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Dynamics and necessity of SIRT1 
for maternal–zygotic transition
Jan Nevoral 1,2*, David Drutovic 3, Michaela Vaskovicova 3, Michal Benc 4, Frantisek Liska 5, 
Iveta Valentova 1,6, Sara Stachovicova 4,7, Jan Kubovciak 8, Jirina Havrankova 1,2, 
Miki Shavit 1, Ladan Monsef 1, Maria Iniesta‑Cuerda 1, Tereza Zalmanova 1,9, Petr Hosek 1, 
Frantisek Strejcek 4, Milena Kralickova 1,2 & Jaroslav Petr 9

Dynamic changes in maternal‒zygotic transition (MZT) require complex regulation of zygote 
formation, maternal transcript decay, embryonic genome activation (EGA), and cell cycle progression. 
Although these changes are well described, some key regulatory factors are still elusive. Sirtuin-1 
(SIRT1), an NAD+-dependent histone deacetylase, is a versatile driver of MZT via its epigenetic and 
nonepigenetic substrates. This study focused on the dynamics of SIRT1 in early embryos and its 
contribution to MZT. A conditional SIRT1-deficient knockout mouse model was used, accompanied by 
porcine and human embryos. Embryos across mammalian species showed the prominent localization 
of SIRT1 in the nucleus throughout early embryonic development. Accordingly, SIRT1 interacts 
with histone H4 on lysine K16 (H4K16) in both mouse and human blastocysts. While maternal 
SIRT1 is dispensable for MZT, at least one allele of embryonic Sirt1 is required for early embryonic 
development around the time of EGA. This role of SIRT1 is surprisingly mediated via a transcription-
independent mode of action.
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The mature oocyte clearly represents a key cell in reproduction. Progressive oocyte growth results in the 
accumulation of essential transcripts and proteins for the early stages of embryonic development and maternal-
to-zygotic transition (MZT), including chromatin decondensation, pronucleus development, and embryonic 
genome activation (EGA)1. This seemingly precipitous beginning of life is perfectly tuned via the molecular 
machinery the mediates epigenetic changes, such as the decay of maternal transcripts2, the regulation of minor 
EGA3, and the transcriptional awakening of the embryonic genome4. However, the timing of these changes 
differs across animal species, and both post-transcriptional and post-translational modes of gene regulation vary 
even among mammalian models5. Despite differences in MZT, it seems likely that key regulators are conserved 
across species.

We consider SIRT1 (sirtuin-1, an NAD+-dependent deacetylase), the ortholog of Yeast SIR2 (Silent 
Information Regulator 2)6, to be a unique candidate for the regulation of the epigenetic transition from maternal 
to zygotic programs for the following reasons: i) the maternal transcript of SIRT1 is eliminated via sperm siRNAs7; 
ii) SIRT1 deacetylates zygotic chromatin and prevents further transcription of minor EGA-expressed genes8; 
and iii) SIRT1 is highly expressed after major EGA, suggesting that SIRT1 is required for further embryonic 
development3. Indeed, SIRT1 targets transcription factors9,10 and histone codes11–13, both of which are important 
for gene expression and transcriptional regulation.

With respect to the histone code, the deacetylation of histone 4 at lysine 16 (H4K16) is known to result from 
the epigenetic mode of action of SIRT111. Therefore, the acetylation level of H4K16 can be a valuable marker 
for assessing SIRT1 activity during the dynamic period of MZT and early embryonic development, particularly, 
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pronucleus formation, transcriptional reinitiation, cell cycle progression, and cell lineage differentiation, 
consistent with the transcription of H4K16ac-marked genes14 and cell differentiation15. The origin and dynamics 
of expression of upregulated factors, such as SIRT1, are crucial for understanding the transformation of terminally 
differentiated oocytes into pluripotent embryonic cells through EGA and cell differentiation.

On the basis of the evolution of SIRT1 knockout mouse models16–18, we generated conditional knockout 
(cKO) models in our study; these models lack three exons (exons 4, 5, and 6)19, which constitute a major part of 
the SIRT1 catalytic domain (aa 236–490)20. The cKO model with SIRT1-deficient (Sirt1null) oocytes allowed us 
to evaluate the activity and necessity of maternal SIRT1 in MZT and embryonic development. In our study, in 
which the results obtained from the mouse genetic model are supported by investigations in porcine and human 
embryos, we reveal dynamic changes in SIRT1 and demonstrate its necessity for MZT. Our findings reveal that 
SIRT1 contributes to this process through a nontranscriptional mode of action and highlight its epigenetic impact 
on cell differentiation in embryos post-EGA.

Results
Female donors of Sirt1null oocytes do not suffer from infertility or subfertility
We used a cKO mouse model to investigate maternal SIRT1 activity in mammalian oocytes and early embryos. 
Thus, we crossbred females in which exons 5–7 are flanked by loxP sites (Sirt1loxP/loxP) with Zp3-Cre males, 
following the Cre‒Lox principle21. Since Cre recombinase expression is driven by the Zp3 promoter expressed 
in growing oocytes, exons 5–7 were excised during oocyte growth in Cre-positive female carriers of Sirt1loxP/loxP 
(i.e., cKO). We genotyped female donors of SIRT1-deficient (Sirt1null) oocytes via PCR of genomic DNA, and 
Cre-negative;Sirt1loxP/loxP females were considered wild-type (wt) controls (Fig. 1A). The lack of Sirt1 mRNA in 
oocytes was confirmed by RT‒PCR (Fig. 1B). As expected, the ovarian follicles of ovaries in the cKO mice were 
not affected (Fig. 1C). Accordingly, neither the ovarian reserve nor hormone responsiveness was reduced in 
cKO females (Fig. 1D). Either mitochondrial abundance in Sirt1null oocytes was not affected (Fig. 1E). Indeed, 
the results of the reproductive trial did not differ between wt and cKO mice, and no subfertility or infertility 
was observed (Fig. 1F).

Translation‑independent appearance of maternal SIRT1 and escape from sperm‑driven mRNA 
decay
SIRT1 activity is beneficial for oocyte quality and fertilization22,23, but SIRT1 dynamics in the zygote remain 
unknown. However, it is known that sperm contain siRNA targeting maternal Sirt1 mRNA7; therefore, we also 

Fig. 1.   Generation of the mouse Sirt1loxPloxP;Zp3-Cre (cKO) model and reproductive trial of cKO females. 
(A) The PCR products indicate the recombined Sirt1 allele (the Sirt1 allele containing loxP-flanked exons 
5–7) and Cre recombinase coding locus. (B) Quantitative RT‒PCR of Sirt1 cDNA in wt and Sirt1null oocytes. 
The data are shown as the means ± SEMs of three independent replicates, each including at least 20 oocytes; 
significant differences were identified via unpaired t tests. (C) Histology of the ovaries of wt and cKO females; 
H&E staining. Scale bar: 500 µm. (D) Ovarian capacity is indicated by the ovarian reserve (i.e., the yield of 
GV oocytes per PMSG-treated female) and hormone responsiveness (i.e., IVO oocytes per PMSG-hCG-
treated female). The results are shown as the means ± SEMs; the numbers of females are noted in brackets. (E) 
Oocyte mitochondrial abudance expressed by mtDNA copy number. Columns show mean ± SEMs of three 
independent experiments. Significant difference was tested using the unpaired t-test. (F) In the assessment of 
the reproductive phenotype, the conception rate was calculated as the number of matings per pregnancy; lines 
represent the median. The number of pups per litter (1st, 2nd, and 3rd) is shown as the mean ± SEM of three 
females. Wt: wild-type, cKO: conditional knockout, GV: germinal vesicle, IVO: in vivo ovulated.
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investigated parthenogenetic zygotes. While Sirt1 mRNA was detected in wt oocytes (Fig. 1), we did not observe 
any SIRT1 signal in IVO oocytes (i.e., eggs; Fig. 2A; Supplemental Figure S1). Surprisingly, SIRT1 appeared once 
pronuclei formed in parthenogenetic zygotes (Fig. 2B). The injection of Sirt1-Eyfp into Sirt1null parthenotes and 
time-lapse images of zygotes revealed a strong SIRT1 affinity for the nucleus, which disappeared once the nuclear 
envelope was disrupted (i.e., NEBD, nuclear envelope breakdown). SIRT1 reappeared as soon as the interphase 
nucleus formed (Fig. 2C). The density of SIRT1 peaked in middle two-cell (2C) embryos, decreased again in 
late 2C embryos and completely disappeared with subsequent nuclear envelope breakdown (see Supplemental 
Video S1). Owing to the decay of maternal Sirt1 transcripts by sperm siRNA7, we expected to observe the 
absence of SIRT1 in the pronuclei of fertilized eggs, in contrast to the results obtained for parthenotic zygotes. 
However, we detected abundant signals of SIRT1 in both pronuclei of wt zygotes. This pronuclear SIRT1 was 
produced entirely by oocytes, whereas Sirt1null fertilized oocytes did not present any signal (Fig. 2D). H4K16, a 
main target of SIRT111, was hyperacetylated in the male pronucleus of Sirt1null zygotes, but morphometry was 
not affected; these findings indicate that SIRT1 deacetylates H4K16 in the pronucleus rather than deacetylating 
soluble histones before the genesis of pronuclei (Fig. 2D). In further experiments, we proposed that SIRT1 is 
recruited to the nucleus from already available cytoplasmic maternal SIRT1 (below the detection limit owing to 
dilution in the large volume of the zygote cytoplasm). Therefore, we used cycloheximide (CHX), an inhibitor of 
proteosynthesis, and verified that the reappearance of SIRT1 in the nucleolema-bound structure was translation 
independent (Fig. 2E). Similarly, the observation of equal H4K16 acetylation levels confirmed that SIRT1 activity 
was unchanged (Fig. 2E). Taken together, these data reveal that SIRT1 dynamics depend strictly on the envelope-
bound nucleus; SIRT1 is not resynthesized from maternal Sirt1 mRNA and, therefore, functions regardless of 
the degree of sperm-induced maternal Sirt1 mRNA decay (Fig. 2F).

Maternal SIRT1 is progressively replaced by embryonic SIRT1 during EGA
To track the dynamics of the maternal SIRT1 protein, we studied two-cell (2C) embryos since embryonic genome 
activation (EGA) occurs at this time in these mice. Therefore, we suppressed mRNA synthesis after EGA in 
parthenotes and IVF embryos via treatment of pronuclear zygotes with α-amanitin (α-AM), an inhibitor of RNA 

Fig. 2.   The reappearance of SIRT1 in one-cell zygotes. (A) Immunocytochemical staining of SIRT1 in wt and 
Sirt1null IVO oocytes. (B) SIRT1 is present in one-cell zygotes generated via parthenogenetic activation of wt 
and Sirt1null oocytes. (C) Distribution and dynamics of SIRT1 during nuclear envelope breakdown (NEBD) 
in parthenogenetic zygotes; embryos expressing H2B‐mCHERRY (red) and SIRT1-EYFP (green) are shown. 
(D) Analysis of SIRT1 and H4K16ac in the male pronuclei of in vitro fertilized WT and Sirt1null oocytes. The 
rectangle delimits the pronuclei (asterisk indicates the male pronucleus). Quantification of H4K16ac integrated 
density (IntDen) in pronuclei of wt and Sirt1null zygotes and morphometry of IVF zygotes. Correlation analysis 
of H4K16ac with SIRT1 in wt zygotes. The Spearman coefficient is shown and was considered significant 
if P was ≤ 0.05 (bold). (E) Distribution and quantity of SIRT1 integrated density (IntDen) in wt parthenote 
zygotes after CHX treatment. (F) Overview of the relationship between the maternal SIRT1 protein and the 
Sirt1 transcript in the zygote (created in BioRender.com). The dots represent individual zygotes, and the 
lines represent the medians; significance was tested via the Mann‒Whitney U test (**, P < 0.01). IVO: in vivo 
ovulated; PA: parthenogenetic activation; NEBD: nuclear envelope breakdown; IVF: in vitro fertilization; VC: 
vehicle control; CHX: cycloheximide. Scale bar: 25 µm.
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polymerase II and III (Supplemental Figure S2), by late 2C embryos. A decrease in SIRT1 levels indicated the 
persistence of approximately 50% of maternal SIRT1, even in post-EGA 2C embryos (Fig. 3A). In accordance with 
previous findings (Fig. 2), there was no difference between parthenotes and IVF embryos after α-AM treatment, 
suggesting that transcription and translation from the maternal Sirt1 mRNA Were not needed. In accordance 
with the fact that the Sirt1 gene reaches peak activity during EGA3, we observed a significant amount of SIRT1 
in Sirt1null-derived IVF embryos, demonstrating new expression (transcription and translation) of the paternal 
(functional) Sirt1 allele (Fig. 3B). Moreover, as Sirt1null-derived IVF embryos express roughly ¼ of SIRT1 in wt 
embryos, Sirt1 transcription and translation seemingly occur in a gene dosage-dependent manner in post-EGA 
embryos, suggesting the coexistence of maternal and embryonic SIRT1 in two-cell embryos (Fig. 3C). On the 
basis of these observations, we presumed that SIRT1 would be sequentially diluted through the cell cycle; the 
gradual elimination of maternal SIRT1 was further investigated in a pig model because of the later timepoint 
of EGA (during the four-to-eight-cell embryo transition). Pig zygotes were treated with α-AM by the stage of 
pre- and post-EGA embryos (4C and 8C, respectively) and, indeed, in α-AM-treated pig embryos, the level of 
SIRT1 in 4C embryos did not differ, whereas the level of SIRT1 in 8C embryos was dramatically lower than that 
in vehicle control embryos (Fig. 3D, Supplemental Figure S3). These results support the ‘dilution’ hypothesis and 
suggest that maternal SIRT1 is progressively eliminated and that replacement by embryonic SIRT1 is related to 
the timing of EGA (Fig. 3E).

Fig. 3.   Assessment of SIRT1 origin and maternal-to-embryonic SIRT1 exchange in two-cell (2C) embryos. (A) 
SIRT1 presence and quantification in two-cell parthenotes and IVF-produced embryos treated with α-amanitin 
(α-AM). (B) SIRT1 integrated density (IntDen) in two-cell (2C) IVF embryos; Sirt1+/+ (wt) and Sirt1+/- embryos 
were generated via fertilization of wt and Sirt1null oocytes with wt sperm. (C) Summary of different sources 
of SIRT1 in two-cell wt embryos (created in BioRender.com). (D) Distribution and quantification of SIRT1 
in pig four-cell (4C) and eight-cell (8C) parthenogenetic embryos treated with α-AM. (E) Interpretation of 
the findings obtained in mouse and porcine embryos after α-amanitin treatment (created from BioRender.
com). Lines represent the median, and differences were evaluated via an unpaired Mann‒Whitney test (****, 
P < 0.0001). PN: pronuclear zygote; 2C/4C/8C: two-/four-/eight-cell embryo; PA: parthenogenetic activation; 
IVF: in vitro fertilization; VC: vehicle control; α-AM: α-amanitin; EGA: embryonic genome activation; ICC: 
immunocytochemistry. Scale bar: 50 µm.
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Fig. 4.   Developmental competence of Sirt1+/- embryos and inhibition of SIRT1 in post-EGA embryos. (A) IVF output and blastocyst 
quality. In vitro fertilization of wt and Sirt1null oocytes with wt spermatozoa generated the Sirt1+/+ and Sirt1+/- genotypes, respectively. 
The columns represent the means ± SEMs of the fertilization rate, cleavage rate, blastocyst rate, and hatching rate in the five IVF 
assays; differences were evaluated via paired t tests. (B) SIRT1 localization in IVF blastocysts. The dots represent the SIRT1 integrated 
density (IntDen) of individual blastocysts, and the lines represent the median; differences were evaluated via the Mann‒Whitney U 
test (****, P < 0.0001). Scale bar: 50 µm. (C) Scheme of SIRT1 inhibition in post-EGA (wt) embryos subjected to in vitro culture of in- 
vivo vivo-produced post-EGA (2C) embryos. Sirtinol was used as a selective SIRT1 inhibitor during embryo culture. (D) Embryonic 
development of embryos treated with vehicle (0.1% DMSO) or sirtinol (10 µM). The columns represent the means ± SEMs of the 
blastocyst rates and hatching rates from three independent assays; differences were evaluated via paired t tests. Scale bar: 500 µm. (E) 
SIRT1 and H4K16ac colocalization in sirtinol-treated blastocysts. The dots represent the integrated density (IntDen) of H4K16ac and 
SIRT1 in individual blastocysts, and the lines represent the median; differences were evaluated via the Mann‒Whitney U test (****, 
P < 0.0001). Scale bar: 50 µm.
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Embryonic SIRT1 appears to be dispensable in post‑EGA embryonic development
Next, we analysed preimplantation embryonic development and quantified SIRT1 in blastocysts. Consistent with 
the results of the reproductive trial, we did not observe any failure of early embryonic development (Fig. 4A) 
or any negative impact on the blastomere count and transcriptional activity (Fig. 4B; Supplemental Figure S4). 
However, SIRT1 levels in blastocysts dramatically decreased (to below 50%), i.e., out of a gene dosage-dependent 
manner (Fig. 4B), and we considered the necessity of SIRT1 in the post-EGA embryonic development. Therefore, 
we tested the effect of sirtinol, a selective SIRT1 inhibitor22,23, on the developmental capacity of post-EGA 
embryos (Fig. 4C). This experiment confirmed that embryonic SIRT1 expression post-EGA is generally not 
necessary to reach the blastocyst stage (Fig. 4D). However, we observed hyperacetylation of H4K16 in sirtinol-
treated embryos (Fig. 4E), clearly demonstrating that SIRT1 is present and active even though it is dispensable 
for post-EGA embryonic development.

SIRT1 decline is accompanied by H4K16ac abundance in the blastocyst stage
In accordance with the finding that SIRT1 modulates the acetylation of H4K16, we further studied the 
SIRT1-H4K16ac status of the Sirt1 cKO model and human blastocysts. First, we flushed investigated in vivo-
produced blastocysts of the Sirt1+/- genotype and confirmed the ability of SIRT1 to deacetylate H4K16 (Fig. 5A). 
Surprisingly, SIRT1 insufficiency seems to be beneficial, as indicated by the positive correlation of H4K16ac with 
blastomere counts (Fig. 5B). To understand the relationship between SIRT1 and H4K16ac in human embryos, 
we performed comprehensive immunocytochemical analysis of human blastocysts. The definition of three-
dimensional (3D) regions of interest (ROIs) in individual blastomeres allows the precise analysis of the sum 
intensity of SIRT1 and H4K16ac. The analysis did not reveal any association of SIRT1-H4K16ac with the number 
of cells in the blastocysts (Fig. 5C). Although the broad analysis did not reveal any correlation between SIRT1 and 
H4K16ac through the entire blastocyst (Fig. 5C), we detected a substantial subpopulation of blastomeres with an 
obvious negative correlation between SIRT1 levels and H4K16ac levels (Fig. 5D). Indeed, this subpopulation of 
blastomeres demonstrated a negative correlation in almost all investigated patients (Fig. 5E). Complex analysis 
of human blastomeres revealed that H4K16ac is a marker of SIRT1 activity in embryonic cells and occurs in 
some blastomeres in blastocysts.

Embryonic SIRT1 is required for MZT and acts in a transcription‑independent manner
Following Sirt1+/- embryo analyses, we generated embryos with the Sirt1-/- genotype. To exclude both Sirt1 
alleles, we mated cKO females with Sirt1+/- hemizygote males that were generated and characterized previously24. 
The reproductive trial revealed a significantly reduced litter size after the elimination of the Sirt1-/- genotype 
in the offspring population, as the incidence of the Sirt1-/- genotype was significantly lower (P˂0.0001) than 

Fig. 5.   Analysis of the SIRT1-H4K16ac interaction in mouse and human blastocysts. (A) SIRT1 and H4K16ac 
localization in in vivo-produced blastocysts produced via mating wt and cKO females with wt males. The 
dots represent the H4K16ac integrated density (IntDen) of individual blastocysts, and the lines represent the 
median; differences were evaluated via the Mann‒Whitney U test (**, P < 0.01; ***, P < 0.001). (B) Correlation 
of blastocyst parameters and regression analysis of H4K16ac-blastomere counts. (C) Maximum intensity 
projection of Z-stacks of SIRT1 and H4K16ac in human blastocysts. Three-dimensional (3D) regions of interest 
(ROIs) of individual blastomeres defined by the DAPI signal. Correlation analysis of the sum intensity and 
number of cells in the blastocyst. (D) Co-localization analysis of SIRT1 and H4K16ac in blastomeres. The 
image represents the analysed blastocysts, and the rectangle highlights the cells used for H4K16ac and SIRT1 
colocalization analysis. The number (N) of analysed cells of 13 blastocysts is indicated. (E) Linear regression and 
correlation analysis of the mean intensity of SIRT1 and H4K16ac in the subpopulation of human blastomeres. 
Maximum intensity projection was used, and the rectangle shows an example of an ROI for the analysed 
blastomeres (10 blastomeres per blastocyst). The Spearman coefficient was calculated, and P values are noted.
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the theoretical incidence (i.e., 50%) (Fig. 6A). Therefore, parthenogenetic activation of Sirt1null oocytes was 
used as a unique way to study the Sirt1-/- genotype and to determine the period during which the development 
of Sirt1-/- embryos fails. Moreover, the parthenogenetic activation allowed to avoid paternal contribution 
and the necessity of maternal Sirt1 for the embryonic development could be assessed exclusively. Despite the 
nonessential role of SIRT1 post-EGA embryos, we observed developmental arrest of Sirt1null embryos at the 
2C stage (Fig. 6B; Supplemental Figure S5; Supplemental Videos S2 and S3). Live-cell imaging of parthenotes 
revealed that zygote formation is impaired when SIRT1 is lacking, mostly because of DNA disintegration and 
first-cell cycle incompetence (Fig. 6C). SIRT1 is a well-known regulator of gene transcription and acts via several 
transcription factors; this led us to investigate transcriptional activity in Sirt1null 2C embryos via labelling of 
5-ethynyl uridine (5-EU) incorporated into nascent mRNA during embryo culture. We applied two schemes 
of 5-EU treatment, starting either before or after minor EGA (Fig. 6D). Surprisingly, we did not observe any 
difference in the amount of mRNA translated in late two-cell embryos (Fig. 6E). This finding is supported by (1) 
the lack of observed difference in the di-methylation of histone H3 at lysine K4 (H3K4me2), a transcription-
positive epigenetic marker of EGA25, and (2) the lack of re-localization of the phosphorylated form of Ser/Thr-
protein kinase (pCHK2), another marker of transcriptional activity26 (Supplemental Figure S6). Notably, there 
was no hyperacetylation of H4K16 in Sirt1null embryos (Fig. 6F), in contrast to the relationship between SIRT1 
and H4K16ac observed in other embryonic stages. Unexpectedly, qualitative analysis of the transcriptome of 
post-EGA embryos revealed no significant changes in the Sirt1null embryos (Fig. 6G; Supplemental Figure S7), and 
only a few transcripts were differentially expressed in the Sirt1-/- embryos: Stag3, Fbxl3, Tex13b, and SIRT1 mRNA 
itself (Fig. 6H). We conclude that the necessity of SIRT1 for EGA is independent of transcription. Additionally, 
this SIRT1 function does not seem to be mediated by H4K16 deacetylation, contrary to what we observed in 
zygotes and post-EGA embryos. The unique mode of action of SIRT1 during EGA warrants further investigation.

Discussion
In this study, we demonstrated the activity and necessity of SIRT1 during the dynamic period of MZT. More 
specifically, SIRT1 activity is essential for EGA but not for early embryonic development. We tracked H4K16ac 
as a marker of SIRT1 activity11, and although we confirmed the inverse relationship between SIRT1 and H4K16ac 
levels in embryos across species, this pattern was not observed during EGA; we thus propose an alternative 
mechanism of SIRT1 action.

Therefore, we speculate that other histone targets are modulated, leading to successful MZT. Although 
the deacetylation of H3K27ac by SIRT1 is obviously needed for exit from minor zygotic gene activation8, our 
experiments highlight other mechanisms of action of SIRT1 and its necessity for MZT; indeed, Sirt1null-fertilized 
oocytes (x wt) showed competence in development to the blastocyst stage, although we suspected persistent 
transcription of minor zygotic genes. Moreover, flushed Sirt1+/- blastocysts presented increased blastomere counts 
and SIRT1 insufficiency, which seems to be beneficial for blastocyst expansion.

Alternatively, transcription factors such as p53 and FOXO3A9,27,28 were proposed to be candidate SIRT1 
targets that regulate transcription activity during EGA; therefore, we tested the transcriptional activity of post-
EGA embryos. Surprisingly, neither the mRNA amount nor the transcriptome composition of Sirt1null (Sirt1-/-) 
embryos differed from those of wt embryos. Even other assumed checkpoints essential for MZT, such as the 
DNA damage response and cell cycle regulation, were not affected by SIRT1 deficiency in post-EGA embryos 
(Supplemental Figure S6), although the cross-talk of both with SIRT1 has been reported29,30.

It is noteworthy that although EGA is highly conserved across mammalian species, seemingly due to the 
similarity of their egg, developed and fertilized in the safety of the female reproductive tract, the timing of EGA 
differs in models used in this study. Therefore, by the nature of EGA, we should consider mechanisms of EGA 
conserved across mammals regardless of timing; unlike nucleocytoplasmic ratio and introduction of gap (G2) 
phase into the cell cycle4, we suggest nucleolus as a candidate element for EGA driving. Inter-species nucleolar 
transfer results show nucleolar material’s control role in initiating embryonic transcription31,32. Accordingly, 
we aim to elucidate SIRT1 involvement in forming maternal nucleolar material and its contribution to EGA in 
oncoming experiments.

Ultimately, proteosynthesis can be affected at a point upstream of transcription when SIRT1 activity is 
insufficient or deficient33,34. Regardless of transcriptome quantity and composition, disrupted deacetylation 
interplay might lead to a decline of the NAT10-p53-MDM2 pathway35, followed by decreased mRNAs’ acetylation 
and translation into a protein36. Alternatively, SIRT1 can directly deacetylase some target proteins37, presumably 
also during EGA, and can thus regulate their activity without the need for new translation.

Embryonic SIRT1 is essential for MZT around the time of EGA, although not via transcription. Indeed, the 
inhibition of embryonic SIRT1 in post-EGA embryos did not affect developmental potential. Similarly, maternal 
SIRT1 is dispensable for fertilization and MZT. The hypothesis of ‘maternal SIRT1 dispensability’ is supported 
by tracking of SIRT1 in oocytes: there was no SIRT1 signal in mature oocytes from the C57Bl6/J strain (the 
same genetic background of the Sirt1 cKO), although we described the spindle-like pattern observed in the 
CD-1 outbred strain previously22. Indeed, we compared CD-1 and C57Bl6/J mice and revealed the promiscuous 
behaviour of SIRT1 across strains (Supplemental Figure S1). Nevertheless, we observed a prominent SIRT1 
signal in the zygotic pronucleus in both mouse strains. Further investigation demonstrated the recruitment of 
soluble SIRT1 protein into the pronucleus even in apparently SIRT1-free C57BL6/J oocytes. This translation-
independent SIRT1 recruitment enables escape from sperm-driven decay by siRNAs7; therefore, we can detect 
maternal SIRT1 even in late two-cell (2C) IVF embryos. Nucleus-bound localization of SIRT1 was thus observed, 
while maternal SIRT1 was progressively replaced by embryonic SIRT1 during post-EGA embryonic development 
through the blastocyst stage. To confirm this ‘dilution’ of the maternal transcript, we inhibited transcription in 
porcine embryos that is occurring physiologically later than in mouse embryos. We accordingly observed the 
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ultimate disappearance of SIRT1 in 8C embryos, supporting the idea of a competition of paternal and maternal 
factors during MZT38.

In the nucleus, SIRT1 deacetylates H4K16 in zygotes and blastocysts, as described previously in somatic 
cells11. Despite the SIRT1-H4K16 interaction observed in both one-cell zygotes and blastocysts, we presume the 
existence of different impacts during early embryonic development: while the silencing of minor EGA genes can 
be assumed in zygotes, the contribution of SIRT1 to the differentiation of blastomeres into sequential lineages 
through H4K16 deacetylation is very likely in late blastocysts15. On the other hand, the acetylation of H4K16 is 
not changed in Sirt1null-derived 2C embryos, and we assume that one-cell zygote inherits hyperacetylated H4K16 
from the cytoplasmic pool of the Sirt1null oocyte, whereas embryonic histone residuum of H4K16 is not a target 
of SIRT1 in the post-EGA embryo.
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Although this late SIRT1 contribution seems to be dispensable for the development of blastocysts, we 
consider SIRT1 to contribute to postimplantation embryo development for two reasons. First, we can observe 
few Sirt1-/- blastocysts with developed inner cell mass and even foetuses of this genotype (Fig. 6; Supplemental 
Figure S8). Second, we did not observe SIRT1-deficient (Sirt1-/-) pups. This second wave of SIRT1 necessity is 
apparently enforced during organogenesis, where severe defects have been described in the absence of SIRT116,39. 
In addition to embryogenesis failure, we can assume the inter-/transgenerational transmission of inappropriate 
epigenetic H4K16ac-derived imprinting40 in SIRT1-insufficient individuals (Sirt1+/-), although no fatal failure 
of preimplantation or postimplantation development was observed.

Taken together, these findings indicate that embryonic Sirt1 expression is required for MZT within the limited 
time window around EGA, whereas maternal SIRT1 is dispensable. Concurrently, post-EGA embryos can lack 
the activity of embryonic SIRT1 for blastocyst development. While H4K16 is a target of SIRT1 in noncritical 
stages of embryogenesis (i.e., one-cell zygotes and blastocysts) and has different impacts, the mode of action of 
SIRT1 during the essential period of embryonic development around EGA needs to be elucidated.

Materials and methods
Mice
Mouse strains harbouring loxP sites flanking exons 5–7 of the Sirt1 gene were generated at the School of Life 
Sciences19 and donated by Prof. J. Auwerx. To generate conditional knockout Sirt1loxPloxP;Zp3-Cre mice (cKO), 
female mice carrying the Sirt1 floxed alleles were crossed with Zp3-Cre males (Jackson Laboratories; C57BL/6-
Tg(Zp3-cre)93Knw/J, #003,651). Cre-positive females were used as donors of SIRT1-deficient oocytes, along 
with oocytes provided by Cre-negative females as wild-type (wt) controls. The mice were housed under a 12 
h–12 h light–dark cycle with constant temperature and food and water provided ad libitum. Genotyping for LoxP 
and Cre was carried out via PCR amplification of tail snip genomic DNA. The primers for Sirt1LoxP (Forward: 
5’—ATC​ATT​GGA​GGT​TAT​AAC​ATG​AAT​TG- 3’, Reverse: 5’–GTT​ACC​TAT​TGA​ACG​CCC​TAC​GAG​AG—3’) 
and Zp3-Cre (Forward: 5’—GCG​GTC​TGG​CAG​TAA​AAA​CTATC- 3’, Reverse: 5’—GTG​AAA​CAG​CAT​TGC​TGT​
CACTT-3’, Internal control Forward: 5’—CTA​GGC​CAC​AGA​ATT​GAA​AGA​TCT​- 3’, Internal control Reverse: 
5’—GTA​GGT​GGA AAT​TCT​AGC​ATC​ATC C- 3’) were used at a concentration of 20 pMol, using FastMix French 
PCR beads (Bulldog Bio, #25,401) following the manufacturer’s protocol. DNA was stained using SYBR Safe 
DNA gel stain (S33102; Thermo Fisher Scientific, Waltham, MA, USA) and scanned on a gel station (Universal 
Hood II; Bio-Rad, France).

All methods were carried out in accordance with relevant guidelines and regulations. Animal procedures 
and experimental protocols were conducted in accordance with Act No. 246/1992 Coll. on the Protection of 
Animals against Cruelty, under the supervision of the Animal Welfare Advisory Committee of Charles University, 
Faculty of Medicine in Pilsen, and approved by the Animal Welfare Advisory Committee at the Ministry of 
Education, Youth and Sports of the Czech Republic (approval number: MSMT-249/2017–4). Reports concerning 
experimental animals followed the recommendations in the ARRIVE guidelines (https://​arriv​eguid​elines.​org).

Fertility trials
Sexually mature female 8- to 12-week-old wt and cKO mice were mated overnight with wild-type C57Bl/6 males. 
The number of matings of hormonally stimulated females was recorded and is shown as the conception rate. The 
number of pups in the 1st, 2nd, and 3rd litters was recorded and is presented as the litter size. Moreover, female 
fertility was assessed via hormone responsiveness, and the number of ovulated oocytes was recorded.

Histology
The ovaries were fixed for 7 days in Bouin’s solution and then embedded in paraffin blocks (LEICA TP1020 
tissue processor, Leica Biosystems Inc. USA). Five-micron-thick cross-sections were prepared (LEICA RM 
2145 microtome, Leica Biosystems Inc., USA). The sections were stained with haematoxylin–eosin for general 
observation of follicles.

Fig. 6.   Generation of the Sirt1-/- genotype, embryonic development and transcriptomic analysis of Sirt1null 
embryos. (A) Number of pups per litter after mating with a Sirt1+/- male. The dots represent individual litters, 
and the lines represent the medians; significance was tested via the Mann‒Whitney U test (**, P < 0.01). Ratio 
of offspring genotypes following mating with Sirt1+/- males. Stacked columns show the cumulative proportion 
of recorded genotypes. A one sample t test was used to compare the recorded genotype ratio with a hypothetical 
value (i.e., 0.5). (B) Live-cell imaging and time analysis of early embryonic development of the Sirt1+/+ and 
Sirt1-/- genotypes following the activation of wt and Sirt1null oocytes, respectively (red: H2B‐tdTomato). 
Assessment of cleavage (24 h) and blastocyst rates (96 h). The columns represent the means ± SEMs of three 
independent IVF assays, and significance was evaluated via paired t tests (**, P < 0.01). (C) Zygote development 
and viability. Stacked columns show the cumulative proportions of recorded phenotypes of zygotes; significance 
was evaluated via the chi-square test (***, P < 0.001). (D) Design of two schemes of nascent mRNA analysis 
using 5-ethynyl uridine (5-EU) treatment. (E) Representative images and quantification of 5-EU incorporated 
into nascent mRNA in parthenogenetically activated wt and Sirt1null oocytes. (F) Immunocytochemical staining 
and analysis of H4K16ac in two-cell parthenote embryos. Dot plots show individual values (i.e., embryos) of 
integrated density (IntDen), and the lines represent the median; significance was evaluated via the Mann‒
Whitney U test. (G) Heatmap of transcripts expressed in bulk samples of wt and Sirt1null parthenote embryos. 
(H) Qualitative RNA analysis and volcano plot of the RNA-seq data. FDR = false discovery rate; |LFC|= absolute 
value of log2 fold change. Scale bar: 50 µm.
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Collection of mouse oocytes
Eight- to twelve-week-old female mice were used as oocyte donors. For the collection of IVO mature oocytes, 
PMSG administration was followed by hCG 48 h later; 15–16 h after hCG injection, ovulated cumulus–oocyte 
complexes were flushed from the fallopian tube and treated with 0.1 mg/ml hyaluronidase (Sigma‒-Aldrich, 
#H3506) in M2 medium for 5 min to remove cumulus cells. These oocytes were subsequently used.

Parthenogenetic activation (PA) of mouse oocytes
Mature IVO oocytes were incubated in potassium simplex optimization medium (KSOM) supplemented with 
0.1% bovine serum albumin (BSA; mKSOM). To prepare the activating medium, mKSOM was supplemented 
with 2 mM EGTA, 10 mM SrCl2, and 5 μg/mL cytochalasin B for 5.5 h at 37 °C and 5% CO2. Cycloheximide 
(CHX; 15 µg/ml) was used for the inhibition of proteosynthesis during oocyte activation. Afterward, the embryos 
were moved into pure mKSOM and cultured for 24 h and 96 h until the cleaved embryo and blastocyst stages, 
respectively. Transcription in pre-EGA parthenotes was inhibited via the use of α-amanitin (11 µg/ml), an RNA 
polymerase II and III inhibitor, for 26 h following activation.

In vitro fertilization (IVF) assay
Fourteen-week-old male mice were euthanized by cervical dislocation, and cauda epididymis were dissected. 
Spermatozoa were then isolated in human tubal fluid (HTF) supplemented with 0.4% BSA (mHTF). Next, in vitro 
capacitation was allowed for at least 1 h under 5% CO2 at 37  °C. Moreover, cumulus–oocyte complexes were 
isolated from the ampulla of PMSG-hCG-stimulated females. The complexes were then coincubated with the 
capacitated sperm for 5.5 h in mHTF medium under the same conditions applied for capacitation. Thereafter, the 
zygotes were denuded from the remaining cumulus cells and cultured in mKSOM for 4 days under the described 
conditions. The cleavage and blastocyst rates were recorded 24 h and 96 h later, respectively.

In vitro culture of mouse embryos
Females were subjected to hormonal stimulation as described above. The females were mated overnight, and 
the morning was considered embryonic day E0.5. Females were euthanized by cervical dislocation at E1.5, and 
late two-cell embryos were flushed from the fallopian tubes. The embryos were cultured for an additional four 
days in vitro, using mKSOM covered with mineral oil at 37 °C and 5% CO2. At the end of embryo culture, the 
blastocyst rate and hatching rate were recorded; blastocysts were fixed and used for immunocytochemistry.

Production of porcine parthenotes
Porcine oocytes were obtained from gilts at a local slaughterhouse. Immature porcine GV oocytes were isolated 
from antral follicles via aspiration. The oocytes were washed and cultured in FLI medium41 for 44 h at 38.5 °C in a 
humidified atmosphere of 5% CO2. The cumulus-enclosed porcine oocytes were treated with 0.3% hyaluronidase, 
and denuded oocytes were activated as described previously42. Briefly, mature oocytes were treated with 10 μM 
ionomycin in PBS supplemented with 0.4% BSA for 5 min and cultured in PZM-3 medium43 supplemented with 
2 mM 6-DMAP44 for 5 h. After this, presumed zygotes were cultured in pure PZM-3 medium until the 4C and 
8C stages. For the inhibition of transcription in parthenotes, PZM-3 was supplemented with α-amanitin (25 µg/
ml) for zygote culture.

Production of cRNA and microinjection
For cRNA preparation, the pYX-H2B-tdTomato plasmid was linearized with SfiI and purified with a NucleoSpin 
Gel and PCR Clean-up Kit (Macherey–Nagel, #740,609). The SIRT1 coding sequence was cloned by PCR 
from pAd-Track Flag-SIRT1 (Addgene, #8438) into pYX-EYFP plasmid to create pYX-SIRT1-EYFP plasmid 
as described earlier45. cRNA was produced via in vitro transcriptionusing the mMessage mMachine™ T3 Kit 
(Ambion, #1348) and was polyadenylated via the Poly(A) Tailing Kit (Ambion, #AM1350) according to the 
manufacturer’s protocols. cRNAs were purified using the RNeasy Mini Kit (Qiagen, #74,104) and stored at 
– 80  °C. The activated oocytes were microinjected with ̴10 pl of 35 ng/µl H2b-tdTomato and ̴10 pl of a 100 ng/
µl Sirt1-Eyfp.

Light‑sheet live‑cell imaging of mouse parthenotes
Long-term time-lapse fluorescence imaging of activated oocytes was performed on a Viventis LS1 live light-
sheet microscope (Viventis Microscopy, Sarl, Switzerland), as described previously46. The embryos were placed 
in culture medium covered with oil (OVOILTM, Vitrolife, 10,029) in a multiwell sample holder (Viventis 
Microscopy, SHM1_4W). Images were captured using a pixel resolution of 1,024 × 1,024 with a pixel size of 173 
nm, 3 µm optical sections, and 10–30 min time intervals. Images are available in the BioStudies database (https://​
www.​ebi.​ac.​uk/​biost​udies/​studi​es)47 under accession number S-BSST1217.

Immunocytochemistry
Oocytes and embryos were fixed in two ways: either i) in 4% paraformaldehyde in PBS with 0.1% polyvinyl 
alcohol (PVA) for 30 min at room temperature or ii) for H4K16ac and H3K4me2 imaging, in PFA supplemented 
with 0.04% Triton X-100 and 0.3% Tween 20 for 15 min at 37 °C. Oocytes and embryos were permeabilized in 
PBS containing 0.1% Triton X-100 for 15 min and blocked in 1% BSA in PBS with 0.01% Tween 20 for 15 min 
afterwards. Incubation of the oocytes with specific antibodies (all diluted 1:200) was performed overnight at 4 °C 
with the following antibodies: anti-SIRT1 (Abcam; ab104833; 1:200), anti-H3K4me2 (Abcam; ab7766; 1:200), 
and anti-H4K16ac (Abcam; ab109463; 1:200). Afterwards, the samples were washed and incubated for 1 h with 
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a cocktail of anti-mouse-AlexaFluor 488 and anti-rabbit AlexaFluor 647 (1:200) antibodies. After washing, 
β-actin was stained with Alexa 594-conjugated phalloidin (Thermo Fisher Scientific, USA; 1:200). Oocytes and 
embryos were mounted onto slides in Vectashield medium supplemented with 4′6´-diamidino-2-phenylindole 
(DAPI; Vector Laboratories Inc., Burlingame, CA, USA). Images were acquired with an Olympus IX83 spinning 
disk confocal microscope (Olympus, Germany) and VisiView® software (Visitron Systems GmbH, Germany). 
Immunostained oocytes and embryos were subjected to measurement of the “integrated density” (IntDen) in 
appropriate channels using ImageJ software (NIH, Bethesda, CA, USA).

Differential staining of blastocysts
Differential staining was carried out as described previously48 with slight modification. Blastocysts were fixed in 
PFA supplemented with 0.04% Triton X-100 and 0.3% Tween 20 for 15 min at 37 °C. The total blastomere count 
and the number of cells in the inner cell mass (ICM) and trophectoderm (TE) were recorded.

Imaging and analysis of human blastocysts
Human blastocysts were obtained at the Pronatal Sanatorium of the ART clinic (Prague, Czech Republic) under 
the supervision of the Ethical Committee of the University Hospital Pilsen and the Faculty of Medicine in 
Pilsen, Charles University (approval No. 117/2021). Informed consent was obtained from all subjects, and only 
blastocysts excluded from the cryopreservation program were used. Blastocysts were immunostained as described 
above and mounted onto Teflon-coated microchamber slides (Thermo Fisher Scientific, USA). The samples were 
imaged with a Nikon AX R scanning confocal microscope equipped with a high-speed resonant scanner (Nikon, 
Japan). Images were processed via 3D analysis using the GA3 module of NIS Elements Advanced Research 
software (Laboratory Imaging Inc., Czech Republic). The “sum intensity” was measured in the 3D ROI of the 
nuclei, defined on the basis of the DAPI signal. The values of SIRT1 and H4K16ac sum intensity were correlated 
with the number of blastocyst cells. In addition, the “maximum intensity projection” was applied, and the “ROI 
mean intensity” of SIRT1 and H4K16ac in 10 representative cells per blastocyst was correlated. Representative 
cells were imaged using a high-resolution galvano scanner; colocalization analysis was conducted, and Pearson’s 
coefficients and overlap coefficients were calculated for the ROI in the nucleus.

Quantification of mtDNA copy number
Matured IVO oocytes were placed in mtDNA lysis buffer, consisting of 50 mM Tris–HCl, pH 8.5, with 0.5% 
Tween 20 and 200 ng ml–1 proteinase K. Samples were incubated at 55 °C for 30 min, followed by incubation 
at 95 °C in for 15 min, and stored at – 20 °C until use. Oocyte mtDNA copy number was calculated by absolute 
quantification, using primers specific for mouse mtDNA49, and a standard curve using PCR-generated template. 
All samples and standards were measured in technical triplicates. Quantitative real-time PCR (qPCR) was 
performed on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad), using the following protocol: pre-
incubation at 95 °C for 5 min (1 cycle); denaturation at 95 °C for 10 s, annealing and extension at 60 °C for 30 s, 
repeated for 40 cycles, followed by melt curve analysis. No PCR product was observed in the no-template control 
after 40 PCR cycles, and the specificity of the primers was confirmed as a single melt peak and single band when 
electrophoresed on a 3% agarose gel (not shown). qPCR efficiency calculated from the slope was between 95 and 
105% with co-efficiency of reaction R2 = 0.98–0.99.

RNA isolation and qRT‒PCR
For each sample, approximately 50 oocytes were collected in TRIzol reagent (Invitrogen, USA) and homogenized 
via TissueLyser LT (Qiagen, The Netherlands) for 5 min at 50 Hz. Chloroform was used for phase separation; 
the aqueous phase was mixed 1:1 with 70% ethanol and applied to RNeasy MinElute spin columns (Qiagen). 
The washing and elution steps were performed according to the column manufacturer´s instructions. The RNA 
was quantified via quantitative reverse transcription‒polymerase chain reaction with Pgk1 primers (see below). 
Integrity was assessed using the RNA 6000 Pico Kit running on a 2100 Bioanalyzer (Agilent, Germany).

Total RNA was reverse transcribed using SuperScript IV (Thermo Fisher Scientific). Mouse phosphoglycerate 
kinase (Pgk1) served as an endogenous control. Pgk1 cDNA was amplified using the primers Pgk1_c140F (5’ 
GGT​GTT​GCC​AAA​ATG​TCG​CT 3’) and Pgk1_c186R (5’ AAC​GGA​CTT​GGC​TCC​ATT​GT 3’), with a 186 bp 
amplicon size. Sirt1 cDNA was amplified using the primers Sirt1_c1093F (5’ AGC​AGG​TTG​CAG​GAA​TCC​
AAA 3’) and Sirt1_c1234R (5’ CAC​CTA​GGG​CAC​CGA​GGA​A 3’). The expected amplicon size was 142 bp. The 
Sirt1 primers are located in exons 5 and 6. Cre recombinase removes exons 5, 6, and 7 of the floxed Sirt1 gene in 
oocytes. The amplification reaction was performed with an Applied Biosystems 7900HT thermal cycler using 
PowerUp SYBRGreen master mix (Thermo Fisher Scientific). Relative Sirt1 expression was computed using the 
2−ΔCt method (wild-type average = 1).

RNA sequencing
The quantity and quality of the isolated RNA were measured using a NanoDrop ND-2000 (NanoDrop 
Technologies) and analysed with an Agilent 2100 Bioanalyzer (Agilent Technologies). The isolated RNA was 
processed using the Takara Smarter Stranded Total RNA-seq Kit v2 Pico Input Mammalian (PN:634,413) 
according to the manufacturer’s instructions. Libraries were sequenced on an Illumina NextSeq® 500 instrument 
using a 75 bp single-end configuration on a high-output flowcell. The read quality was assessed via FastQC 
(http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc). For subsequent read processing, the bioinformatic 
pipeline nf-core/RNAseq version 3.10.1 was used50,51. Individual steps included removing sequencing adaptors 
and low-quality reads with the Trim Galore! (http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​trim_​galore/), 
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mapping to the reference genome GRCm39 (Ensembl annotation version 104)52 with STAR​53 and quantifying 
expression at the gene level with Salmon54.

Each quantified gene fragment count served as input for differential expression analysis via negative binomial 
GLM fitting and the Wald test in the DESeq2 R Bioconductor package55. Only genes whose raw quantified 
expression was greater than 5 in at least 2 samples were included in the analysis.

We supplied the experimental model, assuming that the KO status (Sirt1null or wt) of the samples was the 
main effect. Genes exhibiting absolute log2-fold change values of 1 or greater and statistical significance (a false 
discovery rate < 0.05) between compared groups of samples were considered differentially expressed. The RNA-
seq data are available in the ArrayExpress database (https://​www.​ebi.​ac.​uk/​biost​udies/​array​expre​ss)56 under 
accession number E-MTAB-13483.

Statistics
The data were analysed using GraphPad Prism 8.1.1 (GraphPad Software Inc., San Diego, CA, USA). Based on 
the results of normality testing with the Shapiro–Wilk test, differences in quantitative variables were analysed 
via either a t test or the Mann‒Whitney U test. Categorical variables were evaluated via the chi-square test. P 
values ≤ 0.05, 0.01, 0.001, and 0.0001 were considered to indicate statistical significance and are indicated with 
asterisks, as follows: *, **, ***, and ****, respectively. Normally and nonnormally distributed data are expressed 
as means and medians, respectively.

Data availability
The RNA-seq data are available in the ArrayExpress database under accession number E-MTAB-13483: https://​
www.​ebi.​ac.​uk/​biost​udies/​array​expre​ss.  Live-cell imaging data are available in the BioStudies database under 
accession number S-BSST1217: https://​www.​ebi.​ac.​uk/​biost​udies/​studi​es.
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