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Abstract
The evolutionary conserved Polo-like kinase 4 (PLK4) is essential for centriole duplication, spindle assembly, and de novo 
centriole formation. In man, homozygous mutations in PLK4 lead to primary microcephaly, altered PLK4 expression is 
associated with aneuploidy in human embryos. Here, we report on a consanguineous four-generation family with 8 affected 
individuals compound heterozygous for a novel missense variant, c.881 T > G, and a deletion of the PLK4 gene. The clinical 
phenotype of the adult patients is mild compared to individuals with previously described PLK4 mutations. One individual 
was homozygous for the variant c.881G and phenotypically unaffected. The deletion was inherited by 14 of 16 offspring 
and thus exhibits transmission ratio distortion (TRD). Moreover, based on the already published families with PLK4 muta-
tions, it could be shown that due to the preferential transmission of the mutant alleles, the number of affected offspring is 
significantly increased. It is assumed that reduced expression of PLK4 decreases the intrinsically high error rate of the first 
cell divisions after fertilization, increases the number of viable embryos and thus leads to preferential transmission of the 
deleted/mutated alleles.

Introduction

Primary autosomal recessive microcephaly (MCPH) is a rare 
fetal neurodegenerative disorder. At birth the head circum-
ference is generally under the 3rd percentile and the body 

length slightly reduced. About 30 genes underlying MCPH, 
including Seckel syndrome, have been identified (Jayaraman 
et al. 2018; Naveed et al. 2018; Siskos et al. 2021). Interest-
ingly, almost all MCPH genes are involved in the regula-
tion of mitosis, preferentially by affecting the function of 
the centrosome, the major microtubules organizing centre.

Typically, each centrosome comprises two centrioles. 
During mammalian oogenesis the centrioles are destroyed 
and consequently the centrosomes of oocytes do not contain 
centrioles. In man, but not in mice, the sperm contributes 
a typical and a novel atypical centriole at fertilization, both 
functioning in the zygote and facilitating all further devel-
opment (Fishman et al. 2018). Dysfunctional and supernu-
merary centrosomes promote mitotic instability in meiotic 
oocytes and at early embryogenesis which is considered 
the main reason for the high loss of human preimplantation 
embryos (Schatten and Sun 2011). Moreover, loss of centro-
some numerical integrity is also involved in tumorigenesis 
due to its promotion of genome instability (Cappello et al. 
2014).

The Polo-like kinase 4 (PLK4) is essential for centriole 
duplication (Sonnen et al. 2013; Yamamoto and Kitagawa 
2021), for spindle assembly in the absence of centrioles 
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(Coelho et al. 2013), and for de novo centriole formation 
(Eckerdt et al. 2011). Homozygous mutations in PLK4 lead 
to primary microcephaly, combined with growth retardation 
and retinopathy (Martin et al. 2014; Shaheen et al. 2014; 
Tsutsumi et al. 2016; Dincer et al. 2017; Martin-Rivada et al. 
2020), while heterozygous mutations might be associated 
with azoospermia (Miyamoto et al. 2016). This, however, 
applies to one case only, has not been validated in an inde-
pendent study (Cioppi et al. 2021), and was not observed 
in the other heterozygote PLK4 probands published so far. 
Moreover, altered PLK4 expression combined with chromo-
some instability is common in mouse and human cancers 
(Rosario et al. 2010; Ko et al. 2005) and associated with ane-
uploidy in human embryos (McCoy et al. 2015a, b, 2018). In 
mice, null mutations in Plk4 are embryonic lethal (Hudson 
et al. 2001).

Here, we report on a consanguineous four-generation 
family with 8 affected individuals compound heterozygous 
for a novel missense variant and a deletion of the PLK4 
gene. The deletion was inherited by 14 of 16 offspring, both 
through oogenesis and spermatogenesis and thus exhibits 
transmission ratio distortion (TRD).

Materials and methods

Peripheral blood was obtained from all individuals of gen-
eration III from II.1, II.3, and II.4, as well as from IV.1, 
IV.3, and IV.8, after informed consent. Tissues were avail-
able from the aborted fetuses IV.2–IV.6, chorionic villi from 
IV.7, and fibroblasts from IV.6. Lymphoblastoid cell lines 
were established from III.1 to III.6 (Neitzel 1986). Genomic 
DNA was extracted according to standard procedures.

Linkage analysis

Genome-wide linkage was performed using the Affymetrix 
GeneChip® Human Mapping 10 K and 250 K Sty Arrays 
(Affymetrix, Santa Clara, CA). Relationship errors were 
evaluated with the help of the program Graphical Rela-
tionship Representation (Abecasis et al. 2001). The pro-
gram PedCheck was applied to detect Mendelian errors 
(O´Connell and Weeks 1998), Non-Mendelian errors were 
identified by the program MERLIN (Abecasis et al. 2002). 
Linkage analysis was performed assuming autosomal reces-
sive inheritance, full penetrance and a disease gene fre-
quency of 0.0001. Multipoint LOD scores were calculated 
using the program ALLEGRO (Gudbjartsson et al. 2000). 
Haplotypes were reconstructed with ALLEGRO and pre-
sented graphically with HaploPainter (Thiele and Nuernberg 
2005). All data handling was performed using the graphical 
user interface ALOHOMORA (Ruschendorf and Nuernberg 
2005).

Whole‑exome sequencing

Whole-exome sequencing using the ABI SOLiD platform 
was performed following enrichment of exonic sequences 
using Agilent's SureSelect whole-exome enrichment. Called 
variants were filtered to exclude variants not found in all 
affected persons as well as common variants identified in the 
dbSNP130 or HapMap databases and characterized by Poly-
Phen2 (Adzhubei et al. 2010) and mutation taster (Schwarz 
et al. 2010).

Whole‑genome sequencing (WGS) 
and bioinformatics

Genomic DNA was obtained from blood samples and librar-
ies were constructed according to the TruSeq PCR free or 
nano protocol. After passing quality control, DNA fragments 
with an insert size between 340 and 570 bp were subjected to 
sequencing on a HiSeq X Ten platform with 150 bp paired-
end protocol until minimum mean coverage of 30 × per sam-
ple was reached. The sequence reads were aligned using 
BWA–MEM, duplicates were masked using Samblaster, 
and the resulting SAM files were converted to BAM and 
sorted using Samtools (Li et al. 2009; Faust and Hall 2014). 
SNVs and small indels were called using the UnifiedGeno-
typer (after realignment) and the HaplotypeCaller tools from 
GATK with default settings (DePristo et al. 2011). SNVs 
and small indels were filtered to a high-confidence de novo 
candidate call sets in a fashion similar to the one described 
by Besenbacher et al. (2015). First, variants were filtered 
to those showing a de novo genotype pattern: heterozygous 
alternative in index and homozygous reference in the par-
ents. Second, variants were excluded falling into the UCSC 
“simpleRepeat” or “repeat_masker” track and also those 
having a value below 1 in the UCSC track “wgEncodeCrg-
MapabilityAlign36mer”. Third, a minimum genotype quality 
of 50 was required, a coverage between 10 and 120 reads, 
and a fraction of alternative reads at the variant site between 
0.2 and 0.8. Finally, we applied filters similar to Wong et al. 
to remove potential false positives caused by mapping errors 
(Wong et al. 2016).

Array CGH (aCGH)

Molecular karyotyping was performed using the Human 
Genome CGH Microarray Kit 244A (Agilent, Santa Clara 
CA, USA). Scanning of the hybridized array was carried out 
on an Agilent microarray scanner. Raw data were processed 
by the Feature Extraction 9.5.3.1 (Agilent) software. Deleted 
or amplified regions were determined by the CGH Analytics 
3.5 (Agilent) program.
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Microsatellite analysis

Linkage analysis based on semi-automated genotyping was 
carried out with microsatellite markers on DNA samples of 
all individuals of generation III and IV, including II-1 and 
II-3. Microsatellite markers and their distances were from 
the Marshfield linkage map. 12 microsatellites, flanking the 
PLK4 gene on chromosome 4q28 were analyzed. Moreo-
ver, more than 100 markers from candidate genes or gene 
regions on chromosomes 1, 3, 6, 12, 14, 18, and 19 were 
tested in a subset of individuals. Microsatellites were ampli-
fied by touchdown polymerase chain reaction (PCR) using 
fluorescently labeled primers as described elsewhere (Vanita 
et al. 2006). Data were collected and analyzed by GENES-
CAN version 3.1.2 (Applied Biosystems, Foster City, CA), 
and genotyping was done using GENOTYPER 2.5.1 soft-
ware (Applied Biosystems, Foster City, CA). Recombina-
tion frequencies (θ) were considered equal between males 
and females. Two-point linkage analysis was performed by 
MLINK from the LINKAGE program package (Lathrop 
et al. 1984), and multipoint analysis was undertaken using 
GENEHUNTER (Kruglyak et al. 1996).

Mutation screening

Mutation screening in more than 60 candidate genes was 
performed by bidirectional sequencing of PCR products. The 
PCR primers were designed using UCSC data base (http://​
genome.​ucsc.​edu/) for all exons and intron–exon bounda-
ries. PCR products were sequenced by BigDye Terminator 
method on an ABI 3730 sequencer.

cDNA analysis of the PLK4 gene

RNA was extracted from lymphocytes using the RNeasyr 
Mini Kit (Quiagen, Hilden, Germany). Total RNA was 
reversed transcribed using the RevertAid tm First Strand 
cdna SYNTHESIS Kit (Fermentas, St. Leon). The RT-PCR 
products were used for PLK4-specific PCR amplification.

Immunohistochemistry

Fibroblast lysates from a control and from the affected fetus 
IV.6 were resolved on a 4–12% Bis–Tris polyacrylamide gra-
dient gel (NuPage, Invitrogen). Proteins were transferred to 
an Invitrolon PVDF membrane (Invitrogen) which was then 
blocked for at least 1 h in 10% non-fat milk in Tris-buffered 
saline, pH 7.6, with 0.1% Tween-20 (TBS-T). Incubation 
with primary and secondary antibodies was performed in 
5% non-fat milk in TBS-T. All washing steps were carried 
out using TBS-T. Immunoblots were probed with a murine 
monoclonal antibody directed against amino acids 1–110 of 
human PLK4 (Abcam, ab56752) and a murine monoclonal 

antibody directed against rabbit muscle GAPDH (Thermo 
Fisher Scientific, AM4300). Primary antibodies were 
detected with horseradish peroxidase-conjugated goat anti-
mouse IgG (GE Healthcare, NA931V). Chemiluminescence 
was developed using Western Lightning (PerkinElmer Life 
Sciences, Boston, MA, USA).

Results and discussion

The analysis is based on a four-generation family. The unaf-
fected male of the core family (III.5 in Fig. 1) has four sibs 
all affected with microcephaly, intellectual disability, and 
the characteristic facial aspect of autosomal recessive pri-
mary microcephaly (sloping forehead, micrognathia). Two 
of them also exhibit short stature, two were in the lower nor-
mal range. All attended a school for mentally handicapped 
and were able to speak in sentences (Table 1).

The unaffected III.5 has together with his cousin III.6 
eight offspring, among them four fetuses with severe pri-
mary microcephaly diagnosed in the first trimester of preg-
nancy by ultrasound. All four affected fetuses presented with 
microcephaly and retrognathia already present at 15 gesta-
tional weeks. A detailed autopsy of the fetal brain of IV.2 
showed an extensive migration impairment of the cerebral 
hemispheres, a developmental disorder of the hippocampal 
formation and hypoplasia of the cerebellar hemispheres. The 
pregnancies with the affected fetuses were terminated on 
maternal psychological grounds.

II.1         II.2                            II.3         II.4

IV.1      IV.2      IV.3       IV.4       IV.5      IV.6     IV.7       IV.8

III.1      III.2         III.3        III.4        III.5           III.6

I.1           I.2

Fig. 1   Pedigree of the family with autosomal recessive primary 
microcephaly in generation III and IV. The PLK4 deletion (Star 
symbol) was inherited to 14 of the 16 offspring of generation I, both 
through spermatogenesis (II.2) and oogenesis (II.3, III.6). The com-
plete PLK4 constitution including the novel variant is depicted in 
Fig. 3

http://genome.ucsc.edu/
http://genome.ucsc.edu/
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The common grandparents (I.1, I.2) of III.5 and III.6 
were unrelated; however, their ancestors did come from the 
same small village. The mother (II.1) of the four affected 
sibs (III.1–III.4) is clinically inconspicuous and her head 
circumference at 56.5 cm is in the normal range. All patients 
and their unaffected relatives were examined by a clinical 
geneticist (Table 1).

Since III.5 and III.6 are first cousins, we expected that 
the affected offspring would be homozygous for the same 
recessive variant in a candidate gene involved in mitosis. 
Neither Sanger nor whole exome sequencing (WES) indi-
cated a homozygous variant of clinical significance in any of 
the relevant candidate genes (Suppl. Table 1). Genome wide 
SNP linkage analysis (10 K array) of the affected fetuses in 
generation IV revealed a compound heterozygous region of 
29.7 Mb on chromosome 4 from 109,289,155 (rs141066) 
to 139,029,890 (rs1112918) harboring the PLK4 gene. The 
affected individuals of generation III shared a compound 
heterozygous region of 40.7 Mb on chromosome 4, which 
is, however, localized distally of PLK4, from 131,116,040 
(rs17050775) to 171,779,140 (rs10017619). Thus, at the 
position of PLK4 the compound heterozygous regions of 
generation III and IV do not overlap, indicating either differ-
ent candidate genes segregating in the family or a more com-
plex mechanism explaining the inheritance of microcephaly 
in this family. Our attempt to map the region around PLK4 
using flanking microsatellite markers was inconclusive due 
to crossover events in III.4, III.5 and III.6 (Suppl. Figure 1).

Therefore, we performed a high-resolution array-CGH 
(aCGH) with DNA from three affected probands, one from 
generation III (III.2) and two from generation IV (IV.5, 
IV.6). The aCGH demonstrated a deletion spanning the com-
plete PLK4 gene, the complete MFSD8 gene and exon 1 of 
the ABHD18 gene (Fig. 2a). Based on WGS the size of the 
deletion is 115,948 bp (129,002,909 to 129,118,857) and the 
existing MSFD8 and ABDH18 genes are unaffected.

The MFSD8 gene encodes a ubiquitous integral mem-
brane protein that contains a transporter domain and a 
major facilitator superfamily (MFS) domain. Mutations in 
this gene are correlated with autosomal recessive neuronal 
ceroid lipofuscinoses and macular dystrophy with central 
cone involvement (https://​www.​decip​herge​nomics.​org/​gene/​
MFSD8/​overv​iew/​clini​cal-​info). The ABHD18 (Abhydro-
lase Domain Containing 18) gene is predicted to be located 
in the extracellular region. So far, no phenotypes are associ-
ated with sequence variants (https://​www.​decip​herge​nomics.​
org/​gene/​ABHD18/​overv​iew/​clini​cal-​info).

In Western blots of the affected fetus IV.6, we observed a 
single PLK4 band and a reduction in the amount of protein 
by 50% compared to the control (Suppl. Figure 2b).

To confirm the deletion in other family members, qPCR 
was performed indicating that all four affected members of 
generation III carry the deletion inherited on the paternal 
haplotype.

The mother III.6 and grandmother II.3 were carriers of 
the deletion but unaffected and III.6 transmitted the deletion 
to seven of her eight offspring, four of whom were affected 
by early prenatal onset of microcephaly (Figs. 1, 2). Thus, 
the segregation pattern in this family was indicative for 
recessive inheritance.

Subsequent sequencing of all PLK4 exons and the 
exon–intron boundaries demonstrated that all affected 
probands with the deletion of PLK4 carry a PLK4 vari-
ant c.881G (Suppl. Figure 2a). The variant has not been 
reported in any public database. All unaffected individuals 
with the deletion have the PLK4 wildtype allele c.881 T 
(II.3, III.6, IV.1, IV.3). The healthy father of generation 
IV (III.5) is heterozygous c.881 T/G, while the unaffected 
grandmother, II.1, is homozygous for the variant c.881G 
(Fig. 3). The base pair change results in the amino acid 
substitution of isoleucine by serin (p.294Ile > Ser) and is 
classified as a polymorphism by MutationTaster or benign 
by Polyphen. The substitution p.294Ile > Ser is localized 

Table 1   Clinical data of the four affected individuals in generation III

nd no data

Individual III.1 III.2 III.3 III.4

Age at clinical investigation (years) 30 30 26 24
Sex Male Female Female Male
Low birth weight nd nd nd  –  (3000 g)
Body length (cm) 144 ( – 5.3 SD) 135 ( – 5 SD) 153 ( –  2.3 SD) 164 ( – 2.3 SD)
Weight (kg) 50.9 34.5 62.5 60.0
Head circumference (cm) 46.3 ( – 7.0 SD) 43.5 ( – 12.6 SD) 47.5 ( –  7.4 SD) 48.8 ( –  5.3 SD)
Craniofacial dysmorphism Sloping forehead, micro-

gnathia
Sloping forehead, microg-

nathia
Sloping forehead, micro-

gnathia
Sloping fore-

head, microg-
nathia

Intellectual disability Moderate Moderate Moderate Moderate

https://www.deciphergenomics.org/gene/MFSD8/overview/clinical-info
https://www.deciphergenomics.org/gene/MFSD8/overview/clinical-info
https://www.deciphergenomics.org/gene/ABHD18/overview/clinical-info
https://www.deciphergenomics.org/gene/ABHD18/overview/clinical-info
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in the first PEST domain of PLK4 near the Degron motif 
with its serine and threonine residues (Fig. 2b), a peptide 
sequence hypothesized to target proteins for degradation 
(Rogers et al. 1986). PLK4 autophosphorylates the serine 
and threonine residues in the PEST domain to enhance 
its own degradation (Holland et al. 2010). In contrast to 
isoleucine serine can be phosphorylated. It is, therefore, 
plausible to assume that the mutation p.294Ile > Ser results 
in a further phosphorylatable site which could increase 
autodegradation of PLK4.

Thus, all affected individuals are compound heterozygous 
for the novel PLK4 variant (c.881 T > G) and the deletion 
covering PLK4 (Fig. 2). The four affected adult patients of 
generation III reported here have a remarkably mild clini-
cal phenotype compared to individuals with previously 
described PLK4 mutations. The latter show more severe 
microcephaly (up to  – 15 SD) and short stature (up to  – 8 
SD), whereas two of our patients exhibit only mild short 
stature (III.3, III.4), two were in the lower normal range. 
Furthermore, our patients have only moderate Intellectual 
disability as all have attended a school for mentally handi-
capped. In particular their verbal skills are noteworthy, 
since all were able to speak in sentences, while the patients 
described in the literature have no speech or can speak only 
single words. Most reported patients have variable ophthal-
mological anomalies including retinopathy, microphthalmia, 
and optic nerve hypoplasia. A detailed ophthalmological 
examination could not be performed on our patients.

It is quite remarkable, that the grandmother, II.1, is 
homozygous for the variant c.881G but unaffected hav-
ing a head circumference at 56.5 cm in the normal range. 
Thus, the pathogenic nature of the missense variant obvi-
ously becomes overt only in hemizygous individuals, when 
combined with the deletion of PLK4 on the other chromo-
some. This suggests that the impairment of PLK4 function 
by mutation p.294Ile > Ser is without obvious phenotypic 
consequences in the homozygous state; however, com-
pound heterozygote carriers of the deletion together with 
p.294Ile > Ser are at risk to be affected with microcephaly. 
That also explains the relatively mild clinical manifestations 
in the PLK4 patients reported here.

So far, our results of comprehensive genetic analyses 
using aCGH, WES, Sanger sequencing, and STR map-
ping are conclusive. However, that does not explain that 
genome wide SNP linkage analysis does not include PLK4 
in the compound heterozygote region in generation III. This 
prompted us to reconstruct the region around PLK4 with 
SNP markers in the unaffected grandmother, II.1 and her 
offspring. In II.1 the homozygous PLK4 variant c.811G 
is embedded in a 1.83 Mb homozygous region which is, 
however, localized on two different haplotypes (G1 and G2) 
(Fig. 3, Suppl. Figure 3). Consequently, II.1 inherits the vari-
ant c.881G to all offspring. The two affected individuals, 
III.2 and III.3, and their healthy brother, III.5 have the same 
maternal haplotype (G2). The affected proband III.4 carries 
the other maternal G allele (G1) and III.1 has a double cross-
over resulting in a switch from G2 to G1 proximal of PLK4 

Fig. 2   a Deleted region of 
chromosome 4 identified by 
array-CGH. b Novel missense 
variant (c.811 T > G) in PLK4 
near the Degron motif resulting 
in the replacement of isoleu-
cine by serine (p.294Ile > Ser). 
The known (P) and putative 
autophosphorylation sites ℗, 
which regulate the degradation 
of the protein, are indicated 
(after www.​phosp​hosite.​org/). 
Note, that the mutation creates a 
potential new autophosphoryla-
tion site. c qPCR analysis of 
exons 4, 5.1, 5.2 and 6 of PLK4 
(brown–purple) and as a control 
exon 2 of the Cystic fibrosis 
transmembrane conductance 
regulator (CFTR) gene (blue)

Control   II.3      II.4      III.1      III.2    III.3      III.4     III.5     III.6      IV.1     IV.3    IV.4      IV.5  IV.6    IV.7    IV.8

a

b
c

http://www.phosphosite.org/
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and back to G2 distal of PLK4 (Suppl. Figure 3). Thus, two 
affected carry the G1 und two affected the G2 haplotype 
around PLK4 (Fig. 3). This explains also why this candidate 
region could not be detected by automated linkage analysis.

The sequence of 1.83 Mb around the PLK4 locus is 
homozygous for all 84 SNPs on both haplotypes of II.1 

(Fig. 3, Suppl. Figure 3). This could have resulted from a 
crossover in a heterozygote individual of a previous gen-
eration accompanied by gene conversion. Based on 158 
WGS analyses of unrelated probands we found 3 cases 
with 0 to 2 heterozygote SNPs in this region (1.9%; range 
0–50, median 24, Suppl. Table 2), also pointing to gene 

Fig. 3   Reconstruction of haplotypes based on manual analysis of 
SNPs and microsatellites (Suppl. Figure  1) flanking the PLK4 gene 
and the region of gene conversion. The color changes point to the 
sites of crossovers. green—grandmother (II.1) haplotype G1 with the 
mutated PLK4 allele c.881G, blue—grandmother haplotype G2 with 

the mutated PLK4 allele, red—grandfather (II.2) haplotype with the 
deletion, yellow—grandfather haplotype with the wild-type PLK4 
allele c.881 T, purple—grandmother (II.3) haplotype with the wild-
type PLK4 allele, light and dark gray—grandfather (II.4) haplotypes 
with the wild-type PLK4 alleles
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conversion. This is in line with the observation that such 
“complex crossovers” affect about 1% of all crossovers 
(Halldorsson et al. 2016; Halldorsson et al. 2019). Clearly, 
the 4q28 region is not a hotspot of recombination. How-
ever, the slightly higher crossover rate could be explained 
by its rather low GC content (Piovesan et al. 2019) and 
its late replication (Woodfine et al. 2004) both of which 
are characteristic for regions with higher crossover rates.

Thus, the clinical manifestations of the four affected 
family members of generation III. are due to either the 
mutated G1 or G2 haplotype inherited from II.1 (Fig. 3, 
Suppl. Figure 3) combined with the deletion of PLK4. 
The affected fetuses of generation IV received the G2 
haplotype from their father and the deletion from their 
mother (Fig. 3). Altogether the deletion was inherited by 
14 of 16 offspring, a significant deviation from expecta-
tion (P = 0.004, two-tailed binomial test). Four affected 
individuals of generation III inherited the deletion from 
their father (II.2), while the four affected fetuses of gen-
eration IV inherited it from their mother (III.6). In total, 
III.6 transmitted the deletion to seven of her eight children 
(Figs. 1, 3).

Interestingly, if the numbers of affected and unaffected 
individuals of the other families, published with PLK4 muta-
tions, are included, there is a significant overrepresentation 
of affected probands (Table 2; P = 0.002). Thus, the trans-
mission ratio distortion is not confined to the PLK4 deletion 
but also valid for the point mutations listed in Table 2. With-
out our family, the  p value is 0,059. This is no longer sig-
nificant, but in our impression still relevant, (if all affected 
homozygotes of the other families are included the p value 
is 0.0002).

Examples of transmission ratio distortion (TRD) are rare 
because of a strong selection pressure for equal segregation 
of alleles (Nadeau 2017). TRD has been extensively studied 
in animals, has also been documented in human offspring 
of carriers with specific structural chromosome aberrations 
(Honeywell et al. 2012) and might also apply to specific loci 
in man (Meyer et al. 2012). Just recently Stabile et al (2020) 
described a preferential transmission of a mutation of the 
X-linked gene ATRX to the offspring. The most favoured 
mechanisms underlying TRD are meiotic drive (preferen-
tial transmission of a particular allele at meiosis), gametic 
competition (differential success of gametes in achieving 
fertilization), and embryo lethality (postzygotic selection 
against particular genotypes) (Huang et al. 2013).

In general, meiotic drive or gametic competition are 
restricted to one sex (Nadeau 2017) and are rather unlikely 
in the present family, since both spermatogenesis and oogen-
esis are involved in the preferential transmission of the PLK4 
deletion. Moreover, there is no evidence for spontaneous 
embryo lethality. Thus, the mechanisms discussed so far 
cannot explain the specific situation in this family.

It is well known that aneuploidy due to maternal mei-
otic non-disjunction can affect more than 50% of oocytes 
from women ≥ 40 years (MC 2019). Based on the analysis 
of human disaggregated cleavage-stage embryos, it is also 
evident that chromosomal errors are common during post-
fertilization, leading to aneuploid mosaicism, which could 
rise to 95% in blastocysts (Starostik et al. 2020). In com-
bination with time lapse imaging of developing embryos 
in vitro it could be shown that the incidence of abnormal 
mitoses with monopolar or multipolar spindles in the first 
three cleavage divisions affects about 25% of all embryos 
(Hlinka et al. 2012; Athayde Wirka et al. 2014; Kalatova 
et al. 2015; Zhan et al. 2016; Ottolini et al. 2017). Thus, it is 
realistic to assume that aneuploidy is a natural occurrence 
in early human embryos (Lee and Kiessling 2017; McCoy 
2017).

In the present context it is relevant that early mitotic 
divisions are controlled both by maternal gene products, 
such as the key centrosomal proteins, including PLK4 
(Alvarez Sedo et  al. 2011) and by paternal elements 
provided by the sperm, such as the centriole (Palermo 
et al.1994; Sathananthan et al. 1996), for which PLK4 
plays a key role in biogenesis (Nigg and Holland, 2018; 
Avidor-Reiss and Fishman 2019). The number of cen-
trioles is a tightly controlled process to ensure a bipolar 
spindle and maintain genomic integrity (Ohta et al. 2018). 
While increased expression of PLK4 is associated with 
centriole overduplication (Ganem et al. 2009), reduced 

Table 2   Comparison of the numbers of affected ( – / – ) and unaffected 
(+ / + ; ±) offspring in families with PLK4 mutations

Note: To calculate the expected number of affected individuals for 
statistical comparison (chi2 test), the index case from each family was 
omitted (corr.). The expected numbers are based on autosomal reces-
sive inheritance with a 3: 1 segregation ratio, #except for generation 
III with a 1: 1 ratio due to homozygosity of II.1 of the mutated allele

Family Mutation  + / + & ±   – / – 

Martin et al. 2014 Corr
- Pakistan p.Arg936Serfs*1 10 7 6
- Iran p.Phe433Leufs*6 – 1 0
- Madagaskar p.Phe433Leufs*6 – 1 0
Shaheen et al. 2014 p.Phe433Leufs*6 2 3 2
Tsutsumi et al. 2016 p.M148V/p.C779Y – 1 0
Dincer et al. 2017 p.Asp11Profs*14 2 3 2
Martin-Rivada et al. 

2020
p.Phe433Leufs*6 2 2 1

This report
- Generation IV p.Ile294Ser/ Del 4 4 4
- Generation III* p.Ile294Ser/ Del 1 4 3

N observed 21 26 18
Two-tailed P = 0.002 N expected 29.25 9.75
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expression leads to centriole loss (Bettencourt-Dias et al. 
2011; Bettencourt-Dias et al. 2005).

Interestingly, a significant association has been reported 
between early mitotic aneuploidies and specific maternal 
haplotypes on chromosome 4 at q28.1 to q28.2, includ-
ing PLK4 (McCoy et al. 2015a, b; Zhang et al. 2017). 
One haplotype is associated with tripolar mitotic spindles 
leading to “chaotic mosaic aneuploidy” in cleavage-stage 
embryos (McCoy et al. 2017, 2018). In normally fertilized 
zygotes these tripolar spindles are the key mechanism 
contributing to the low rates of blastocyst formation. The 
other haplotype, with SNPs within the coding sequence 
of PLK4, in the kinase domain (rs3811740) and in the 
crypto Polo-box domain (rs17012739), is associated with 
less aneuploidy (McCoy et al. 2015a, b, 2018; Zhang et al. 
2017). In our family all affected members are hemizygous 
for this haplotype (Suppl. Table 3).

Based on these observations it is tempting to specu-
late that the high rate of multipolar spindles during early 
mitotic divisions is due to the normally high expression of 
PLK4, resulting in reproductive failure. If the expression is 
reduced by deletion or mutation of the maternal or paternal 
PLK4 allele, this could result in more bipolar spindles, 
leading to more viable diploid embryos. Consequently, the 
deleted PLK4 allele is preferentially transmitted.

From an evolutionary point of view, it seems a paradox 
that the extremely high rate of meiotic and early mitotic 
aneuploidies, accompanied by reproductive failure, should 
represent a selective advantage. In fact, this is an adaptive 
mechanism to extend the interbirth interval from 9 months 
to 3–4 years, resulting in better overall survival rates. This 
mostly unnoticed failure reduces maternal costs which has 
been of particular importance in early human evolution 
(Lubinsky 2018; Valeggia and Ellison 2009). So far, there 
is no convincing evidence that PLK4 mutations could exert 
a heterozygote advantage. However, one cannot exclude 
that PLK4 heterozygotes could have a lower tumor risk at 
reproductive age, since PLK4 inhibitors do indeed sup-
press tumor growth in vitro and in vivo (Zhao and Wang 
2019; Raab et al. 2021).

Unfortunately, the effect of PLK4 “normalization” can-
not be tested in the mouse model, because mouse sperm 
and zygotes appear to lack centrioles (Avidor-Reiss and 
Fisherman 2019; Avidor Reis et al. 2020) and the rate of 
aneuploidies in mouse embryos is more than an order of 
magnitude lower than in man (Bond and Chandley 1983). 
In the future, the in vitro generation of human primor-
dial germ cells from pluripotent stem cells may allow the 
investigation of the mechanisms of early human embry-
onic cell divisions, including the role of PLK4 (Jung et al. 
2017; Hayashi et al. 2018).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00439-​022-​02461-w.

Acknowledgements  Sana Ullah Chughtai received a stipend from the 
“Higher Education Commission” (H-9), Islamabad, Pakistan in col-
laboration with the DAAD (A/04/30796). This work was supported 
by grants from the Deutsche Forschungsgemeinschaft DFG; Grant 
number: NE 531/5-1 to H.N. & K.S., to K.S. & M.D. (Collaborative 
Research Center 577), and to M.S. (Collaborative Research Center 
1399). We are much obliged to the probands and their family for their 
participation. We acknowledge the probands and their parents for their 
participation. We thank Susanne Rothe, Bastian Salewsky, and Britta 
Teubner for technical assistance, and Robin Schwerdtfeger for prenatal 
sonography.

Author contributions  Conceived and designed the experiments: HN, 
RV, PN, and KS. Performed the experiments: SC, JD, VD-T, GN, MS, 
MD, GH, KH, and MH. Analyzed the data: HN, SC, GN, and MH. 
Contributed the clinical data: DH, BS, and NS. The first draft of the 
manuscript was written by KS and HN. All authors read and approved 
the final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. Sana Ullah Chughtai received a stipend from the “Higher Edu-
cation Commission” (H-9), Islamabad, Pakistan in collaboration with 
the DAAD (A/04/30796). This work was supported by grants from the 
Deutsche Forschungsgemeinschaft DFG; Grant number: NE 531/5–1 
to H.N. & K.S., to K.S. & M.D. (Collaborative Research Center 577), 
and to M.S. (Collaborative Research Center 1399).

 Data availability   The data that support the findings of this study are 
available in this article. The additional data sets generated during the 
current study (i.e., 10 K, 250 K SNP arrays, STR analysis, Sanger 
Sequencing) are available from the corresponding author on reason-
able request. 

Declarations 

Conflict of interests  The authors have no relevant financial or non-
financial interests to disclose.

Ethics approval and consent to participate (publish)  This study was 
performed in line with the principles of the Declaration of Helsinki. All 
procedures were performed in accordance with the ethical standards of 
the “Ethics Committee of the Charité—Universitaetsmedizin, Berlin” 
and with the consent of the subjects’ legal guardian.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

https://doi.org/10.1007/s00439-022-02461-w
http://creativecommons.org/licenses/by/4.0/


1793Human Genetics (2022) 141:1785–1794	

1 3

References

Abecasis GR, Cherny SS, Cookson WO, Cardon LR (2001) GRR: 
graphical representation of relationship errors. Bioinformatics 
17:742–743

Abecasis GR, Cherny SS, Cookson WO, Cardon LR (2002) Merlin–
rapid analysis of dense genetic maps using sparse gene flow trees. 
Nat Genet 30:97–101. https://​doi.​org/​10.​1038/​ng786

Adzhubei IA et al (2010) A method and server for predicting damaging 
missense mutations. Nat Methods 7:248–249. https://​doi.​org/​10.​
1038/​nmeth​0410-​248

Alvarez Sedo C, Schatten H, Combelles CM, Rawe VY (2011) The 
nuclear mitotic apparatus (NuMA) protein: localization and 
dynamics in human oocytes, fertilization and early embryos. Mol 
Hum Reprod 17:392–398. https://​doi.​org/​10.​1093/​molehr/​gar009

Athayde Wirka K et al (2014) Atypical embryo phenotypes identified 
by time-lapse microscopy: high prevalence and association with 
embryo development. Fertil Steril 101:1637–1648. https://​doi.​
org/​10.​1016/j.​fertn​stert.​2014.​02.​050

Avidor-Reiss T, Fishman EL (2019) It takes two (centrioles) to 
tango. Reproduction 157:R33–R51. https://​doi.​org/​10.​1530/​
REP-​18-​0350

Avidor-Reiss T, Zhang Z, Li XZ (2020) Editorial: sperm differentia-
tion and spermatozoa function: mechanisms, diagnostics, and 
treatment. Front Cell Dev Biol 8:219. https://​doi.​org/​10.​3389/​
fcell.​2020.​00219

Besenbacher S et al (2015) Novel variation and de novo mutation 
rates in population-wide de novo assembled Danish trios. Nat 
Commun 6:5969. https://​doi.​org/​10.​1038/​ncomm​s6969

Bettencourt-Dias M, Hildebrandt F, Pellman D, Woods G, Godinho 
SA (2011) Centrosomes and cilia in human disease. Trends 
Genet 27:307–315. https://​doi.​org/​10.​1016/j.​tig.​2011.​05.​004

Bettencourt-Dias M et al (2005) SAK/PLK4 is required for centriole 
duplication and flagella development. Curr Biol 15:2199–2207. 
https://​doi.​org/​10.​1016/j.​cub.​2005.​11.​042

Bond DJ, Chandley AC (1983) Aneuploidy: The origins and causes 
of aneuploidy in experimental organisms. Oxford University 
Press, Oxford

Cappello P et al (2014) Role of Nek2 on centrosome duplication 
and aneuploidy in breast cancer cells. Oncogene 33:2375–2384. 
https://​doi.​org/​10.​1038/​onc.​2013.​183

Cioppi F, Rosta V, Krausz C (2021) Genetics of Azoospermia. Int J 
Mol Sci 22:3264. https://​doi.​org/​10.​3390/​ijms2​20632​64

Coelho PA et al (2013) Spindle formation in the mouse embryo 
requires Plk4 in the absence of centrioles. Dev Cell 27:586–597. 
https://​doi.​org/​10.​1016/j.​devcel.​2013.​09.​029

DePristo MA et al (2011) A framework for variation discovery and 
genotyping using next-generation DNA sequencing data. Nat 
Genet 43:491–498. https://​doi.​org/​10.​1038/​ng.​806

Dincer T et al (2017) Analysis of centrosome and DNA damage 
response in PLK4 associated Seckel syndrome. Eur J Hum 
Genet 25:1118–1125. https://​doi.​org/​10.​1038/​ejhg.​2017.​120

Eckerdt F, Yamamoto TM, Lewellyn AL, Maller JL (2011) Identi-
fication of a polo-like kinase 4-dependent pathway for de novo 
centriole formation. Curr Biol 21:428–432. https://​doi.​org/​10.​
1016/j.​cub.​2011.​01.​072

Faust GG, Hall IM (2014) SAMBLASTER: fast duplicate marking 
and structural variant read extraction. Bioinformatics 30:2503–
2505. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu314

Fishman et al (2018) A novel atypical sperm centriole is functional 
during human fertilization. Nat Commun 9:2210. https://​doi.​
org/​10.​1038/​s41467-​018-​04678-8

Ganem NJ, Godinho SA, Pellman D (2009) A mechanism linking 
extra centrosomes to chromosomal instability. Nature 460:278–
282. https://​doi.​org/​10.​1038/​natur​e08136

Gudbjartsson DF, Jonasson K, Frigge ML, Kong A (2000) Allegro, 
a new computer program for multipoint linkage analysis. Nat 
Genet 25:12–13. https://​doi.​org/​10.​1038/​75514

Halldorsson BV et al (2016) The rate of meiotic gene conversion 
varies by sex and age. Nat Genet 48:1377–1384. https://​doi.​
org/​10.​1038/​ng.​3669

Halldorsson BV et al (2019) Characterizing mutagenic effects of 
recombination through a sequence-level genetic map. Science. 
https://​doi.​org/​10.​1126/​scien​ce.​aau10​43

Hayashi M, Kawaguchi T, Durcova-Hills G, Imai H (2018) Gen-
eration of germ cells from pluripotent stem cells in mammals. 
Reprod Med Biol 17:107–114. https://​doi.​org/​10.​1002/​rmb2.​
12077

Hlinka D et al (2012) Time-lapse cleavage rating predicts human 
embryo viability. Physiol Res 61: 513–525. https://​doi.​org/​10.​
33549/​physi​olres.​932287

Holland AJ, Lan W, Niessen S, Hoover H, Cleveland DW (2010) Polo-
like kinase 4 kinase activity limits centrosome overduplication by 
autoregulating its own stability. J Cell Biol 188:191–988. https://​
doi.​org/​10.​1083/​jcb.​20091​1102

Honeywell C et al (2012) Apparent transmission distortion of a peri-
centric chromosome one inversion in a large multi-generation 
pedigree. Am J Med Genet A 158A:1262–1268. https://​doi.​org/​
10.​1002/​ajmg.a.​35286

Huang LO, Labbe A, Infante-Rivard C (2013) Transmission ratio dis-
tortion: review of concept and implications for genetic associa-
tion studies. Hum Genet 132:245–263. https://​doi.​org/​10.​1007/​
s00439-​012-​1257-0

Hudson JW et al (2001) Late mitotic failure in mice lacking Sak, a 
polo-like kinase. Curr Biol 11:441–446. https://​doi.​org/​10.​1016/​
s0960-​9822(01)​00117-8

Jayaraman D, Bae BI, Walsh CA (2018) The Genetics of Primary 
Microcephaly. Annu Rev Genomics Hum Genet 19:177–200. 
https://​doi.​org/​10.​1146/​annur​ev-​genom-​083117-​021441

Jung D et al (2017) In vitro differentiation of human embryonic stem 
cells into ovarian follicle-like cells. Nat Commun 8:15680. https://​
doi.​org/​10.​1038/​ncomm​s15680

Kalatova B, Jesenska R, Hlinka D, Dudas M (2015) Tripolar mitosis 
in human cells and embryos: occurrence, pathophysiology and 
medical implications. Acta Histochem 117:111–125. https://​doi.​
org/​10.​1016/j.​acthis.​2014.​11.​009

Ko MA et al (2005) Plk4 haploinsufficiency causes mitotic infidelity 
and carcinogenesis. Nat Genet 37:883–888. https://​doi.​org/​10.​
1038/​ng1605

Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES (1996) Parametric 
and nonparametric linkage analysis: a unified multipoint approach. 
Am J Hum Genet 58:1347–1363

Lathrop GM, Lalouel JM, Julier C, Ott J (1984) Strategies for mul-
tilocus linkage analysis in humans. Proc Natl Acad Sci U S A 
81:3443–3446

Lee A, Kiessling AA (2017) Early human embryos are naturally ane-
uploid-can that be corrected? J Assist Reprod Genet 34:15–21. 
https://​doi.​org/​10.​1007/​s10815-​016-​0845-7

Li H et al (2009) The Sequence Alignment/Map format and SAMtools. 
Bioinformatics 25:2078–2079. https://​doi.​org/​10.​1093/​bioin​forma​
tics/​btp352

Lubinsky M (2018) Evolutionary justifications for human reproductive 
limitations. J Assist Reprod Genet 35:2133–2139. https://​doi.​org/​
10.​1007/​s10815-​018-​1285-3

Martin CA et al (2014) Mutations in PLK4, encoding a master regula-
tor of centriole biogenesis, cause microcephaly, growth failure 
and retinopathy. Nat Genet 46:1283–1292. https://​doi.​org/​10.​
1038/​ng.​3122

Martin-Rivada A et al (2020) Primary dwarfism, microcephaly, and 
chorioretinopathy due to a plk4 mutation in two siblings. Horm 
Res Paediatr 93:567–572. https://​doi.​org/​10.​1159/​00051​4280

https://doi.org/10.1038/ng786
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1093/molehr/gar009
https://doi.org/10.1016/j.fertnstert.2014.02.050
https://doi.org/10.1016/j.fertnstert.2014.02.050
https://doi.org/10.1530/REP-18-0350
https://doi.org/10.1530/REP-18-0350
https://doi.org/10.3389/fcell.2020.00219
https://doi.org/10.3389/fcell.2020.00219
https://doi.org/10.1038/ncomms6969
https://doi.org/10.1016/j.tig.2011.05.004
https://doi.org/10.1016/j.cub.2005.11.042
https://doi.org/10.1038/onc.2013.183
https://doi.org/10.3390/ijms22063264
https://doi.org/10.1016/j.devcel.2013.09.029
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/ejhg.2017.120
https://doi.org/10.1016/j.cub.2011.01.072
https://doi.org/10.1016/j.cub.2011.01.072
https://doi.org/10.1093/bioinformatics/btu314
https://doi.org/10.1038/s41467-018-04678-8
https://doi.org/10.1038/s41467-018-04678-8
https://doi.org/10.1038/nature08136
https://doi.org/10.1038/75514
https://doi.org/10.1038/ng.3669
https://doi.org/10.1038/ng.3669
https://doi.org/10.1126/science.aau1043
https://doi.org/10.1002/rmb2.12077
https://doi.org/10.1002/rmb2.12077
https://doi.org/10.33549/physiolres.932287
https://doi.org/10.33549/physiolres.932287
https://doi.org/10.1083/jcb.200911102
https://doi.org/10.1083/jcb.200911102
https://doi.org/10.1002/ajmg.a.35286
https://doi.org/10.1002/ajmg.a.35286
https://doi.org/10.1007/s00439-012-1257-0
https://doi.org/10.1007/s00439-012-1257-0
https://doi.org/10.1016/s0960-9822(01)00117-8
https://doi.org/10.1016/s0960-9822(01)00117-8
https://doi.org/10.1146/annurev-genom-083117-021441
https://doi.org/10.1038/ncomms15680
https://doi.org/10.1038/ncomms15680
https://doi.org/10.1016/j.acthis.2014.11.009
https://doi.org/10.1016/j.acthis.2014.11.009
https://doi.org/10.1038/ng1605
https://doi.org/10.1038/ng1605
https://doi.org/10.1007/s10815-016-0845-7
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1007/s10815-018-1285-3
https://doi.org/10.1007/s10815-018-1285-3
https://doi.org/10.1038/ng.3122
https://doi.org/10.1038/ng.3122
https://doi.org/10.1159/000514280


1794	 Human Genetics (2022) 141:1785–1794

1 3

McCoy RC et al (2015a) Common variants spanning PLK4 are associ-
ated with mitotic-origin aneuploidy in human embryos. Science 
348:235–238. https://​doi.​org/​10.​1126/​scien​ce.​aaa33​37

McCoy RC et al (2015b) Evidence of Selection against Complex 
Mitotic-Origin Aneuploidy during Preimplantation Development. 
PLoS Genet 11:e1005601. https://​doi.​org/​10.​1371/​journ​al.​pgen.​
10056​01

McCoy RC (2017) Mosaicism in Preimplantation Human Embryos: 
When Chromosomal Abnormalities Are the Norm. Trends Genet 
33:448–463. https://​doi.​org/​10.​1016/j.​tig.​2017.​04.​001

McCoy RC et al (2018) Tripolar chromosome segregation drives the 
association between maternal genotype at variants spanning PLK4 
and aneuploidy in human preimplantation embryos. Hum Mol 
Genet 27:2573–2585. https://​doi.​org/​10.​1093/​hmg/​ddy147

Svb MC (2019) Molecular aspects of aneuploidy in preimplantation 
human embryos: a mini-review. Ann Res Hosp 3:8

Meyer WK et al (2012) Evaluating the evidence for transmission distor-
tion in human pedigrees. Genetics 191:215–232. https://​doi.​org/​
10.​1534/​genet​ics.​112.​139576

Miyamoto T et al (2016) A PLK4 mutation causing azoospermia in a 
man with Sertoli cell-only syndrome. Andrology 4:75–81. https://​
doi.​org/​10.​1111/​andr.​12113

Nadeau JH (2017) Do Gametes Woo? Evidence for Their Nonrandom 
Union at Fertilization. Genetics 207:369–387. https://​doi.​org/​10.​
1534/​genet​ics.​117.​300109

Naveed M et al (2018) Comprehensive review on the molecular genet-
ics of autosomal recessive primary microcephaly (MCPH). Genet 
Res (camb). https://​doi.​org/​10.​1017/​S0016​67231​80000​46

Neitzel H (1986) A routine method for the establishment of permanent 
growing lymphoblastoid cell lines. Hum Genet 73:320–326

Nigg EA, Holland AJ (2018) Once and only once: mechanisms of cen-
triole duplication and their deregulation in disease. Nat Rev Mol 
Cell Biol 19:297–312. https://​doi.​org/​10.​1038/​nrm.​2017.​127

O’Connell JR, Weeks DE (1998) PedCheck: a program for identifica-
tion of genotype incompatibilities in linkage analysis. Am J Hum 
Genet 63:259–266. https://​doi.​org/​10.​1086/​301904

Ohta M et al (2018) Bimodal binding of STIL to Plk4 controls proper 
centriole copy number. Cell Rep. https://​doi.​org/​10.​1016/j.​celrep.​
2018.​05.​030

Ottolini CS et al (2017) Tripolar mitosis and partitioning of the genome 
arrests human preimplantation development in vitro. Sci Rep 
7:9744. https://​doi.​org/​10.​1038/​s41598-​017-​09693-1

Palermo G, Munne S, Cohen J (1994) The human zygote inherits its 
mitotic potential from the male gamete. Hum Reprod 9:1220–
1225. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​humrep.​a1386​82

Piovesan A et al (2019) On the length, weight and GC content of the 
human genome. BMC Res Notes 12:106. https://​doi.​org/​10.​1186/​
s13104-​019-​4137-z

Raab CA, Raab M, Becker S, Strebhardt K (2021) Non-mitotic func-
tions of polo-like kinases in cancer cells. Biochim Biophys Acta 
Rev Cancer 1875:188467. https://​doi.​org/​10.​1016/j.​bbcan.​2020.​
188467

Rogers S, Wells R, Rechsteiner M (1986) Amino acid sequences com-
mon to rapidly degraded proteins: the PEST hypothesis. Science 
234:364–368. https://​doi.​org/​10.​1126/​scien​ce.​28765​18

Rosario CO et al (2010) Plk4 is required for cytokinesis and main-
tenance of chromosomal stability. Proc Natl Acad Sci U S A 
107:6888–6893. https://​doi.​org/​10.​1073/​pnas.​09109​41107

Ruschendorf F, Nurnberg P (2005) ALOHOMORA: a tool for linkage 
analysis using 10K SNP array data. Bioinformatics 21:2123–2125. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​bti264

Sathananthan AH et al (1996) The sperm centriole: its inheritance, rep-
lication and perpetuation in early human embryos. Hum Reprod 
11:345–356. https://​doi.​org/​10.​1093/​humrep/​11.2.​345

Schatten H, Sun QY (2011) New insights into the role of centrosomes 
in mammalian fertilization and implications for ART. Reproduc-
tion 142:793–801. https://​doi.​org/​10.​1530/​REP-​11-​0261

Schwarz JM, Rodelsperger C, Schuelke M, Seelow D (2010) Mutation-
Taster evaluates disease-causing potential of sequence alterations. 
Nat Methods 7:575–576. https://​doi.​org/​10.​1038/​nmeth​0810-​575

Shaheen R, Al Tala S, Almoisheer A, Alkuraya FS (2014) Mutation in 
PLK4, encoding a master regulator of centriole formation, defines 
a novel locus for primordial dwarfism. J Med Genet 51:814–816. 
https://​doi.​org/​10.​1136/​jmedg​enet-​2014-​102790

Siskos N, Stylianopoulou E, Skavdis G, Grigoriou ME (2021) Molec-
ular genetics of microcephaly primary hereditary: an overview. 
Brain Sci. https://​doi.​org/​10.​3390/​brain​sci11​050581

Sonnen KF, Gabryjonczyk AM, Anselm E, Stierhof YD, Nigg EA 
(2013) Human Cep192 and Cep152 cooperate in Plk4 recruitment 
and centriole duplication. J Cell Sci 126:3223–3233. https://​doi.​
org/​10.​1242/​jcs.​129502

Stabile M et al (2020) A novel exomal ATRX mutation with prefer-
ential transmission to offspring: A case report and review of the 
literature for transmission ratio distortion in ATRX families. Mol 
Med Rep 22:4561–4566. https://​doi.​org/​10.​3892/​mmr.​2020.​11574

Starostik MR, Sosina OA, McCoy RC (2020) Single-cell analysis 
of human embryos reveals diverse patterns of aneuploidy and 
mosaicism. Genome Res 30:814–825. https://​doi.​org/​10.​1101/​gr.​
262774.​120

Thiele H, Nurnberg P (2005) HaploPainter: a tool for drawing pedi-
grees with complex haplotypes. Bioinformatics 21:1730–1732. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​bth488

Tsutsumi M et al (2016) Novel compound heterozygous variants in 
PLK4 identified in a patient with autosomal recessive micro-
cephaly and chorioretinopathy. Eur J Hum Genet 24:1702–1706. 
https://​doi.​org/​10.​1038/​ejhg.​2016.​119

Valeggia C, Ellison PT (2009) Interactions between metabolic and 
reproductive functions in the resumption of postpartum fecundity. 
Am J Hum Biol 21:559–566. https://​doi.​org/​10.​1002/​ajhb.​20907

Vanita V, Singh D, Robinson PN, Sperling K, Singh JR (2006) A novel 
mutation in the DNA-binding domain of MAF at 16q23.1 associ-
ated with autosomal dominant “cerulean cataract” in an Indian 
family. Am J Med Genet A 140:558–566. https://​doi.​org/​10.​1002/​
ajmg.a.​31126

Wong WS et al (2016) New observations on maternal age effect on 
germline de novo mutations. Nat Commun 7:10486. https://​doi.​
org/​10.​1038/​ncomm​s10486

Woodfine K et al (2004) Replication timing of the human genome. 
Hum Mol Genet 13:191–202. https://​doi.​org/​10.​1093/​hmg/​ddh016

Yamamoto S, Kitagawa D (2021) Emerging insights into symmetry 
breaking in centriole duplication: updated view on centriole dupli-
cation theory. Curr Opin Struct Biol 66:8–14. https://​doi.​org/​10.​
1016/j.​sbi.​2020.​08.​005

Zhan Q, Ye Z, Clarke R, Rosenwaks Z, Zaninovic N (2016) Direct 
unequal cleavages: embryo developmental competence, genetic 
constitution and clinical outcome. PLoS ONE 11:e0166398. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01663​98

Zhang Q et al (2017) Maternal common variant rs2305957 spanning 
PLK4 is associated with blastocyst formation and early recurrent 
miscarriage. Fertil Steril. https://​doi.​org/​10.​1016/j.​fertn​stert.​2017.​
01.​006

Zhao Y, Wang X (2019) PLK4: a promising target for cancer therapy. 
J Cancer Res Clin Oncol 145:2413–2422. https://​doi.​org/​10.​1007/​
s00432-​019-​02994-0

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

https://doi.org/10.1126/science.aaa3337
https://doi.org/10.1371/journal.pgen.1005601
https://doi.org/10.1371/journal.pgen.1005601
https://doi.org/10.1016/j.tig.2017.04.001
https://doi.org/10.1093/hmg/ddy147
https://doi.org/10.1534/genetics.112.139576
https://doi.org/10.1534/genetics.112.139576
https://doi.org/10.1111/andr.12113
https://doi.org/10.1111/andr.12113
https://doi.org/10.1534/genetics.117.300109
https://doi.org/10.1534/genetics.117.300109
https://doi.org/10.1017/S0016672318000046
https://doi.org/10.1038/nrm.2017.127
https://doi.org/10.1086/301904
https://doi.org/10.1016/j.celrep.2018.05.030
https://doi.org/10.1016/j.celrep.2018.05.030
https://doi.org/10.1038/s41598-017-09693-1
https://doi.org/10.1093/oxfordjournals.humrep.a138682
https://doi.org/10.1186/s13104-019-4137-z
https://doi.org/10.1186/s13104-019-4137-z
https://doi.org/10.1016/j.bbcan.2020.188467
https://doi.org/10.1016/j.bbcan.2020.188467
https://doi.org/10.1126/science.2876518
https://doi.org/10.1073/pnas.0910941107
https://doi.org/10.1093/bioinformatics/bti264
https://doi.org/10.1093/humrep/11.2.345
https://doi.org/10.1530/REP-11-0261
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.1136/jmedgenet-2014-102790
https://doi.org/10.3390/brainsci11050581
https://doi.org/10.1242/jcs.129502
https://doi.org/10.1242/jcs.129502
https://doi.org/10.3892/mmr.2020.11574
https://doi.org/10.1101/gr.262774.120
https://doi.org/10.1101/gr.262774.120
https://doi.org/10.1093/bioinformatics/bth488
https://doi.org/10.1038/ejhg.2016.119
https://doi.org/10.1002/ajhb.20907
https://doi.org/10.1002/ajmg.a.31126
https://doi.org/10.1002/ajmg.a.31126
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1093/hmg/ddh016
https://doi.org/10.1016/j.sbi.2020.08.005
https://doi.org/10.1016/j.sbi.2020.08.005
https://doi.org/10.1371/journal.pone.0166398
https://doi.org/10.1016/j.fertnstert.2017.01.006
https://doi.org/10.1016/j.fertnstert.2017.01.006
https://doi.org/10.1007/s00432-019-02994-0
https://doi.org/10.1007/s00432-019-02994-0

	Transmission ratio distortion of mutations in the master regulator of centriole biogenesis PLK4
	Abstract
	Introduction
	Materials and methods
	Linkage analysis
	Whole-exome sequencing
	Whole-genome sequencing (WGS) and bioinformatics
	Array CGH (aCGH)
	Microsatellite analysis
	Mutation screening
	cDNA analysis of the PLK4 gene
	Immunohistochemistry

	Results and discussion
	Acknowledgements 
	References




