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Abstract 

Background: Oocyte maturation arrest and early embryonic arrest are important repro-
ductive phenotypes resulting in female infertility and cause the recurrent failure of assisted 
reproductive technology (ART). However, the genetic etiologies of these female infertility-
related phenotypes are poorly understood. Previous studies have mainly focused on 
inherited mutations based on large pedigrees or consanguineous patients. However, the 
role of de novo mutations (DNMs) in these phenotypes remains to be elucidated.

Results: To decipher the role of DNMs in ART failure and female infertility with oocyte 
and embryo defects, we explore the landscape of DNMs in 473 infertile parent–child 
trios and identify a set of 481 confident DNMs distributed in 474 genes. Gene ontology 
analysis reveals that the identified genes with DNMs are enriched in signaling pathways 
associated with female reproductive processes such as meiosis, embryonic develop-
ment, and reproductive structure development. We perform functional assays on the 
effects of DNMs in a representative gene Tubulin Alpha 4a (TUBA4A), which shows the 
most significant enrichment of DNMs in the infertile parent–child trios. DNMs in TUBA4A 
disrupt the normal assembly of the microtubule network in HeLa cells, and microin-
jection of DNM TUBA4A cRNAs causes abnormalities in mouse oocyte maturation or 
embryo development, suggesting the pathogenic role of these DNMs in TUBA4A.

Conclusions: Our findings suggest novel genetic insights that DNMs contribute to 
female infertility with oocyte and embryo defects. This study also provides potential 
genetic markers and facilitates the genetic diagnosis of recurrent ART failure and 
female infertility.
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Background
Female infertility has become a global health issue affecting over 10% of all reproductive-
age women worldwide. Although assisted reproductive technology (ART) helps many 
infertile women conceive and give birth [1], many infertile women suffer recurrent ART 
failure due to different phenotypes including oocyte maturation arrest and early embryo 
arrest. It has been demonstrated that these phenotypes show Mendelian inheritance pat-
terns, and several monogenic mutations have been reported [2–4]. However, previous 
studies have mainly focused on inherited mutations and can only explain a limited num-
ber of affected individuals, and for the majority of corresponding patients, the underly-
ing genetic factors remain to be elucidated.

De novo mutations (DNMs), which occur in individuals and not in their parents, are an 
important source of genetic variation. Unlike inherited mutations, DNMs are exposed to 
less selective pressure and are associated with human evolution and diseases [5–8]. With 
the development of whole-exome sequencing technologies, considerable efforts have 
been made to establish a causal relationship between DNMs and human diseases such 
as neurodevelopmental disorders [9, 10], heart disease [11], and early-onset high myopia 
[12]. The fundamental effects of DNMs in male infertility have recently been reported 
[13], but the landscape and role of DNMs in female infertility with oocyte and embryo 
defects remain to be elucidated.

To address the role of DNMs in female infertility with ART failure, we analyzed whole 
exome sequencing data from 473 infertile parent–child trios and identified 481 DNMs. 
These mutant genes were significantly associated with female reproductive development 
pathways based on gene expression dynamics. We further performed functional assays on 
the effects of DNMs in Tubulin Alpha 4a (TUBA4A), which showed the most significant 
enrichment of rare DNMs in our infertile parent–child trios. Protein structure predic-
tion and immunofluorescence in HeLa cells revealed that TUBA4A mutations resulted 
in microtubule instability. Microinjecting TUBA4A mutant cRNAs into mouse oocytes 
led to reduced rates of oocyte maturation or to disruptions in embryo development, thus 
mimicking the phenotypes of infertile individuals. Taken together, DNMs contributed 
significantly to the occurrence of female infertility characterized by abnormality in oocyte 
maturation and embryonic development, and TUBB4A appears to be a novel pathogenic 
gene in infertile women with oocyte or embryo problems. This study will provide novel 
insights into the genetic etiology of female infertility with oocyte and embryo defects.

Results
Landscape of DNMs in infertile women with ART failure

To clarify the role of DNMs in ART failure and female infertility with oocyte and embryo 
defects, we performed DNM analysis using whole-exome sequencing data of 473 infer-
tile parent–child trios with recurrent failure of IVF/ICSI attempts due to oocyte matura-
tion arrest and embryo arrest (Fig. 1; Additional file 2: Table S1). None of these trios had 
been diagnosed with a recognized genetic disease. Whole-exome sequencing data from 
92 trios of unaffected siblings were analyzed as an in-house control. There was no appre-
ciable genetic population stratification in our samples according to the PCA analysis 
(Additional file 1: Fig. S1a), and the average sequencing depth was 138 (Additional file 1: 
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Fig. S1b). Altogether, 481 high-confidence DNMs were generated exome-wide from 473 
infertile patient trios with an average of 1.02 DNMs per case (Additional file 2: Table S2), 
while 69 DNMs were identified in 92 unaffected sibling trios. The number of DNMs in 
patient and sibling trios all closely fit the Poisson distribution (Fig. 2a, Additional file 1: 
Fig. S1c), and the average age in our patient cohort is 31 (Additional file 1: Fig. S1d).

According to the potential effects of mutations on protein function, we divided the list 
of DNMs into three classes: synonymous, missense, and loss-of-function (LOF). Except 
for 0.62% of non-frameshifting mutations, most of the DNMs (61.6%) were missense 
mutations, 12.53% were LOF, and the remaining 25.25% were synonymous (Fig.  2b). 
Of all the missense mutations, 29.57% were predicted to be damaging and 11.09% were 
possibly damaging (Fig.  2b). Next, we calculated the enrichment of different muta-
tions in patient, unaffected sibling trios, and public trios comprising 1011 unaffected 
females [10]. There was a significant excess of LOF DNMs in the patient group (enrich-
ment = 1.47; p = 2.5 ×  10−3) but not in siblings (enrichment = 0.746; p = 0.813) and pub-
lic controls (enrichment = 1.07; p = 0.255) (Fig. 2c).

Next, to estimate the number of DNM genes contributing to the disease phenotypes 
based on our collected trios, we utilized a previously established maximum likelihood 
estimation (MLE) method based on recurrent DNMs and sample size [14–16]. Finally, 
our data fit best with a model of 419 risk-associated genes (Fig.  2d), suggesting that 
approximately 419 DNM genes may contribute to the corresponding phenotypes.

Fig. 1 Pipeline of data processing in this study. Sample- and variant-based quality control that was applied 
to the raw GVCF to generate the DNMs used in downstream analyses. Abbreviations: GVCF, genomic variant 
call format; PCA, principal component analysis; VQSR, variant quality score recalibration; FS, Fisher strand; DP, 
read depth; TADA, transmission and de novo association analysis; IGV, integrative genomics viewer
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DNM genes are involved in pathways associated with female reproduction

To explore the functional role of DNMs, we performed GO analysis (p < 0.01) using 
stage-specific genes according to integrated expression clusters of different human 
early reproductive stages (Additional file 2: Table S3) and GO analysis is an established 
method in analyzing association relationship between DMNs with human diseases [10, 
17, 18]. Expression clusters in female FGCs (fetal germ cells) were performed by re-
analyzing RNA-seq datasets of different stages, including early FGC, pre-meiotic FGC, 
meiotic FGC, and dictyate oocyte [19] (Additional file 1: Fig. S2 and Fig. S3). For human 
folliculogenesis, human matured oocytes, and early embryo development, the develop-
mental stages were referred to according to published results [20–22].

Selected Gene Ontology (GO) terms were integrated into 16 female reproductive 
stages (Fig.  3). We assigned GO terms to three main categories: meiosis, embry-
onic development, and reproductive structure development. 12 DNM genes were 
enriched in pathways related to meiosis, such as meiotic cell cycle (p = 1.85 ×  10−4), 
spindle organization (p = 1.66 ×  10−3), and meiotic chromosome segregation 
(p = 1.29 ×  10−4) (Additional file 1: Fig. S3). A total of 29 DNM genes were enriched 
in pathways related to embryonic development, such as in utero embryonic devel-
opment (p = 2.81 ×  10−4), regulation of translational initiation (p = 3.81 ×  10−3) [21], 

Fig. 2 De novo mutations are enriched in individuals with female infertility. a Distribution of coding DNMs 
per trio in probands. b Distribution of DNMs by mutation class for all infertile parent-child trios. c Enrichment 
of DNMs (95% confidence interval) by mutation class for probands and siblings. Mutation classes were 
labeled as the following terms: LOF (Loss-of-Function), mis (missense), prot (protein-altering = mis + LOF), 
and syn (synonymous). Expected number of DNMs was calculated by denovolyzeR and enrichment was 
calculated by observed number/expected number. P value and confidence interval were calculated by 
comparing the observed value to the expected value with Poisson test. d Maximum likelihood estimate 
(MLE) of risk genes. We estimated that 419 genes contribute to female infertility risk based on vulnerability to 
damaging DNMs
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regulation of histone modification (p = 5.37 ×  10−4) [23–25], and positive regula-
tion of Wnt signaling pathway (p = 4.14 ×  10−6) [26–28] (Additional file  1: Fig. S3). 
18 DNM genes were enriched in pathways related to reproductive structure devel-
opment, such as urogenital system development (p = 1.11 ×  10−3), genitalia develop-
ment (p = 1.50 ×  10−4), reproductive structure development (p = 9.84 ×  10−3), female 
sex differentiation (p = 3.24 ×  10−4), and development of primary female sexual char-
acteristics (p = 5.79 ×  10−3) (Additional file 1: Fig. S3). Overall, a group of DNM genes 
from our infertile parent–child trios was enriched in pathways of female reproductive 
processes (Additional file 2: Table S4) and these genes were closely related to female 
infertility with the characteristics of oocyte and early embryo defects by looking up 
MGI database and PubMed (Fig. 3b; Additional file 2: Table S5).

Fig. 3 DNM genes were involved in pathways associated with female reproduction. a Clustering of 
dynamic gene expression was performed on female germ cells, including female fetal cells, oocytes during 
folliculogenesis, mature oocytes, and early embryos. Female germ cells were subdivided into sixteen stages, 
and GO analysis was performed using stage-specific genes. Significantly enriched GO terms (p < 0.01) were 
visualized at sixteen stages of female germ cells, and the pathways and their associated genes are listed on 
the right (genes associated with female reproductive defects were labeled as green). b Network connections 
of representative mouse genome informatics (MGI) and PubMed phenotypic annotations (green: genes 
associated with female reproductive defects; orange: female infertile phenotype; brown: description of germ 
cell defect)
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To confirm the specific enrichment of female reproductive pathways for DNM genes 
in our infertile parent–child trios, we performed parallel GO analysis of DNM genes in 
three control groups, including 92 of our in-house unaffected siblings and 1011 unaf-
fected female individuals [10, 29] and 1097 females with autism spectrum disorder [10] 
from public databases. No significant enrichment of DNM genes in pathways related to 
female reproduction was observed in any of the three control groups (Additional file 1: 
Fig. S4; Additional file  2: Table  S3), thus demonstrating the specific contributions of 
DNM genes to female infertility with oocyte and embryo defects in our infertile par-
ent–child trios.

TUBA4A showed the most enrichment of mutations in our cohort

We next focused on genes with multiple (two or more) damaging DNMs. Based on previ-
ously published thresholds [14, 30–32], four genes were selected for further evaluation, 
which included TUBA4A, UBQLN1, HTR2C, and ZFPM2 (Fig.  4a). In addition, these 
four DNM genes were only enriched in our cohort with oocyte and early embryo defects 
compared to other published unrelated DNM datasets, including cases of male infertil-
ity [13], autism spectrum disorder [10], schizophrenia [33, 34], undiagnosed develop-
mental disorders [35], congenital heart disease [11], Tourette disorder [15, 31], and other 
unaffected individuals [10] (Fig. 4b). This suggested the specific contributions of the four 
candidates to female infertility with oocyte and embryo defects. Among the four genes, 
TUBA4A showed the most significant enrichment of DNMs in infertile parent–child trios 
(p = 1.05 ×  10−6). There were three DNMs (E77K, p.L286P, and C347Y) in TUBA4A from 
three independent trios (Fig. 4c), and the mutation in Trio 3 was verified at the RNA level 
using the patient’s granulosa cells (Additional file 1: Fig. S5).

The three infertile individuals with TUBA4A DNMs shared similar phenotypes of 
embryonic arrest according to their clinical information (Additional file 2: Table S6). 
The proband in Trio 1 was 32 years old and had been diagnosed with primary infertil-
ity for 7 years. She had undergone 3 IVF/ICSI attempts, and only 4 cleaved embryos 
were retrieved. The proband in Trio 2 was 29  years old. She had undergone 2 IVF/
ICSI, and only 2 cleaved embryos were retrieved respectively. The proband in Trio 3 
was 38 years old and she has a normal menstrual cycle and has no endocrine disor-
ders. During her 15  years of infertility, she had undergone 8 IVF/ICSI cycles. Alto-
gether, 68 oocytes were retrieved, of which only 3 cleaved embryos were obtained. 
Viable embryos were transferred into the uterus, but failed to conceive in the three 

Fig. 4 Identification of pathogenic mutations in TUBA4A. a Estimation of the damaging recurrent DNM 
genes. P-values and q values for recurrence were calculated using TADA (the de novo-only algorithm) in our 
cohort. Based on previously published thresholds (q ≤ 0.1), PCDH20 (q = 0.42) and DGKZ (q = 0.51) did not 
meet this threshold and were removed from downstream analyses. b Enrichment of four candidate genes 
compared with seven external de novo datasets, including male infertility (MI), undiagnosed developmental 
disorders (UDD), autism spectrum disorder (ASD), schizophrenia (SCZ), congenital heart disease (CHD), 
Tourette disorder (TD), and unaffected controls (CT). x axis was labeled as “disease_sex_sample number” and 
mix means mixed sample. P-values were calculated using the Poisson cumulative density function in external 
datasets. c Three infertile parent-child trios with de novo TUBA4A mutations. Squares denote male family 
members, circles denote female members, and solid symbols represent affected members. The “ = ” sign 
indicates infertility. d Nine pedigrees of sporadic TUBA4A mutations. Squares denote male family members, 
circles denote female members, and solid symbols represent affected members. The “ = ” sign indicates 
infertility

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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affected individuals. The detailed clinical information and a full description of these 
individuals are provided in Additional file 2: Table S6.

To further confirm the genetic contribution of TUBA4A in female infertility with 
oocyte and embryo defects, we performed gene burden test among 1155 sporadic 
female infertility cases and 2813 internal controls. Similarly, TUBA4A was also enriched 
in sporadic cases without parent information (p = 4.42 ×  10−4; Fisher’s exact test). An 
additional nine sporadic cases with TUBA4A mutations were identified and verified by 
clinical information and Sanger sequencing (Fig. 4d; Additional file 2: Table S6, Table S7, 
and Table S8). Of nine sporadic cases, seven were with phenotype of early embryonic 
arrest and two with phenotype of oocyte maturation arrest. The above genetic evidence 
and clinical information strengthen the pathogenic role of TUBA4A mutations in female 
infertility with oocyte and embryo defects. Therefore, we focused on TUBA4A as a rep-
resentative of DNM gene for performing functional assays.

TUBA4A is evolutionarily conserved across species and is highly expressed in human 

oocytes

TUBA4A contains four exons encoding a 448 amino acid protein, and all heterozygous 
mutations were located in exon 3 and exon 4 (Fig.  5a). Multiple sequence alignment 
indicated that the amino acids that were altered in these affected individuals are highly 
conserved among mammalian species, suggesting the evolutionarily conserved function 
of TUBA4A. To determine the temporal expression of human TUBA4A in female germ 
cells, the single-cell transcriptomic dataset from human fetal FGCs was processed with 
the Seurat pipeline. As shown in Fig. 5b, TUBA4A was preferentially expressed in dicty-
ate oocytes compared to other stages.

In addition, we compared the expression of TUBA4A mRNA in human oocytes, 
early embryos, and other somatic tissues including heart, liver, spleen, lung, kidney, 
brain, spine, and granulosa cells. As shown in Fig.  5c, TUBA4A was highly expressed 
in human oocytes and weakly expressed in other somatic tissues. Based on these find-
ings, TUBA4A may play an important role during human oocyte maturation and early 
embryo development.

TUBA4A mutations cause microtubule destabilization

To explore the potential effects of TUBA4A mutations, the wild-type protein structure 
of TUBA4A was predicted by AlphaFold2 [36]. As shown in Fig. 6a, residues of D127, 
R215, L286 (de novo), V303, and R373 were buried within the α-tubulin subunit, and 
these mutations could destabilize its folding; R229 were close to the GTP ligand, and 
these mutations could disrupt GTP hydrolysis; and E77 (de novo), A273, E284, A314, 
and C347 (de novo) were involved in chains or proteins binding, and these mutations 
could affect α/β dimer assembly. Taken together, mutations in TUBA4A may affect 
dimer assembly and microtubule stability.

To further determine the functional impairment of TUBA4A mutations on microtu-
bule behavior in vitro, we transfected FLAG-tagged TUBA4A plasmids into cultured 
HeLa cells. In the group expressing wild-type protein, TUBA4A was co-assembled 
into a normal microtubule network (Fig.  6b) at low and intermediated expression 
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levels, whereas high expression of TUBA4A caused an abnormal microtubule net-
work, indicating a dosage effect on microtubule disruption. Compared with the wild-
type protein, all of the DNMs (E77K, L286P, and C347Y) caused severe microtubule 
destabilization (Fig. 6c). As for the eight mutations from sporadic cases, six mutations 
(R215H, R229C, A273V, E284K, A314V, and R373H) were incorporated in microtu-
bules with a more severely abnormal appearance compared with wild-type. The dif-
ferent extent of microtubule disruption might be due to the different effects of each 
identified mutation. Thus, we conclude that all of the DNMs and most of the sporadic 

Fig. 5 TUBA4A is evolutionarily conserved across species and highly expressed in human oocytes. a 
Distribution and evolutionary conservation of TUBA4A mutations. Mutations identified in this study are 
marked as colored lollipop. The conservation analysis of the mutant amino acids is indicated by the 
alignment of five mammalian species and mutant residues are shown in red. b Violin plot showing the 
expression dynamics of TUBA4A during folliculogenesis. c The relative expression of TUBA4A mRNA in 
different stages of human oocytes, embryos, and several somatic tissues and normalized to ACTIN mRNA. The 
bars show the mean of three separate measurements, and error bars denote standard deviations
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mutations in TUBA4A cause significant microtubule destabilization to different 
extents through a dominant-negative mechanism (Fig. 6c).

Mutant TUBA4A cRNAs result in abnormalities in mouse oocyte maturation and embryonic 

development

Finally, to establish the causal relationship between TUBA4A mutations and the 
corresponding phenotypes, we first evaluated the effects of TUBA4A mutations 
on oocyte maturation through microinjection of wild-type or mutant cRNAs into 
mouse GV oocytes. In the control group, the rate of oocyte maturation was normal 
(84.7% ± 2.7%). In contrast, microinjection of several TUBA4A mutant cRNAs (8 out 
of 11 mutations) significantly reduced the rate of first polar body extrusion to 24.5–
66.3% (Fig. 7a). Next, we assessed the effects of TUBA4A mutations on embryo devel-
opment through microinjection of wild-type or mutant cRNAs into mouse zygotes. 

Fig. 6 TUBA4A mutations cause microtubule destabilization. a Structural implications of TUBA4A amino 
acid substitutions. Structure of two consecutive α/ß tubulin heterodimers. Predicted wild-type structure of 
TUBA4A was shown in yellow and aligned to known tubulin structure (PDB code, 3JAS). Mutant residues in 
α tubulin are marked in red. b Examples of cells expressing the various FLAG-tagged TUBA4A plasmids, with 
microtubules assembled into a normal or abnormal interphase network. The scale bar indicates 10 μm. c 
Quantitative analysis of the microtubule phenotypes shown in b. Low expression of mutant TUBA4A was 
typically associated with normal phenotypes, whereas intermediated and high expression of mutant TUBA4A 
was typically associated with abnormal phenotypes. Approximately 200 transfected cells expressing either 
wild-type or mutant TUBA4A were evaluated in each of two separate experiments
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For the wild-type TUBA4A cRNA, 81.0% ± 2.0% of microinjected zygotes developed 
to the blastocyst stage. However, microinjection of several TUBA4A mutant cRNAs 
(6 out of 11 mutations) resulted in embryonic development arrest and reduced the 
rate of blastocyst formation to 51.0–65.0% (Fig. 7b).

To confirm the specificity of the phenotype resulting from the TUBA4A mutations we 
identified, parallel experiments were also performed in the control group, including one 
mutation (p.I42T) that was found in our collected in-house control database (high fre-
quency with 0.24% in the gnomAD east Asian database) and two reported mutations 
(p.R215C, p.R320H) associated with familial amyotrophic lateral sclerosis (ALS) [37]. 
Microinjection of all three control cRNAs had no effect on mouse oocyte maturation or 
embryonic development (Fig. 7a, b). These results suggest that the TUBA4A mutations 
identified in our patients affect oocyte maturation or embryonic development.

Discussion
Here, we present the first comprehensive analysis of rare DNMs in infertile females and 
identified a set of 481 DNMs. The corresponding DNM genes were involved in the path-
ways associated with female reproductive processes. Among the genes, TUBA4A was 
the most significantly enriched in our infertile parent–child trios. In vitro experiments in 
HeLa cells and mouse oocytes demonstrated the pathogenic role of TUBA4A mutations.

Although DNMs have been found to play an importance in several kinds of human 
diseases [10, 12, 31, 38, 39], there have been no comprehensive reports on the role of 
DNMs in female infertility with oocyte and embryo defects. In this study, a total of 481 
DNMs were identified in our cohort. By combining single-cell gene expression data from 

Fig. 7 Effects of mutations on polar body extrusion and blastocyst formation in mice. a The effects of 
the mutations on polar body (PB) extrusion. The above shows the diagram of GV oocytes collection, 
microinjection, and polar body extrusion assay. The below shows the statistical analysis of polar body 
extrusion rate of wild-type and mutations. Significance was compared between wild-type and mutant 
groups. Two independent experiments were performed and followed Fisher’s exact test. * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001; ns, not significant. b The effects of the mutations on blastocyst formation. The 
above shows the diagram of zygote collection, microinjection, and blastocyst formation assay. The below 
shows the statistical analysis of blastocyst rate of wild-type and mutations. Two independent experiments 
were performed and followed Fisher’s exact test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not 
significant
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female FGCs, we found that these identified DNM genes were involved in the meio-
sis, embryonic development, and reproductive structure development. Among the 481 
DNMs, about 40 genes were presumed to be involved in female reproductive biological 
processes, accounting for 8.32% (40/481) of the genes, while DNM genes of unaffected 
siblings and external control individuals had no significant association with female 
reproductive processes. We found 4 genes (TUBA4A, UBQLN1, HTR2C, and ZFPM2) 
with at least two damaging DNMs in infertile females and these 4 genes were signifi-
cantly enriched in our affected individuals compared to other control groups. De novo 
mutations are more deleterious than inherited variants and play a role in human dis-
eases [40]. Although de novo mutation rate is extremely low (1.20 ×  10−8 per nucleo-
tide per generation), de novo mutations occur with each generation, which may account 
for the occurrence of reproductively fatal diseases in human population [8, 40]. Based 
on previous published studies, we speculated that other three genes (UBQLN1, HTR2C, 
and ZFPM2) may also play a role in female infertility besides TUBA4A [10, 11, 31, 38, 
40]. UBQLN1 were considered a granulosa cell biomarker to predict pregnancy in ART 
[41]. HTR2C has clinically valid associations with “implantation and early development,” 
“implantation failure,” and “pregnancy loss after IVF” [42]. ZFPM2 are required for 
proper development of the fetal ovary [43, 44]. In addition, we identified 468 genes with 
single DNM, some of which have been involved in reproductive pathways according to 
our GO analysis and credible database (MGI and PubMed). This suggests that the identi-
fied DNM genes play an essential role in contributing to abnormalities in oocyte matu-
ration/embryonic development and female infertility. We believe that with increasing 
sample size and functional investigation, additional DNM genes associated with female 
infertility will be identified.

Multiple isotypes of α and β tubulin are the major polypeptide components of micro-
tubules, which are essential for normal meiotic spindle assembly. In the present study, 
we found that de novo mutations in TUBA4A, an isotype of α tubulin, cause human 
oocyte and embryo defects. Mutant TUBA4A leads to destabilized microtubule net-
works and impaired oocyte maturation and embryonic development in  vitro. These 
findings imply that TUBA4A is one of the essential subunits of α tubulin during human 
oocyte and embryo development. Previously, we and other groups have demonstrated 
that mutations in TUBB8, the predominant isotype of β tubulin in human oocytes, 
cause oocyte maturation arrest characterized by abnormal or absent meiotic spindles 
[2, 45–47]. These studies further indicated the essential role of α/β tubulin isotypes in 
normal oocyte maturation, early embryonic development, and female fertility. Muta-
tions in the same gene may result in different disease phenotypes due to the different 
genetic backgrounds of each individual [48]. Firstly, Mutations in one gene may show 
incomplete penetrance or complete penetrance due to modifiers, epistatic interactions, 
or suppressors present in the genome among different individuals. Secondly, this phe-
nomenon may be caused by other factors, such as age, sex, and environment [49–52]. 
Additionally, background effects were verified in other diseases caused by de novo muta-
tions, such as congenital heart disease [11] and schizophrenia [33]. One report showed 
that individuals with familial ALS had TUBA4A mutations based on exome sequencing 
data from large cohorts of European and American patients [37]. However, Li and col-
leagues found there were no TUBA4A causative mutations in 580 Chinese ALS patients, 
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which suggested that TUBA4A may not be a significant genetic factor in Chinese ALS 
patients [53]. In this study, all affected individuals with TUBA4A mutations only exhib-
ited the phenotype of female infertility without any abnormalities in somatic tissues or 
organs. Firstly, TUBA4A mutations cause different diseases which may be due to indi-
vidual’s background effects. Secondly, this might be due to the different thresholds of 
TUBA4A amount required between oocytes and other tissues (Fig. 5c). Finally, different 
mutations in TUBA4A may cause different phenotypes due to different pathogenicity of 
these mutations. In this study, mutations of TUBA4A cause different degrees of micro-
tubule destabilization (Fig. 6c). Altogether, our results showed that TUBA4A mutations 
cause abnormality of oocyte maturation or embryo development.

Conclusion
In summary, we provide genetic evidence that DNMs are strongly associated with female 
infertility by analyzing WES data. These findings will improve our mechanistic under-
standing of recurrent ART failure and provide potential genetic markers for the diagno-
sis of clinical patients in the future.

Methods
Study samples

In this study, all individuals were recruited from collaborating hospitals and reproduc-
tive centers comprising 298 infertile parent–child trios with oocyte maturation arrest, 
175 infertile parent–child trios with embryonic arrest, 92 unaffected biological sibling 
trios, 1155 sporadic infertile females, and 2813 unaffected  control females  (913 con-
trols are from our in-house database and 1900 controls are from the HuaBiao project 
[54]. All sample information is shown in Additional file 2: Table S1. Affected individuals 
were diagnosed with primary infertility for several years. They have undergone several 
IVF/ICSI attempts (≥ 2 cycles) and all failed to conceive. Two main phenotypes were 
observed in these patients based on their IVF/ICSI cycles: oocyte maturation arrest and 
early embryonic arrest. Oocyte maturation arrest can occur at the GV and MI stages, 
while embryonic arrest mainly refers to the failure of forming 8-cell embryos [2, 55–
57]. Since the major zygotic genome activation in human was started at 8-cell embryos, 
therefore the embryonic arrest phenotype was mostly due to maternal factors [58–60]. 
This can be demonstrated by the fact that nearly all the embryo arrest-associated genes 
(PADI6, NLRP2, NLRP5, BTG4, CHK1, CDC20, MEI1, FBXO43, MOS, TUBB8) identi-
fied so far are from a maternal origin and resulted from inadequate cytoplasmic matu-
ration of the oocyte [3, 56, 61–67]. Therefore, we combined these two cohorts in the 
following de novo analysis. For sample collection, a complete medical evaluation was 
performed: (I) age younger than 45 (early natural menopause often occurs at ages 45) 
[68–71]; (II) primary infertile; (III) physical examination; (IV) blood tests for hormones 
and infectious diseases [72, 73]; (V) the husband has normal sperm morphology and 
concentration; and (VI) patients had no other known causes of infertility, including chro-
mosome anomalies, sexually transmitted infections, or surgical operations of the repro-
ductive system. Besides, although we set the age younger than 45, the average age in our 
patient cohort is 31 (Additional file 1: Fig. S1d). This study was performed in accordance 
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with the Helsinki Declaration. The blood samples were mainly recruited from Shanghai 
Medical College, Fudan University and some of the hospitals following informed con-
sent, and our study was approved by the Ethics Committee of the Biomedical Research 
Institute of Shanghai Medical College, Fudan University and hospitals (Ethics approval 
number: 162, 20,161,207, 2021–006 and JIAI E2021-33), and written informed consent 
was obtained from all participants.

As external controls, we collected public de novo datasets associated with other dis-
eases, including male infertility (N = 185) [13], schizophrenia (N = 2772) [33, 34], 
Tourette disorder (N = 802) [15, 31], congenital heart disease (N = 2645) [11], autism 
spectrum disorder (N = 6430) [10], undiagnosed development disorders (N = 31,058) 
[35], and unaffected controls (N = 1911) [10, 29].

IVF/ICSI protocols

Procedure of IVF/ICSI has been described in previous studies [74, 75]. Briefly, IVF was 
performed in human tubal fluid (HTF; Irvine Scientific, Santa Ana, CA, USA) with 10% 
(v/v) serum substitute supplement (SSS; Irvine Scientific, Santa Ana, CA, USA) and ICSI 
was performed in separate microdroplets. The fertilization occurs within 16–20  h after 
IVF/ICSI treatment. All embryos were cultured in the Continuous Single Culture medium 
(Irvine Scientific, Santa Ana, CA, USA) at 37 °C in a humid condition with 5%  O2 and 6% 
 CO2. Embryos’ quality was assessed and graded according to Cummins’ criteria [76].

Whole‑exome sequencing and dataset quality control

Genomic DNA was extracted from peripheral blood leukocytes using the ETP-300 
Nucleic Acid Extractor (Enriching), library construction and capture were processed 
using Twist Bioscience’s Kit, and sequencing was performed on an Illumina Hiseq 3000 
platform. Sequence reads were aligned to human genome build 37 (GRCh37/hg19) using 
the Burrows–Wheeler Aligner [77]. Sorting by chromosomes, making duplicates, and 
single nucleotide variant and insertion/deletion (indel) calling were performed using 
the Genome Analysis Toolkit (GATK, version 4.1.9.0) [78] and variants were annotated 
using ANNOVAR [79]. Quality Score Recalibration was used to estimate the accuracy of 
variant calls.

Filter 1: Sample‑based quality control

To check the pedigree information and the relationships of the samples, relatedness 
was estimated by PLINK Identity-by-descent (IBD) [80]. The IBD sharing between the 
probands and parents in all trios was between 45 and 55%. Subsequently, the variants’ 
metrics were generated by GATK CollectVariantCallingMetrics in all samples to remove 
outliers utilizing the sklern principal component analysis (PCA) module in Python.

Filter 2: Region‑based quality control

We applied the following region-based filters across all samples: (I) exclude variants 
within low-complexity regions [10, 81] and (II) exclude variants within segmental dupli-
cation regions (http:// human paral ogy. gs. washi ngton. edu/ build 37/ data/ GRCh3 7Geno 
micSu perDup. tab).

http://humanparalogy.gs.washington.edu/build37/data/GRCh37GenomicSuperDup.tab
http://humanparalogy.gs.washington.edu/build37/data/GRCh37GenomicSuperDup.tab
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Filter 3: Variant‑based quality control

For variant quality control, the following filters were applied: (I) exclude single nucleo-
tide variants not passing quality score recalibration, (II) exclude calls with genotyping 
quality scores less than 40, (III) exclude calls with Fisher Strand value greater than 30, 
and (IV) exclude calls with a depth less than 10.

Filtering and analysis of DNMs

DNMs were called in parent–child trios using in-house scripts. Candidate DNMs were 
filtered with the following criteria: (I) a depth of child variant site to depth of parent 
variant site ratio ≥ 0.3, (II) alternative allele depth ≥ 10, (III) exclusion of DNMs out-
side coding regions, and (IV) allele balance of affected probands > 0.2. The effects of the 
variants on protein function were predicted using Polymorphism Phenotyping [82] and 
MutationTaster [83] and were classified with ACMGG [84]. All DNMs were confirmed 
by in silico visualization in Integrative Genomics Viewer. Candidate DNMs were then 
verified by Sanger sequencing of PCR amplicons in participants who provided DNA and 
raw sanger sequencing data were uploaded into our GitHub code repository. In fact, 
there are 26 trios (13 trios with recurrent DNMs and 13 randomly selected trios) that 
were verified by Sanger sequencing (Fig. 4c, Additional file 1: Fig. S6).

Burden of DNMs

The burden of DNMs in cases and unaffected siblings (controls) was processed with 
the denovolyzeR package [85]. We used the sequence context to derive the probability 
of observing a DNM in each gene as described previously [86]. Besides 92 unaffected 
sibling trios, a cohort of external control de novo datasets comprising 1011 unaffected 
females were also used [10, 29]. The overall enrichment was calculated by comparing the 
observed number of DNMs across each functional class to the expected number under 
the null mutation model using the Poisson test in R.

Estimating the number of risk genes

The maximum likelihood estimation (MLE) procedure was established to estimate the 
number of risk genes via recurrent de novo events as described previously [14–16]. We 
defined K to be the total number of observed possibly damaging DNMs among female 
infertility cases. R1 indicated the number of genes mutated exactly twice in cases, and 
R2 indicated the number of genes mutated three times or more. The percentage of 
damaging DNMs carrying female infertility risk (E) was estimated with the following 
equation:

where M1 and M2 are the observed rates of damaging DNMs (probably damag-
ing + loss-of-function (LOF)) per infertile female proband and per unaffected sibling 
control, respectively. We performed 25,000 permutations for every possible number of 
risk gene from 1 to 2500. The MLE was simulated as follows: for each permutation, we 

E =
M1−M2

M1
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randomly selected G risk genes from the DNM gene sets. Next, we sampled the number 
of contributing damaging mutations in the risk genes, C, based on the binomial (K, E) 
distribution. We then simulated C contributing damaging mutations in G risk genes and 
K-C non-contributing damaging mutations in the total gene sets using the gene’s muta-
tion rate (mu) for weighting, which accounts for gene size and GC content. In each itera-
tion, we combined the risk genes and non-contributing genes and checked whether the 
recurrent mutation count was consistent with what we observed in our study (R1 and 
R2). We then estimated the number of risk genes using the MLE. The estimating plot 
was processed by the ggplot2 package in R, and we determined the MLE of risk genes to 
be 419 genes.

Identification of risk genes by the transmission and de novo association test (TADA)

As a Bayesian model, TADA is useful for evaluating rare variations using whole exome 
sequencing data [14]. We used the TADA de novo-only model to identify risk genes. 
In this study, TADA de novo analysis considered missense and LOF mutations. The 
main input was the number of de novo missense, synonymous, and LOF mutations per 
gene. Additionally, the mutation rate (mu) of all de novo genes was considered in order 
to make the simulation more realistic. TADA analysis was processed with the following 
parameters:

1) Fraction of risk genes (π)

2) Fold enrichment for missense (mis) and LOF mutations (λ)

3) Relative risk for missense and LOF mutations (γ)

With these parameters, we ran TADA de novo to calculate the Bayesian factors of 
all de novo genes. Next, the p-value of each gene was estimated by generating random 
mutational data based on each gene’s specified mutation rate. We used 1000 samplings 
to obtain the null distribution. Finally, TADA de novo was used to calculate a false 

π =
419 risk genes by MLE

17, 726 refseq hg19 genes

For mis : � =
numProbandMisMutations

numSiblingMisMutations ∗
numProbandSynMutations
numSiblingSynMutations

For LOF : � =
numProbandLOFMutations

numSiblingLOFVarians ∗
numProbandSynMutations
numSiblingSynMutations

For mis : γ = 1+
�− 1

π

For LOF : γ = 1+
�− 1

π
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discovery rate q-value for each gene. We considered genes with low q-values ≤ 0.1 as 
candidate genes that are most likely pathogenic.

Enrichment of risk genes in public databases

To determine whether risk genes were enriched in rare mutations with other geneti-
cally correlated traits, we ran a Poisson test on different DNM gene sets using R. We 
collected DNM gene sets from the latest research on male infertility [13], undiag-
nosed developmental disorders [35], autism spectrum disorder [10], schizophrenia 
[33, 34], congenital heart disease [11], and Tourette disorder [15, 31]. In addition, we 
also collected DNM genes of unaffected subjects (controls) from other public data-
bases [10, 29].

Processing of single‑cell RNA‑Seq data

Normalized expression tables of female germ cell RNA-seq datasets were collected 
from Li et  al. (human fetal female germ cells) [19], Zhang et  al. (human oocytes dur-
ing folliculogenesis) [87], Takeuchi et al. (human matured oocytes) [22], and Xue et al. 
(human early embryos) [21]. The single-cell transcriptomic dataset of fetal female germ 
cells (FGC) was reanalyzed due to unclear cell development states. For all sequenced 
female FGCs, we counted the number of genes detected in each cell. Briefly, cells with 
fewer than 2000 genes or 100,000 transcripts were filtered out, and somatic cells were 
excluded. In total, 948 cells passed the quality control, and the R package Seurat (v4.0.2) 
[88] was used to analyze the single-cell data.

To analyze cell development states, t-distributed stochastic neighbor embedding 
(t-SNE) was performed using the function “RunTSNE,” and the PCA plot was visualized 
using the function “FeaturePlot” in the Seurat workflow based on marker genes. Finally, 
outliers were removed based on lower and upper quantile values and mean values were 
calculated. (The code is available from our GitHub repository.)

Clustering of DNM genes in germ cell lifecycle

To quantify the contribution of DNM genes in germ cell development, normalized 
expression values were extracted to perform a time-series clustering (early FGCs, 
pre-meiotic FGCs, meiotic FGCs, dictyate oocytes, primordial follicles, primary 
follicles, secondary follicles, antral follicles, preovulatory follicles, GV, MI, MII, 
zygotes, two-cell embryos, four-cell embryos, eight-cell embryos, and morula). The 
time-series soft clustering analysis was conducted with the fuzzy c-means algorithm 
in the R package Mfuzz (v2.50.0) [89] to identify different expression patterns across 
development stages. DNM genes of different expression clusters were used to per-
form separate GO analyses using DAVID (https:// david. ncifc rf. gov/) [90] and the 
R package clusterProfiler (v4.1.4) [91]. The schematic diagram was adapted from 
Cordeiro et al. [92].

https://david.ncifcrf.gov/
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Structure prediction of the TUBA4A protein

To visualize the effects of altered residues on protein structure, we obtained the 
structure prediction of the TUBA4A protein from AlphaFold2 [36]. The AlphaFold2 
source code was retrieved from the official GitHub repository (https:// github. com/ 
deepm ind/ alpha fold) and the requisite databases were retrieved with the included 
script. The predicted structures of TUBA4A are available from GitHub (https:// 
github. com/ QunAT CG/ Denov oMut). In addition, we mapped the mutant TUBA4A 
residues onto the atomic structure of tubulin (Protein Data Bank code 3JAS) [93], 
and the PyMOL Viewer software (https:// github. com/ schro dinger/ pymol- open- 
source) was used to visualize the mutant residues. Prediction of protein structure 
was supported by the Medical Research Data Center of Fudan University, and pro-
tein features of tubulin were obtained from the Protein Data Bank (https:// www. 
rcsb. org/ 3d- seque nce/ 3JAS? assem blyId=1).

Mouse oocyte/zygote collection, microinjection, and cultivation

ICR mice (Beijing Vital River Laboratory Animal Technology Co) at 7–8 weeks of age 
were maintained and euthanized according to procedures approved by the experi-
mental animal ethics committee of Fudan Medical College. For evaluating the effects 
of TUBA4A (NM_006000.3) mutations on oocyte maturation, 5 IU of pregnant mare’s 
serum gonadotropin was injected and germinal vesicle (GV) oocytes were collected 
from the mouse ovaries 48  h later. Approximately 5 pl of the wild-type or mutant 
TUBA4A cRNAs (750  ng/μl) were injected per oocyte. The injected GV oocytes 
were cultured in M16 (Sigma-Aldrich) with 2.5  μM milrinone (Sigma-Aldrich) to 
prevent GV breakdown. After 12-h inhibition, the GV oocytes were released into 
milrinone-free medium, and the polar body extrusion rate was recorded 12  h after 
being released. To detect the effects of mutations on embryonic development, 7.5 IU 
of human chorionic gonadotropin was administered 48 h after injection of pregnant 
mare’s serum gonadotropin. MII oocytes were collected for in vitro fertilization, and 
zygotes were picked up for the subsequent microinjection procedure. Approximately 
5 pl of the wild-type or mutant TUBA4A cRNAs (750 ng/μl) were injected per zygote. 
The injected zygotes were transferred to KSOM medium (Nanjing Aibei Biotechnol-
ogy) for in vitro culture, and the embryos were assessed at 108 h after fertilization to 
determine the blastocyst formation rate.

Cell culture and transfection

HeLa cells were cultured in Dulbecco’s modified Eagle medium supplemented with 
10% fetal bovine serum and 1% penicillin/streptomycin (Gibco) and maintained in 
a humidified incubator at 37  °C with 5% CO2. Wild-type and mutant plasmids of 
TUBA4A were transfected into HeLa cells using the PolyJet In Vitro DNA Transfec-
tion Reagent (SignaGen) according to the manufacturer’s instructions. After 36-h 
culture, the transfected cells were harvested for the following cell immunostaining 
procedures.

https://github.com/deepmind/alphafold
https://github.com/deepmind/alphafold
https://github.com/QunATCG/DenovoMut
https://github.com/QunATCG/DenovoMut
https://github.com/schrodinger/pymol-open-source
https://github.com/schrodinger/pymol-open-source
https://www.rcsb.org/3d-sequence/3JAS?assemblyId=1
https://www.rcsb.org/3d-sequence/3JAS?assemblyId=1
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Cell immunostaining

To evaluate the effects of the identified mutations on microtubule behavior, the trans-
fected HeLa cells were fixed in 4% paraformaldehyde in PBS and blocked at room tem-
perature for 1 h. Anti-FLAG-Cy3 antibody (1:500 dilution, Sigma-Aldrich) was used for 
determining the TUBA4A-FLAG localization, anti-β-tubulin antibody (1:500 dilution, 
Sigma-Aldrich) was used for detecting the endogenous microtubule network, and the 
DNA was labeled with Hoechst 33,342 solution (1:700 dilution, BD). The HeLa cells were 
observed and images were captured on a confocal laser-scanning microscope (LSM880, 
Zeiss) with a 63 × oil objective. For the quantification of microtubule phenotypes, approx-
imately 200 cells expressing either wild-type or mutant TUBA4A were detected and clas-
sified according to the level of expression of the overexpressed plasmids (as judged by the 
intensity of the fluorescent label) in each of two independent experiments.

Supplementary informationSupplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s13059- 023- 02894-0.

Additional file 1. Supplementary Figures.

Additional file 2: Table S1. The clinical characteristics of individuals used in our cohort. Table S2. DNMs identified 
in this study. Table S3. GO terms of probands and unaffected individuals. Table S4. Selected genes and GO terms 
involved in female reproduction. Table S5. Genes associated with female reproduction defects. Table S6. Clinical 
IVF/ICSI information of patients with TUBA4A mutations. Table S7. TUBA4A pathogenic heterozygous mutations 
observed in the 12 families. Table S8. Primers used in this study.

Additional file 3. Review history.

Acknowledgements
We thank Prof. Jiucun Wang for providing control samples from HuaBiao project.

Peer review information
Kevin Pang was the primary editor of this article and managed its editorial process and peer review in collaboration with 
the rest of the editorial team.

Review history
The review history is available as Additional file 3.

Authors’ contributions
The project was conceived and supervised by QS, LW, and QL. QL performed plasmid constructions and verification-
related experiments with the help of LZ, YZ, HZF, HG, and QLL. YPK, YCG, SRX, BT, LW, XYM, XXS, JZS, PX, FYD, SGX, SHB, 
QXM, PY, WJW, NM, DS, and BX performed fertility assessment or provide samples. JD, JM, and ZHZ provided advice on 
this study. HZF and HG extracted genomic DNA. LH, LJ, LW, and QS guided the development and evaluation. QL and BBC 
performed the bioinformatics analyses and designed the experiments. QL and LZ wrote the manuscript with help from 
all the authors. QS and LW participated in the drafting or revising of the manuscript. The authors read and approved the 
final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (82288102), the National Key Research 
and Development Program of China (2021YFC2700100), the National Natural Science Foundation of China (32130029, 
81725006, 82171643, 81971450, 81971382, 82071642, and 82001538), the Project of the Shanghai Municipal Science and 
Technology Commission (21XD1420300 and 19JC1411001), the Natural Science Foundation of Shanghai (19ZR1444500 
and 21ZR1404800), the Capacity Building Planning Program for Shanghai Women and Children’s Health Service, the 
collaborative innovation center project construction for Shanghai Women and Children’s Health, and the Guangdong 
Science and Technology Department Guangdong/Hong Kong/Macao Joint Innovation Project (2020A0505140003).

Availability of data and materials
The main data relevant to the study are included in the article or uploaded as supplementary information. The scripts of 
the main steps and raw Sanger sequencing data can be found in the GitHub (https:// github. com/ QunAT CG/ Denov oMut) 
[94]. The variation data for patients reported in this paper have been deposited in the Genome Variation Map (GVM) 
[95] in National Genomics Data Center, Beijing Institute of Genomics, Chinese Academy of Sciences, and China National 
Center for Bioinformation, under accession number GVM000497 [96]. Variants of control cohort used in this study were 
generated by HuaBiao project and can be obtained from https:// www. biosi no. org/ wepd/.

https://doi.org/10.1186/s13059-023-02894-0
https://github.com/QunATCG/DenovoMut
https://www.biosino.org/wepd/


Page 20 of 23Li et al. Genome Biology           (2023) 24:68 

Declarations

Ethics approval and consent to participate
Our study was approved by the Ethics Committee of the Biomedical Research Institute of Shanghai Medical College, 
Fudan University and hospitals (Ethics approval number: 162, 20161207, 2021–006 and JIAI E2021-33), and written 
informed consent was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Pediatrics, Children’s Hospital of Fudan University, the Shanghai Key Laboratory of Medical Epigenetics, 
the Institutes of Biomedical Sciences, the State Key Laboratory of Genetic Engineering, Fudan University, Shang-
hai 200032, China. 2 Human Phenome Institute, Fudan University, Shanghai 200438, China. 3 Reproductive Medicine 
Center, Shanghai Ninth Hospital, Shanghai Jiao Tong University, Shanghai 200011, China. 4 Department of Reproductive 
Medicine, The Third Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China. 5 NHC Key Lab of Repro-
duction Regulation (Shanghai Institute for Biomedical and Pharmaceutical Technologies), Fudan University, Shang-
hai 200032, China. 6 Fertility Center, Shenzhen Zhongshan Urology Hospital, Shenzhen 518001, Guangdong, China. 
7 Reproductive Medicine Center, The First People’s Hospital of Changde City, Changde 415000, China. 8 Shanghai Ji Ai 
Genetics and IVF Institute, Obstetrics and Gynecology Hospital, Fudan University, Shanghai 200011, China. 9 Repro-
ductive Medicine Center, Northwest Women’s and Children’s Hospital, Xi’an 710000, China. 10 Hainan Jinghua Hejing 
Hospital for Reproductive Medicine, Haikou 570125, China. 11 Reproductive Medicine Center, Jiangsu Province Hospital, 
Nanjing 210036, China. 12 Reproductive Medicine Center, School of Medicine, Shanghai East Hospital, Tongji University, 
Shanghai, China. 13 Department of Reproductive Immunology, Shanghai First Maternity and Infant Hospital, Tongji 
University School of Medicine, Shanghai 201204, China. 14 Center for Reproduction and Genetics, The Affiliated Suzhou 
Hospital of Nanjing Medical University, Suzhou 215000, China. 15 IVF Center, Department of Obstetrics and Gynecol-
ogy, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou 510120, China. 16 Reproductive Medical Center, 
Maternal and Child Health Care Hospital of Hainan Province, Haikou 570206, Hainan Province, China. 17 Naval Medical 
University, Changhai Hospital, Shanghai, China. 18 Reproductive Medicine Centre, Tongji Hospital, Tongji Medical College 
of Huazhong University of Science and Technology, Wuhan 430030, China. 19 Bio-X Center, Key Laboratory for the Genet-
ics of Developmental and Neuropsychiatric Disorders, Ministry of Education, Shanghai Jiao Tong University, Shang-
hai 200030, China. 20 State Key Laboratory of Genetic Engineering and Collaborative Innovation Center for Genetics 
and Development, School of Life Sciences, Fudan University, Shanghai 200438, China. 

Received: 9 July 2022   Accepted: 1 March 2023

References
 1. Harrison C, Boivin J, Gameiro S. Talking about possible IVF/ICSI failure and need for multiple cycles in treatment 

planning: qualitative investigation of multi-cycle planning and its acceptability to patients and staff. Hum Reprod. 
2022;37:488–98.

 2. Feng R, Sang Q, Kuang Y, Sun X, Yan Z, Zhang S, Shi J, Tian G, Luchniak A, Fukuda Y, et al. Mutations in TUBB8 and 
Human Oocyte Meiotic Arrest. N Engl J Med. 2016;374:223–32.

 3. Xu Y, Shi Y, Fu J, Yu M, Feng R, Sang Q, Liang B, Chen B, Qu R, Li B, et al. Mutations in PADI6 cause female infertility 
characterized by early embryonic arrest. Am J Hum Genet. 2016;99:744–52.

 4. Zhang Y, Li G, Fan Y, Cui Y, Huang S, Ma J, Yan J, Chen ZJ. Novel missense mutation in WNT6 in 100 couples with 
unexplained recurrent miscarriage. Hum Reprod. 2015;30:994–9.

 5. Lynch M. Rate, molecular spectrum, and consequences of human mutation. Proc Natl Acad Sci USA. 
2010;107:961–8.

 6. Lynch M. Evolution of the mutation rate. Trends in genetics : TIG. 2010;26:345–52.
 7. Rivière J-B, Mirzaa GM, O’Roak BJ, Beddaoui M, Alcantara D, Conway RL, St-Onge J, Schwartzentruber JA, Gripp KW, 

Nikkel SM, et al. De novo germline and postzygotic mutations in AKT3, PIK3R2 and PIK3CA cause a spectrum of 
related megalencephaly syndromes. Nat Genet. 2012;44:934–40.

 8. Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, Gudjonsson SA, Sigurdsson A, Jonasdot-
tir A, Jonasdottir A, et al. Rate of de novo mutations and the importance of father’s age to disease risk. Nature. 
2012;488:471–5.

 9. An J-Y, Lin K, Zhu L, Werling DM, Dong S, Brand H, Wang HZ, Zhao X, Schwartz GB, Collins RL, et al. Genome-wide de 
novo risk score implicates promoter variation in autism spectrum disorder. Science. 2018;362:eaat6576.

 10. Satterstrom FK, Kosmicki JA, Wang J, Breen MS, De Rubeis S, An JY, Peng M, Collins R, Grove J, Klei L, et al. Large-scale 
exome sequencing study implicates both developmental and functional changes in the neurobiology of autism. 
Cell. 2020;180(568–584): e523.

 11. Jin SC, Homsy J, Zaidi S, Lu Q, Morton S, DePalma SR, Zeng X, Qi H, Chang W, Sierant MC, et al. Contribution of rare 
inherited and de novo variants in 2,871 congenital heart disease probands. Nat Genet. 2017;49:1593–601.

 12. Jin ZB, Wu J, Huang XF, Feng CY, Cai XB, Mao JY, Xiang L, Wu KC, Xiao X, Kloss BA, et al. Trio-based exome sequencing 
arrests de novo mutations in early-onset high myopia. Proc Natl Acad Sci U S A. 2017;114:4219–24.



Page 21 of 23Li et al. Genome Biology           (2023) 24:68  

 13. Oud MS, Smits RM, Smith HE, Mastrorosa FK, Holt GS, Houston BJ, de Vries PF, Alobaidi BKS, Batty LE, Ismail H, et al. A 
de novo paradigm for male infertility. Nat Commun. 2022;13:154.

 14. He X, Sanders SJ, Liu L, De Rubeis S, Lim ET, Sutcliffe JS, Schellenberg GD, Gibbs RA, Daly MJ, Buxbaum JD, et al. 
Integrated model of de novo and inherited genetic variants yields greater power to identify risk genes. PLoS Genet. 
2013;9: e1003671.

 15. Wang S, Mandell JD, Kumar Y, Sun N, Morris MT, Arbelaez J, Nasello C, Dong S, Duhn C, Zhao X, et al. De novo 
sequence and copy number variants are strongly associated with Tourette disorder and implicate cell polarity in 
pathogenesis. Cell Rep. 2018;24(3441–3454): e3412.

 16. Homsy J, Zaidi S, Shen Y, Ware JS, Samocha KE, Karczewski KJ, DePalma SR, McKean D, Wakimoto H, Gorham J, et al. 
De novo mutations in congenital heart disease with neurodevelopmental and other congenital anomalies. Science. 
2015;350:1262–6.

 17. Kataoka M, Matoba N, Sawada T, Kazuno AA, Ishiwata M, Fujii K, Matsuo K, Takata A, Kato T. Exome sequencing 
for bipolar disorder points to roles of de novo loss-of-function and protein-altering mutations. Mol Psychiatry. 
2016;21:885–93.

 18. Hamanaka K, Miyake N, Mizuguchi T, Miyatake S, Uchiyama Y, Tsuchida N, Sekiguchi F, Mitsuhashi S, Tsurusaki Y, 
Nakashima M, et al. Large-scale discovery of novel neurodevelopmental disorder-related genes through a unified 
analysis of single-nucleotide and copy number variants. Genome Med. 2022;14:40.

 19. Li L, Dong J, Yan L, Yong J, Liu X, Hu Y, Fan X, Wu X, Guo H, Wang X, et al. Single-cell RNA-Seq analysis maps develop-
ment of human germline cells and gonadal niche interactions. Cell Stem Cell. 2017;20:858-873.e854.

 20. Zhang Y, Yan Z, Qin Q, Nisenblat V, Chang HM, Yu Y, Wang T, Lu C, Yang M, Yang S, et al. Transcriptome landscape of 
human folliculogenesis reveals oocyte and granulosa cell interactions. Mol Cell. 2018;72:1021-1034.e1024.

 21. Xue Z, Huang K, Cai C, Cai L, Jiang CY, Feng Y, Liu Z, Zeng Q, Cheng L, Sun YE, et al. Genetic programs in human and 
mouse early embryos revealed by single-cell RNA sequencing. Nature. 2013;500:593–7.

 22. Takeuchi H, Yamamoto M, Fukui M, Inoue A, Maezawa T, Nishioka M, Kondo E, Ikeda T, Matsumoto K, Miyamoto 
K. Single-cell profiling of transcriptomic changes during in vitro maturation of human oocytes. Reprod Med Biol. 
2022;21: e12464.

 23. Zhang B, Zheng H, Huang B, Li W, Xiang Y, Peng X, Ming J, Wu X, Zhang Y, Xu Q, et al. Allelic reprogramming of the 
histone modification H3K4me3 in early mammalian development. Nature. 2016;537:553–7.

 24. Andreu-Vieyra CV, Chen R, Agno JE, Glaser S, Anastassiadis K, Stewart AF, Matzuk MM. MLL2 Is Required in Oocytes 
for Bulk Histone 3 Lysine 4 Trimethylation and Transcriptional Silencing. PLOS Biology. 2010;8:e1000453.

 25. Xiang Y, Zhang Y, Xu Q, Zhou C, Liu B, Du Z, Zhang K, Zhang B, Wang X, Gayen S, et al. Epigenomic analysis of gastru-
lation identifies a unique chromatin state for primed pluripotency. Nat Genet. 2020;52:95–105.

 26. Mazerbourg S, Bouley DM, Sudo S, Klein CA, Zhang JV, Kawamura K, Goodrich LV, Rayburn H, Tessier-Lavigne M, 
Hsueh AJ. Leucine-rich repeat-containing, G protein-coupled receptor 4 null mice exhibit intrauterine growth 
retardation associated with embryonic and perinatal lethality. Mol Endocrinol. 2004;18:2241–54.

 27. Batista MR, Diniz P, Murta D, Torres A, Lopes-da-Costa L, Silva E. Balanced Notch-Wnt signaling interplay is required 
for mouse embryo and fetal development. Reproduction. 2021;161:385–98.

 28. Tan X, Zhang L, Li T, Zhan J, Qiao K, Wu H, Sun S, Huang M, Zhang F, Zhang M, et al. Lgr4 regulates oviductal epithe-
lial secretion through the WNT signaling pathway. Front Cell Dev Biol. 2021;9: 666303.

 29. Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, Stessman HA, Witherspoon KT, Vives L, Patterson KE, 
et al. The contribution of de novo coding mutations to autism spectrum disorder. Nature. 2014;515:216–21.

 30. Sanders SJ, He X, Willsey AJ, Ercan-Sencicek AG, Samocha KE, Cicek AE, Murtha MT, Bal VH, Bishop SL, Dong 
S, et al. Insights into autism spectrum disorder genomic architecture and biology from 71 risk loci. Neuron. 
2015;87:1215–33.

 31. Willsey AJ, Fernandez TV, Yu D, King RA, Dietrich A, Xing J, Sanders SJ, Mandell JD, Huang AY, Richer P, et al. De novo 
coding variants are strongly associated with Tourette disorder. Neuron. 2017;94(486–499): e489.

 32. De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K, Cicek AE, Kou Y, Liu L, Fromer M, Walker S, et al. Synaptic, 
transcriptional and chromatin genes disrupted in autism. Nature. 2014;515:209–15.

 33. Fromer M, Pocklington AJ, Kavanagh DH, Williams HJ, Dwyer S, Gormley P, Georgieva L, Rees E, Palta P, Ruderfer DM, 
et al. De novo mutations in schizophrenia implicate synaptic networks. Nature. 2014;506:179–84.

 34. Rees E, Han J, Morgan J, Carrera N, Escott-Price V, Pocklington AJ, Duffield M, Hall LS, Legge SE, Pardiñas AF, et al. De 
novo mutations identified by exome sequencing implicate rare missense variants in SLC6A1 in schizophrenia. Nat 
Neurosci. 2020;23:179–84.

 35. Kaplanis J, Samocha KE, Wiel L, Zhang Z, Arvai KJ, Eberhardt RY, Gallone G, Lelieveld SH, Martin HC, McRae JF, et al. 
Evidence for 28 genetic disorders discovered by combining healthcare and research data. Nature. 2020;586:757-62.

 36. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, 
et al. Highly accurate protein structure prediction with AlphaFold. Nature. 2021;596:583–9.

 37. Smith BN, Ticozzi N, Fallini C, Gkazi AS, Topp S, Kenna KP, Scotter EL, Kost J, Keagle P, Miller JW, et al. Exome-wide rare 
variant analysis identifies TUBA4A mutations associated with familial ALS. Neuron. 2014;84:324–31.

 38. Veltman JA, Brunner HG. De novo mutations in human genetic disease. Nat Rev Genet. 2012;13:565–75.
 39. Zhao G, Li K, Li B, Wang Z, Fang Z, Wang X, Zhang Y, Luo T, Zhou Q, Wang L, et al. Gene4Denovo: an integrated 

database and analytic platform for de novo mutations in humans. Nucleic Acids Res. 2020;48:D913-d926.
 40. Acuna-Hidalgo R, Veltman JA, Hoischen A. New insights into the generation and role of de novo mutations in health 

and disease. Genome Biol. 2016;17:241.
 41. Kordus RJ, LaVoie HA. Granulosa cell biomarkers to predict pregnancy in ART: pieces to solve the puzzle. Reproduc-

tion. 2017;153:R69-r83.
 42. Parfitt D-E, Clementi C, Cohn KH, Mohebbi L, Augello FS, Beim PY. Defining a clinical validity framework for pharma-

cogenomic biomarkers of IVF treatment response and outcomes. Fertil Steril. 2019;112: e260.
 43. Kyrönlahti A, Vetter M, Euler R, Bielinska M, Jay PY, Anttonen M, Heikinheimo M, Wilson DB. GATA4 deficiency impairs 

ovarian function in adult mice. Biol Reprod. 2011;84:1033–44.



Page 22 of 23Li et al. Genome Biology           (2023) 24:68 

 44. van den Bergen JA, Robevska G, Eggers S, Riedl S, Grover SR, Bergman PB, Kimber C, Jiwane A, Khan S, Krausz C, 
et al. Analysis of variants in GATA4 and FOG2/ZFPM2 demonstrates benign contribution to 46, XY disorders of sex 
development. Mol Genet Genomic Med. 2020;8: e1095.

 45. Chen B, Wang W, Peng X, Jiang H, Zhang S, Li D, Li B, Fu J, Kuang Y, Sun X, et al. The comprehensive mutational and 
phenotypic spectrum of TUBB8 in female infertility. Eur J Hum Genet. 2019;27:300–7.

 46. Zhao L, Guan Y, Wang W, Chen B, Xu S, Wu L, Yan Z, Li B, Fu J, Shi R, et al. Identification novel mutations in TUBB8 
in female infertility and a novel phenotype of large polar body in oocytes with TUBB8 mutations. J Assist Reprod 
Genet. 2020;37:1837–47.

 47. Lanuza-López MC, Martínez-Garza SG, Solórzano-Vázquez JF, Paz-Cervantes D, González-Ortega C, Maldonado-
Rosas I, Villegas-Moreno G, Villar-Muñoz LG, Arroyo-Méndez FA, Gutiérrez-Gutiérrez AM, Piña-Aguilar RE. Oocyte 
maturation arrest produced by TUBB8 mutations: impact of genetic disorders in infertility treatment. Gynecol 
Endocrinol. 2020;36:829–34.

 48. Chow CY. Bringing genetic background into focus. Nat Rev Genet. 2016;17:63–4.
 49. Sackton TB, Hartl DL. Genotypic context and epistasis in individuals and populations. Cell. 2016;166:279–87.
 50. Fournier T, Schacherer J. Genetic backgrounds and hidden trait complexity in natural populations. Curr Opin Genet 

Dev. 2017;47:48–53.
 51. Akiyama M. FLG mutations in ichthyosis vulgaris and atopic eczema: spectrum of mutations and population genet-

ics. Br J Dermatol. 2010;162:472–7.
 52. Pasmant E, Vidaud M, Vidaud D, Wolkenstein P. Neurofibromatosis type 1: from genotype to phenotype. J Med 

Genet. 2012;49:483–9.
 53. Li J, He J, Tang L, Chen L, Xu L, Ma Y, Zhang N, Fan D. TUBA4A may not be a significant genetic factor in Chinese ALS 

patients. Amyotroph Lateral Scler Frontotemporal Degener. 2015;17:148–50.
 54. Hao M, Pu W, Li Y, Wen S, Sun C, Ma Y, Zheng H, Chen X, Tan J, Zhang G, Zhang M, Xu S, Wang Y, Li H, Wang J, 

Jin L. The HuaBiao project: whole-exome sequencing of 5000 Han Chinese individuals. J Genet Genomics. 
2021;48(11):1032–5. https:// doi. org/ 10. 1016/j. jgg. 2021. 07. 013.

 55. Chen B, Zhang Z, Sun X, Kuang Y, Mao X, Wang X, Yan Z, Li B, Xu Y, Yu M, et al. Biallelic mutations in PATL2 cause 
female infertility characterized by oocyte maturation arrest. Am J Hum Genet. 2017;101:609–15.

 56. Zhao L, Xue S, Yao Z, Shi J, Chen B, Wu L, Sun L, Xu Y, Yan Z, Li B, et al. Biallelic mutations in CDC20 cause female 
infertility characterized by abnormalities in oocyte maturation and early embryonic development. Protein Cell. 
2020;11:921–7.

 57. Zhang Z, Li B, Fu J, Li R, Diao F, Li C, Chen B, Du J, Zhou Z, Mu J, et al. Bi-allelic missense pathogenic variants in TRIP13 
cause female infertility characterized by oocyte maturation arrest. Am J Hum Genet. 2020;107:15–23.

 58. Sha Q-Q, Zheng W, Wu Y-W, Li S, Guo L, Zhang S, Lin G, Ou X-H, Fan H-Y. Dynamics and clinical relevance of maternal 
mRNA clearance during the oocyte-to-embryo transition in humans. Nat Commun. 2020;11:4917.

 59. Chen X, Ke Y, Wu K, Zhao H, Sun Y, Gao L, Liu Z, Zhang J, Tao W, Hou Z, et al. Key role for CTCF in establishing chroma-
tin structure in human embryos. Nature. 2019;576:306–10.

 60. Liu HB, Muhammad T, Guo Y, Li MJ, Sha QQ, Zhang CX, Liu H, Zhao SG, Zhao H, Zhang H, et al. RNA-binding protein 
IGF2BP2/IMP2 is a critical maternal activator in early zygotic genome activation. Adv Sci (Weinh). 2019;6:1900295.

 61. Mu J, Wang W, Chen B, Wu L, Li B, Mao X, Zhang Z, Fu J, Kuang Y, Sun X, et al. Mutations in NLRP2 and NLRP5 cause 
female infertility characterised by early embryonic arrest. J Med Genet. 2019;56:471–80.

 62. Zheng W, Zhou Z, Sha Q, Niu X, Sun X, Shi J, Zhao L, Zhang S, Dai J, Cai S, et al. Homozygous mutations in BTG4 
cause zygotic cleavage failure and female infertility. Am J Hum Genet. 2020;107:24–33.

 63. Zhang H, Chen T, Wu K, Hou Z, Zhao S, Zhang C, Gao Y, Gao M, Chen Z-J, Zhao H. Dominant mutations in 
CHK1 cause pronuclear fusion failure and zygote arrest that can be rescued by CHK1 inhibitor. Cell Research. 
2021;31:814-7.

 64. Dong J, Zhang H, Mao X, Zhu J, Li D, Fu J, Hu J, Wu L, Chen B, Sun Y, et al. Novel biallelic mutations in MEI1: 
expanding the phenotypic spectrum to human embryonic arrest and recurrent implantation failure. Hum Reprod. 
2021;36:2371–81.

 65. Wang W, Wang W, Xu Y, Shi J, Fu J, Chen B, Mu J, Zhang Z, Zhao L, Lin J, et al. FBXO43 variants in patients with female 
infertility characterized by early embryonic arrest. Hum Reprod. 2021;36:2392–402.

 66. Zeng Y, Shi J, Xu S, Shi R, Wu T, Li H, Xue X, Zhu Y, Chen B, Sang Q, Wang L. Bi-allelic mutations in MOS cause female 
infertility characterized by preimplantation embryonic arrest. Hum Reprod. 2022;37:612–20.

 67. Chen B, Li B, Li D, Yan Z, Mao X, Xu Y, Mu J, Li Q, Jin L, He L, et al. Novel mutations and structural deletions in TUBB8: 
expanding mutational and phenotypic spectrum of patients with arrest in oocyte maturation, fertilization or early 
embryonic development. Hum Reprod. 2017;32:457–64.

 68. Shen L, Song L, Li H, Liu B, Zheng X, Zhang L, Yuan J, Liang Y, Wang Y. Association between earlier age at natural 
menopause and risk of diabetes in middle-aged and older Chinese women: The Dongfeng-Tongji cohort study. 
Diabetes Metab. 2017;43:345–50.

 69. Shen L, Song L, Liu B, Li H, Zheng X, Zhang L, Yuan J, Liang Y, Wang Y. Effects of early age at natural menopause on 
coronary heart disease and stroke in Chinese women. Int J Cardiol. 2017;241:6–11.

 70. Muka T, Oliver-Williams C, Kunutsor S, Laven JS, Fauser BC, Chowdhury R, Kavousi M, Franco OH. Association of age 
at onset of menopause and time since onset of menopause with cardiovascular outcomes, intermediate vascular 
traits, and all-cause mortality: a systematic review and meta-analysis. JAMA Cardiol. 2016;1:767–76.

 71. Gajbhiye R, Fung JN, Montgomery GW. Complex genetics of female fertility. NPJ Genom Med. 2018;3:29.
 72. Carson SA, Kallen AN. Diagnosis and management of infertility: a review. JAMA. 2021;326:65–76.
 73. Tuddenham S, Hamill MM, Ghanem KG. Diagnosis and treatment of sexually transmitted infections: a review. JAMA. 

2022;327:161–72.
 74. Jiang S, Jin W, Zhao X, Xi Q, Chen L, Gao Y, Li W, Kuang Y. The impact of blastomere loss on pregnancy and neonatal 

outcomes of vitrified-warmed Day3 embryos in single embryo transfer cycles. J Ovar Res. 2022;15:62.

https://doi.org/10.1016/j.jgg.2021.07.013


Page 23 of 23Li et al. Genome Biology           (2023) 24:68  

 75. Kuang Y, Chen Q, Fu Y, Wang Y, Hong Q, Lyu Q, Ai A, Shoham Z. Medroxyprogesterone acetate is an effective oral 
alternative for preventing premature luteinizing hormone surges in women undergoing controlled ovarian hyper-
stimulation for in vitro fertilization. Fertil Steril. 2015;104:62-70.e63.

 76. Cummins JM, Breen TM, Harrison KL, Shaw JM, Wilson LM, Hennessey JF. A formula for scoring human embryo 
growth rates in in vitro fertilization: its value in predicting pregnancy and in comparison with visual estimates of 
embryo quality. J In Vitro Fert Embryo Transf. 1986;3:284–95.

 77. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics. 
2009;25:1754–60.

 78. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M, 
DePristo MA. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing 
data. Genome Res. 2010;20:1297–303.

 79. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-throughput sequenc-
ing data. Nucleic Acids Res. 2010;38: e164.

 80. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, de Bakker PI, Daly MJ, Sham 
PC. PLINK: a tool set for whole-genome association and population-based linkage analyses. Am J Hum Genet. 
2007;81:559–75.

 81. Li H. Toward better understanding of artifacts in variant calling from high-coverage samples. Bioinformatics. 
2014;30:2843–51.

 82. Adzhubei I, Jordan DM, Sunyaev SR. Predicting Functional Effect of Human Missense Mutations Using PolyPhen-2. 
Current Protocols in Human Genetics. 2013;76:7.20.21–27.20.41.

 83. Schwarz JM, Rödelsperger C, Schuelke M, Seelow D. MutationTaster evaluates disease-causing potential of 
sequence alterations. Nat Methods. 2010;7:575–6.

 84. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E, Spector E, et al. Standards and 
guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College 
of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17:405–24.

 85. Ware JS, Samocha KE, Homsy J, Daly MJ. Interpreting de novo variation in human disease using denovolyzeR. Curr 
Protoc Hum Genet. 2015;87:7 25 21-27 25 15.

 86. Samocha KE, Robinson EB, Sanders SJ, Stevens C, Sabo A, McGrath LM, Kosmicki JA, Rehnstrom K, Mallick S, Kirby A, 
et al. A framework for the interpretation of de novo mutation in human disease. Nat Genet. 2014;46:944–50.

 87. Zhang Y, Yan Z, Qin Q, Nisenblat V, Chang HM, Yu Y, Wang T, Lu C, Yang M, Yang S, et al. Transcriptome landscape of 
human folliculogenesis reveals oocyte and granulosa cell interactions. Mol Cell. 2018;72(1021–1034): e1024.

 88. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, Lee MJ, Wilk AJ, Darby C, Zager M, et al. Inte-
grated analysis of multimodal single-cell data. Cell. 2021;184:3573-3587.e3529.

 89. Kumar L. M EF: Mfuzz: a software package for soft clustering of microarray data. Bioinformation. 2007;2:5–7.
 90. Sherman BT, Hao M, Qiu J, Jiao X, Baseler MW, Lane HC, Imamichi T, Chang W. DAVID: a web server for functional 

enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res. 2022;50:W216-21.
 91. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. 

OMICS. 2012;16:284–7.
 92. Cordeiro MH, Kim S-Y, Woodruff TK. Chapter 1 - Ovarian follicle biology and the basis for gonadotoxicity. In: Ander-

son RA, Spears N, editors. Cancer treatment and the ovary. Boston: Academic Press; 2015. p. 3–20.
 93. Zhang R, Alushin GM, Brown A, Nogales E. Mechanistic origin of microtubule dynamic instability and its modulation 

by EB proteins. Cell. 2015;162:849–59.
 94. Li Q, Zhao L, Zeng Y, Kuang YP, Guan YC, Chen BB, Xu SR, Tang B, Wu L, Mao XY, Sun XX, Shi JZ, Xu P, Diao FY, Xue SG, 

Meng QX, Yuan P, Wang WJ, Ma N, Song D, Xu B, Dong J, Mu J, ZHang ZH, Fan HZ, Gu H, Li QL, He L, Jin L, Wang L, 
Sang Q: Large-scale analysis of de novo mutations identifies risk genes for female infertility characterized by oocyte 
and early embryo defects. DenovoMut. GitHub. (2022). https:// github. com/ QunAT CG/ Denov oMut. .

 95. Li C, Tian D, Tang B, Liu X, Teng X, Zhao W, Zhang Z, Song S. Genome Variation Map: a worldwide collection of 
genome variations across multiple species. Nucleic Acids Res. 2021;49:D1186-d1191.

 96. Li Q, Zhao L, Zeng Y, Kuang YP, Guan YC, Chen BB, Xu SR, Tang B, Wu L, Mao XY, Sun XX, Shi JZ, Xu P, Diao FY, Xue SG, 
Meng QX, Yuan P, Wang WJ, Ma N, Song D, Xu B, Dong J, Mu J, ZHang ZH, Fan HZ, Gu H, Li QL, He L, Jin L, Wang L, 
Sang Q: Large-scale analysis of de novo mutations identifies risk genes for female infertility characterized by oocyte 
and early embryo defects. De novo mutations screening analysis for female infertility. Genome Variation Map. (2022) 
https:// bigd. big. ac. cn/ gvm/ getPr oject Detail? Proje ct= GVM00 0497.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://github.com/QunATCG/DenovoMut
https://bigd.big.ac.cn/gvm/getProjectDetail?Project=GVM000497

	Large-scale analysis of de novo mutations identifies risk genes for female infertility characterized by oocyte and early embryo defects
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Landscape of DNMs in infertile women with ART failure
	DNM genes are involved in pathways associated with female reproduction
	TUBA4A showed the most enrichment of mutations in our cohort
	TUBA4A is evolutionarily conserved across species and is highly expressed in human oocytes
	TUBA4A mutations cause microtubule destabilization
	Mutant TUBA4A cRNAs result in abnormalities in mouse oocyte maturation and embryonic development

	Discussion
	Conclusion
	Methods
	Study samples
	IVFICSI protocols
	Whole-exome sequencing and dataset quality control
	Filter 1: Sample-based quality control
	Filter 2: Region-based quality control
	Filter 3: Variant-based quality control

	Filtering and analysis of DNMs
	Burden of DNMs
	Estimating the number of risk genes
	Identification of risk genes by the transmission and de novo association test (TADA)
	Enrichment of risk genes in public databases
	Processing of single-cell RNA-Seq data
	Clustering of DNM genes in germ cell lifecycle
	Structure prediction of the TUBA4A protein
	Mouse oocytezygote collection, microinjection, and cultivation
	Cell culture and transfection
	Cell immunostaining

	Supplementary information
	Anchor 35
	Acknowledgements
	References


