comparison test (vs.
NMD complex (Chang et al., 2007), whereas the latter

consists of Cstf1, Cstf2, Pcf11, Pabpc1, and Papola (Fig-

ure 2C). The 30 UTRs of the NMD complex transcripts

were shortened at the four-cell stage, compared with the

zygote stage (Figure 2C). A similar switch was also observed

for Cstf1, Cstf2, Ppp2r5c, and Ddx19b (Figure 2C). The

connection between the NMD and the polyadenylation

groups was Pabpc1 (poly(A) binding protein cytoplasmic

1) and Papola (poly (A) polymerase alpha), which, on

the contrary, exhibited 30 UTR extension at the four-cell

stage.

Next, we performed quantitative PCR (qPCR) to validate

the 30 UTR change in genes involved inmRNA surveillance.

For example, both Cstf1 and Etf1 have two PASs of high us-

age within the terminal exon (Figures 2D and 2E), which

are annotated in the database PolyASite 2.0 (Herrmann

et al., 2020). We designed two pairs of primers for each

gene, one pair adjacent to the distal PAS for quantification

of the level of the long 30 UTR (referred to as dUTR),

whereas the other in the CDS region for quantification

of the total mRNA level (Figure 2F). The ratio of the

normalized expression obtained from two pairs of

primers correlates with the frequency of the distal PAS us-

age. Consistent with the results obtained with APAtrap,

Cstf1, Etf1, and Smg1 showed a decreased usage of the distal

PASs inmouse four-cell embryos (Figure 2F). At themorula,

in contrast to Cstf1, the 30 UTR of which remained short-

ened, Etf1 and Smg1 had an extended 30 UTR (Figure 2F),

similar to the situation at the zygote stage. Overall but

not strictly, we observed a negative correlation between

the distal PAS usage and the mRNA levels (Figures 2F

and 2G).

Together, these results suggest a widespread APA in

pathways critical for early embryo development.

Pathways regulated by 30 UTR extension in pre-

implantation embryos

As mentioned above, the mRNA levels appeared to nega-

tively correlate with the distal PAS usage. Moreover, a 30

UTR often harbors miRNA binding sites and cis-acting ele-

ments, such as a cytoplasmic polyadenylation element

(CPE) and a Pumilio-binding element (Grimson et al.,

2007; Piqué et al., 2008; Dai et al., 2019). Thus, 30 UTR

lengthening may bring in such elements and profoundly

impact the behavior of an mRNA, such as the stability

and translational efficiency.

We next performed an enrichment analysis of the genes

withanextended30UTRtopinpoint thepathways. Figure3A

shows the top five pathways enriched in human morulae
ndidate genes in mouse early embryos by qPCR. The locations of the
are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,
zygotes).
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Figure 3. Pathways regulated by 30 UTR lengthening in early embryos
(A) Gene set enrichment analysis of transcripts with a lengthened 30 UTR.
(B) Venn diagram of overlapping genes related to cell cycle regulation in human and mouse early embryos.
(C and D) Quantification of 30 UTR changes and relative expression of Cdc25a in mouse early embryos by qPCR. Data are represented as
mean ± SD. **p < 0.01; ns, no significance; one-way ANOVA followed by Dunnett’s multiple comparison test (vs. zygotes).
(E) Network analysis of proteins involved in poly(A) RNA binding. The combinatorial codes for translational control present in extended 30

UTRs of corresponding genes were analyzed by CPE-mediated translational control web server and classified as early weak or strong
activation or repression. See also Table S2.
and mouse four-cell embryos, respectively. Two clusters,

zinc-finger and cell cycle, were identified in both human

and mouse embryos. Among the cell cycle genes, only

CDC25A/Cdc25a and MIS18A/Mis18a were shared by hu-

man and mouse embryos (Figure 3B). The former triggers

cell cycle progression through de-phosphorylation of

CDK1 (Lindqvist et al., 2005), whereas the latter is localized

at the centromere (Nardi et al., 2016). qPCR revealed a

slightly elevated usage of the distal PAS in Cdc25a at the

four-cell stage in the mouse, followed by a drastic increase

of theusage at themorula stage (Figure3C).Again, the exten-

sionof the 30 UTR correlatedwithdownregulationofCdc25a

mRNA (Figure 3D).

The other three pathways were differentially enriched in

the mouse and the human. Notably, genes encoding cell-
86 Stem Cell Reports j Vol. 18 j 81–96 j January 10, 2023
cell adherens junction proteins, including E-cadherin,

b-catenin, TJP1, PAK2, and anillin (Table S2), were highly

enriched in human morulae (Figure 3A). On the other

hand, the cluster of poly(A) RNA binding, including m6A

readers (Ythdf2 and Ythdf3) and alternative splicing factors

(Srsf2, Srsf5, and Srsf6), appeared specific to the mouse

(Figures 3A and 3E). To assess a potential impact of 30

UTR extension on translation, we used the CPE-mediated

translational control web server to identify the combinato-

rial code (Piqué et al., 2008), revealing that either early acti-

vating or repressive elements can be present within the

extended 30 UTRs (Figure 3E).

Collectively, these results suggest amultifaceted role of 30

UTR extension in regulating mRNA behavior during early

embryo development.



The expression and localization of CFIm components

in mouse early embryos

It has been well established that the length of a 30 UTR is

determined by the large polyadenylation machinery con-

sisting of �20 core proteins (Shi et al., 2009). Among the

four complexes, the CFIm complex plays a pivotal role in

promoting the usage of the distal PAS in various contexts

(Martin et al., 2012; Masamha et al., 2014; Brumbaugh

et al., 2018; Marini et al., 2021; Ghosh et al., 2022). Albeit

not essential for polyadenylation, revealedby reconstitution

of pre-mRNA cleavage in vitro (Schmidt et al., 2022), the

CFIm complex enhances the selection of the distal PAS by

binding to the UGUA motif upstream of AAUAAA (Zhu

et al., 2018). We inferred that the switching of 30 UTR

lengths in early embryos could be attributed to the changed

abundance of CFIm components (NUDT21, CPSF6, and

CPSF7). To measure their expression, we isolated mouse

zygotes for in vitro culture and harvested the embryos at

different stages for qPCR, revealing that the mRNA level of

CFIm components peaked at the four-cell stage, concomi-

tant with the lengthening of 30 UTRs (Figure 1D), and

then decreased gradually until the blastocyst (Figure 4A).

Wenext examined their localizationby immunostaining.

siRNA knockdown followed by immunoblotting validated

the specificity of the antibodies and also the effectiveness

of the siRNAs (Figures S2A–S2C). Immunofluorescence

showed that all three components were localized within

the nucleus in HeLa cells (Figures S2D–S2F). We then

applied these antibodies to mouse early embryos. As ex-

pected, NUDT21 was localized in the nucleus of blasto-

meres throughout pre-implantation (Figure 4B). Nuclear

NUDT21 significantly increased at the eight-cell stage,

and reached the highest level at the blastocyst (Figure 4C).

Unlike NUDT21, CPSF6 displayed a varying distribution,

which was detected not only in the nucleus but also in the

cytoplasm (Figure 4D). Nuclear CPSF6 becamemore detect-

able at the two-cell stage and remained throughout pre-im-

plantation (Figure 4D). Notably, granules of CPSF6 were

observed in the cytoplasm at the four-cell stage, peaked at

the eight-cell stage, then declined at themorula, and finally

disappeared at the blastocyst (Figure 4D). Such granules

might be specific to early embryo development because

they were absent in HeLa cells (Figure S2E). Quantification

showed that the fluorescence intensity of nuclear CPSF6

rose from the zygote to the two-cell stage (Figure 4E), likely

due to an increased mRNA level (Figure 4A). The fall of nu-

clear CPSF6 at the four-cell stage might result from the

retention of CPSF6 in the cytoplasmic granules. At the

eight-cell stage, in contrast to a further deceased level of

Cpsf6 mRNA, nuclear CPSF6 increased to a similar level to

that of the two-cell stage (Figure 4E). In contrast to the nu-

clear localization in HeLa cells (Figure S2F), CPSF7 was

exclusively localized in the cytoplasm of blastomeres in
pre-implanted embryos (Figure S3). Collectively, these

results demonstrate a differential localization of CFIm

components in mouse early embryos.

The distribution of CFIm components in human early

embryos

Wenext examined the localizationofNUDT21 andCPSF6 in

humanearly embryos,whichweregeneratedby in vitro fertil-

ization (IVF) at a fertility clinic, cultured for 3 or 6 days (D3,

D6),butunsuitable for embryo transferor freezingbecauseof

low quality. Consistent with the localization in mouse em-

bryos, NUDT21 was found in the nucleus in a D3 embryo

that consisted of 14 blastomeres (Figure 5A). Notably, strong

staining at the cell cortex was also observed (Figure 5A and

Video S1), whichwas confirmed by co-stainingwith phalloi-

din that marks the cortical actin filament (Figure S4A). The

cortical localization of NUDT21was not seen in any human

blastocysts we stained (n = 3; Figure S4B), nor in mouse em-

bryos, suggesting that itmight be specific to pre-compaction

human embryos.

CPSF6 displayed a diffuse signal within the cytoplasm

in D3 human embryos, besides nuclear localization (Fig-

ure 5B). In contrast to the mouse, CPSF6 granules were ab-

sent in D3 human embryos (Figure 5B). In blastocysts,

strong signals of NUDT21 and CPSF6 were detected in the

nucleus (Figures S4B and S4C). In addition, discontinuous

CPSF6 puncta were detected along the cell-cell junctions

(Figure S4C).

Cell cortex-localized NUDT21 positively correlates

with the quality of human early embryos

We observed that some human D3 embryos only displayed

nucleus-localizedNUDT21 (FigureS4D). Suchembryosoften

contained multinucleated blastomeres (see also later Fig-

ure 5G). This prompted us to determine whether the

cortical localization of NUDT21 was correlated with embryo

quality. Embryos that displayed a spike of NUDT21 signal

at the cortex were categorized as cortical NUDT21 positive

(corNUDT21+ve; Figures 5Cand5D),whereas thosewithout

such a signalwere categorized as corNUDT21�ve (Figures 5E

and 5F). We examined 40 D3 embryos in total, among

which 12were corNUDT21+ve.Multinucleated blastomeres

or blastomeres of unequal sizes were commonly seen in

corNUDT21�ve embryos (Figure 5G). The embryos were

scored on the basis of blastomere volumes, cleavage syn-

chrony, multinucleation and fragmentation (De Placido

et al., 2002). The human D3 embryos with fewer than eight

blastomereswere defined as nodivision (Figure 5H). Overall,

the corNUDT21�ve embryos received lower scores (Fig-

ure 5I), suggesting that cortex-localized NUDT21 positively

correlates with the quality of human early embryos.

The key players that drive embryo compaction are

the actomyosin skeleton and the cell adhesion protein
Stem Cell Reports j Vol. 18 j 81–96 j January 10, 2023 87



Figure 4. Expression and localization of CFIm components in mouse early embryos
(A) Relative expression of CFIm components in mouse early embryos quantified by qPCR.
(B�E) Immunostaining of NUDT21 and CPSF6 in mouse early embryos. Nuclear NUDT21 (C) and CPSF6 (E) intensities in mouse early
embryos were quantified. Each dot represents the mean intensity of each embryo.
Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance; one-way ANOVA followed by
Dunnett’s multiple comparison test (vs. zygotes). Scale bar, 20 mm. See also Figures S2 and S3.
E-cadherin (Shahbazi, 2020). We next tested whether

NUDT21 interacts with any compaction driver. We trans-

fected a plasmid expressing YFP-NUDT21 into HEK-293

cells and performed immunoprecipitation of YFP. CPSF6,

a known interaction partner of NUDT21, was detected by

both immunoblotting and mass spectrometry from the

immunoprecipitation (Figures S5A and S5B). Mass spec-

trometry additionally identified CPSF7, hnRNPA3, and

RPS7 as high-confidence partners of NUDT21 (Figure S5C),
88 Stem Cell Reports j Vol. 18 j 81–96 j January 10, 2023
none of which is known to interact with any compaction

driver. Thus, at this point we are unable to delineate a

mechanism by which NUDT21 is recruited to the cortex.

The CFIm complex is required for the normal

development of mouse early embryos

Toexplore the functional significanceofAPA inearlyembryo

development, we knocked down CFIm components by

microinjecting the siRNAs into mouse zygotes. Besides



Figure 5. Cortex-localized NUDT21 positively correlates with the score of human D3 embryos
(A and B) Immunostaining of NUDT21 and CPSF6 in human D3 embryos. Lamin A/C marks the nuclear membrane. Shown are maximum
projection images of Z-stack.
(C�F) Examples of embryos with or without cortex-localized NUDT21 (corNUDT21+ve/�ve) in blastomeres. NUDT21 was mainly detected in
the nucleus in corNUDT21�ve blastomeres. Note that the image in (C) was from the same embryo as in (A). Profiling of NUDT21 fluo-
rescence intensity across a blastomere in (C) and (E), respectively. Arrows indicate the signals at the cortical region.

(legend continued on next page)
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NUDT21 andCPSF6, we also depleted several key players for

polyadenylation, including CPSF4 of the CPSF complex,

CSTF1 of the CstF complex, CLP1 of the CFIIm complex,

and CSTF2T. Aftermicroinjection, the zygotes were cultured

in vitro and imaged at select time points. Two-cell embryos at

24 h, four-cell embryos at 48 h, andmorulae and blastocysts

at 72 h were classified as normal embryos, whereas arrested

and fragmented embryos were classified as abnormal ones

(Figure 6A). At 24 h, only knockdown of Cpsf6 significantly

decreased the percentage of two-cell embryos (Figure 6B).

At 48 h, knockdown of Cpsf4 or Cstf2t severely impaired

the development of early embryos: only 57.6% or 63.9% of

therespectiveembryosreachedthefour-cell stage(Figure6B).

A large number of the embryos were arrested at an earlier

stage or fragmented in these two groups (Figures S6A–S6C).

At 72 h, knockdown of Nudt21 or Cpsf6 also dramatically

deceased the percentage of normal embryos (60.0% for siN-

udt21, 65.1% for siCpsf6, 88.9% for NonTargeting control;

Figure 6B); in the siCpsf6 group, an increased number of

the embryos were arrested at the four-cell stage, while most

abnormal embryos in the siNudt21 group were zygotes or

fragmented (Figures S6A and S6D). Given that both CPSF4

and CSTF2T are required for the cleavage and polyadenyla-

tion (Yao et al., 2013; Chan et al., 2014; Schmidt et al.,

2022), it is not surprising that downregulation of either

impeded early embryo development. Although the CFIm

complex is not essential for polyadenylation (Schmidt

et al., 2022), our results indicate that its disruption is also

detrimental to early embryos.

We collected the 72-h embryos for immunostaining.

Albeit still detectable in the nucleus or cytoplasm, the in-

tensity of NUDT21 or CPSF6 was weaker after siRNA treat-

ment (Figures 6C and 6D), suggesting an effective yet

incomplete knockdown. In the arrested four-cell embryos,

blastomeres with a fragmented nucleus or without a

nucleus were frequently observed (Figures 6C and 6D). Of

note, large granules of CPSF6 were commonly seen in the

arrested four-cell embryos (14 out of 25; Figure 6D). As

anticipated, siNudt21 or siCpsf6 significantly reduced the

embryo scores (Figures 6E and 6F).

We further performed qPCR to quantify the mRNA levels

of Nudt21 and Cpsf6, as well as the distal PAS usage in the

select target genes, in the morulae. As expected, injection

of the respective siRNA resulted in a dramatic reduction

of Nudt21 or Cpsf6mRNA level (Figures 6G and 6H), which

in turn led to decreased usage of the distal PAS for most of

the tested genes, including Ythdf3, Yap1, Smg6, Smg1, and

Etf1 (Figure 6I).
(G) An example of human D3 embryos with multinucleated blastomer
(H) An example of D3 embryos with fewer than eight blastomeres.
(I) Quality scores of corNUDT21+ve (n = 12) and corNUDT21�ve (n =
tailed Student’s t test. Scale bar, 50 mm (B, E, G, H). See also Figures
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Taken together, these results underscore the importance of

the CFIm complex in the development of mammalian early

embryos, probably through promoting 30 UTR extension.
Downregulation of CFIm components results in an

overall 30 UTR shortening in mouse four-cell embryos

To assess whether knockdown of Nudt21 or Cpsf6 would

cause a global 30 UTR shortening, we harvested the mouse

four-cell embryos at 48 h after microinjection of the siRNA

and performed Smart-seq2. Clustering of the sequenced

samples identified two outliners (Figure 7A), which were

excluded from subsequent analysis. Analysis by DESeq2

confirmed the knockdown of Nudt21 or Cpsf6 (Figure 7B).

We then employed APAtrap to analyze the usage of PASs.

Knockdown of Nudt21 or Cpsf6 resulted in a shortened 30

UTR in 233 or 525 genes and an extended 30 UTR in 58 or

48 genes, respectively (Figures 7C and 7D). Therefore,

knockdown of either Nudt21 or Cpsf6 led to an overall

increased usage of the proximal PAS.

Analysis of the genes with a shortened 30 UTR upon the

knockdown and those with an extended 30 UTR at the

four-cell stage under the normal development identified 13

shared genes (Figure 7E). We selected five for qPCR valida-

tion; we also included Ythdf3, which showed a strong reduc-

tionof thedistal PASusage in the72-hembryosuponNudt21

or Cpsf6 knockdown. As expected, either knockdown

reduced the distal PAS usage for the majority of the tested

genes, although not all reached statistical significance (Fig-

ure 7F). Notably, the distal PAS usage of Ythdf3 and Cul5

seems to bemore sensitive to CFIm perturbation (Figure 7F).

Like Ythdf3, the 30 UTR of Cul5 also contains repressive CPE

elements (Piqué et al., 2008); thus, their 30 UTR shortening

might enhance the translation.
DISCUSSION

Our study uncovers the dynamics of 30 UTR lengths in hu-

man and mouse early embryos. Although the APA patterns

appear strikingly different between the two species, it can

be explained by the different expression profiles of CFIm

components. Multiple studies have suggested that the

enhancer-dependent APA activity of the CFIm complex is

mediated by NUDT21 and CPSF6 (Kim et al., 2010; Martin

et al., 2012; Zhu et al., 2018). The surged level of these two

components enhances the usage of the distal PAS (Masamha

et al., 2014), whereas depletion of either one results in poly-

adenylation at the proximal PAS (Martin et al., 2012; Zhu
es and blastomeres of unequal sizes.

28) embryos based on the morphology criteria. ***p < 0.001, two-
S4 and S5.



Figure 6. CFIm components are essential for mouse early embryo development
(A) Schematic of evaluation of mouse embryo development after siRNA microinjection using bright-field images.
(B) Percentages of normal embryos at different time points after siRNA microinjection. Data are presented as mean. n indicates the number
of independent experiments.

(legend continued on next page)

Stem Cell Reports j Vol. 18 j 81–96 j January 10, 2023 91



et al., 2018;Ghoshet al., 2022), highlighting a key role of the

CFIm complex in PAS selection. By using microarray to

detect APA in mouse embryos, a previous study found that

progressive lengthening of 30 UTRs started at E1.5 (Ji et al.,

2009). Here we unravel that the extension of 30 UTR is prob-

ably drivenby theCFImcomplex in early embryos, the com-

ponents of which appear to be upregulated after zygotic

genome activation.

Then how was the PAS usage shifted from the distal to

the proximal ones, for instance, in mouse morulae? It is

well known that the proximal PAS is commonly used in

male germ cells (Li et al., 2016b), where both NUDT21

and CPSF6 are highly expressed (Sartini et al., 2008; Li

et al., 2016a), suggesting a mechanism overriding the ac-

tion of the CFIm complex. Based on our results, one plau-

sible explanation is the reduced level of effective CPSF6

protein from the eight-cell stage by downregulation of

Cpsf6 mRNA together with cytoplasmic sequestration of

the protein into the granules. Another possible explana-

tion is via upregulation of factors that promote the

proximal PAS usage, such as CPSF1, CSTF2, CSTF3, and

PCF11 (Mohanan et al., 2021). Among these, CPSF1

merits further investigation (Van Etten et al., 2017), as

its expression was significantly elevated in mouse morulae

(Figure S1C).

Besides the expression levels of CFIm components, the

temporal distribution may also determine the activity of

the complex, thereby modulating PAS selection. The cyto-

plasmic localization of CPSF7 in mouse early embryos sug-

gests thatCPSF7 is unlikely to complexwithNUDT21 in the

nucleus of blastomeres. Presumably, the formation of cyto-

plasmic CPSF6 granules from the four-cell to the morula

stage reduces the availability of CPSF6 for the CFIm com-

plex. Lastly, the cortical localization of NUDT21 in human

embryos may markedly reduce the activity of the CFIm

complex, or shift the subcellular location for APA, or repre-

sent a function independent of APA. The mechanisms by

which CFIm components are retained in the cytoplasm

remain elusive. For the case of NUDT21, given its ability

tobind theUGUAmotif in30UTR (Zhuet al., 2018), itmight

be co-transported with cortex-bound, locally translated

mRNAs. It is also possible that certain RNA-binding pro-

teins (RBPs) recruit NUDT21 to the cortex, which remain

to be identified.
(C and D) Immunostaining of NUDT21 or CPSF6 in mouse embryos 72 h
Shown are maximum projection images of Z-stack.
(E and F) Quality scores of embryos collected at 72 h after siRNA
****p < 0.0001, two-tailed Student’s t test with Welch’s correction.
(G and H) Quantification of Nudt21 and Cpsf6 expression in the moru
(I) Quantification of distal PAS usage of candidate genes in the moru
Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.0
(vs. NonTargeting siRNA). Scale bar, 50 mm (A), 20 mm (D). See also
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It is commonly thought that the dynamic change of 30

UTRs orchestrates gene expression, due to miRNA binding

sites in this region. However, this view has been challenged

by a number of studies. For example, in proliferating Tcells,

30 UTR lengths did not exhibit a strong correlation with

protein output (Gruber et al., 2014). If this is also true for

early embryos, thenwhat is the role of 30 UTR lengthening?

It seems that the multifaceted features of 30 UTRs serve the

needs of embryo development (Shahbazi, 2020). It should

be noted that we observed a negative correlation between

the mRNA levels and 30 UTR extension in most of the

qPCR-measured genes, suggesting a repressive effect of

long 30 UTRs on the mRNA levels, although the exact

mechanism is unclear. Moreover, long 30 UTRs canmediate

mRNA localization via binding to RBPs (Mayr, 2017),

which in turn facilitates transportation and local transla-

tion of the mRNAs (Terenzio et al., 2018; Parker et al.,

2020). This phenomenon has been commonly seen in

neurons (Miura et al., 2013). Perhaps, 30 UTR-dependent

mRNA localization also applies to human early embryos,

as the transcripts encoding adherens junction proteins

contain a long 30 UTR, which may promote compaction.

Finally, 30 UTRs can regulate translation via miRNA-inde-

pendent mechanisms. Using low-input Ribo-seq, a recent

study has found that a CPE proximal to the polyadenyla-

tion signal in a 30 UTR activates translation in early

embryos (Xiong et al., 2022), providing an insight into

how translation is connected with polyadenylation. These

findings hint that APA can regulate translation through

PAS selection.

Our study suggests that the activity of RNA decay

complexes is likely modulated by APA during maternal-

to-zygotic transition, a critical stagewhenmaternalmRNAs

are cleared by the deadenylase complexes (Sha et al.,

2020b). A recent study has shown that the key components

of these complexes, such as CNOT7, CNOT6L, and PAN2,

are markedly downregulated in human eight-cell embryos

(Sha et al., 2020a), suggesting a decreased demand for the

deadenylase complexes upon elimination of maternal

mRNAs. It is possible that 30 UTR extension can impose

additional repression on the RNA degradation pathway.

Quantification of the 30 UTR lengths of NMD components

by APAtrap and qPCR indeed revealed a dynamic change

throughout early embryo development.
after microinjection. RNA polymerase II (Pol II) marks the nucleus.

microinjection. n indicates the number of evaluated embryos.

lae after siRNA knockdown by qPCR.
lae by qPCR.
01, one-way ANOVA followed by Dunnett’s multiple comparison test
Figure S6.



Figure 7. Disruption of the CFIm complex results in 30 UTR shortening in mouse four-cell embryos
(A) Clustering of four-cell embryos that have been sequenced after siRNA microinjection. The samples in red are regarded as outliners.
(B) Fold change of Nudt21 and Cpsf6 level in four-cell embryos quantified by Smart-seq2. Differential expression was calculated by DESeq2.
* adjusted p value < 0.05, **** adjusted p value < 0.0001.
(C and D) Percentage difference of proximal or distal PAS usage in four-cell embryos after Nudt21 or Cpsf6 knockdown, analyzed by APAtrap.
(E) Venn diagram of genes with a shortened 30 UTR after Nudt21 or Cpsf6 knockdown and genes with a lengthened 30 UTR at four-cell stage.
(F) Quantification of distal PAS usage of candidate genes in mouse four-cell embryos after Nudt21 or Cpsf6 knockdown by qPCR. Data are
represented as mean ± SD. *p < 0.05, ***p < 0.001, one-way ANOVA followed by Dunnett’s multiple comparison test (vs. NonTargeting
siRNA).
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Most importantly, our study highlights an indispensable

role for CFIm-mediated APA in the development of mouse

early embryos. This could be attributed to an important

role of long 30 UTRs per se or prevention of mis-polyadeny-

lation at early cryptic PASs. Investigation of the function of

APA in pathways essential for early embryo development is

the next step toward a better understanding of the regula-

tory network for embryogenesis. Altogether, our findings

complement current knowledge of the APA landscape in

mammalian embryo development.
EXPERIMENTAL PROCEDURES
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should be directed to and will be fulfilled by the corresponding

author, H.L. (lihuaibiao@hust.edu.cn).

Materials availability

All unique/stable reagents generated in this study are available

from the lead contact without restriction.

Data and code availability

The accession number of the mass spectrometry proteomics data

reported in this paper is ProteomeXchange: PXD031134. The

accession number of the RNA-seq data reported in this paper is

GSA: CRA007735. No novel codes were generated in this study.

Ethics statement
Study using human embryos was approved and overseen by the

ethical committee ofWuhan Tongji ReproductiveMedicineHospi-

tal (approval number: 2020–005). The embryos were obtained

from donor couples with informed consent.

All animal experiments were reviewed and approved by the Insti-

tutional Animal Care and Use Committee of Tongji Medical Col-

lege, Huazhong University of Science and Technology (approval

number: 2434) and performed in compliance with the Guide for

the Care and Use of Laboratory Animals.

Human embryo collection
Human zygotes were generated by IVF and cultured in K-SICMme-

dium (CookMedical) covered withmineral oil (Sigma-Aldrich, cat.

#M8410) at 37�Cwith 5%CO2 in a humidified incubator for 3 days

(D3). The embryos were then transferred to K-SIBMmedium (Cook

Medical) and cultured for another 3 days (D6). Embryos at D3 and

D6were assessed by clinicians ofWuhanTongji ReproductiveMed-

icine Hospital. Embryos unsuitable for transfer or freezing were

fixed with 4% paraformaldehyde (PFA) at room temperature for

30 min before immunostaining.

Mouse embryo collection
To obtain mouse pre-implanted embryos, 8-week-old female ICR

mice were intraperitoneally injected with pregnant mare serum

gonadotrophin, then with human chorionic gonadotrophin 48 h

later, and mated with adult male mice. The next day, female

mice with a vaginal plug were separated frommale mice. Embryos
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were collected from the oviduct or uterus of pregnant mice at

the respective time points as follows: zygotes (day 1), two-cell

embryos (day 2), four-cell embryos (day 2), eight-cell embryos

(day 2.5), morulae (day 3), and blastocysts (day 3.5). Embryos

were fixed with 4% PFA at room temperature for 15 min before

immunostaining.
Statistical analysis
Data were analyzed using GraphPad Prism 8 (GraphPad). Results

are presented as mean ± SD, unless otherwise indicated. Student’s

t test or single-factor analysis of variance (one-way ANOVA) was

used for significance test.
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