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Summary

DNA replication is carried out by the replisome and is essential for maintaining genome integrity and cell proliferation. Pathogenic 
variants in genes encoding various replisome components cause microcephalic primordial dwarfism (MPD), characterized by growth 
retardation, microcephaly, and developmental abnormalities. Here, we report bi-allelic hypomorphic variants in WDHD1 as a cause of 
MPD with a broad spectrum of additional abnormalities, including acute liver failure, in 17 subjects from 14 families. WDHD1 encodes 
a replisome scaffolding protein (also known as AND-1 and Ctf4), which is essential for replisome assembly, replication fork stability, 
and sister chromatid cohesion. We found aberrant splicing of WDHD1 pre-mRNAs for all intronic variants tested and markedly 
reduced WDHD1 protein levels in subject-derived fibroblasts. Fibroblasts with bi-allelic WDHD1 variants showed globally reduced 
replication fork speed and impaired replication control, accompanied by spontaneous DNA damage and a G1-to-S transition defect. 
Using various cell biology approaches, we show that subject fibroblasts displayed reduced proliferation, abnormal nuclear 
morphology, including micronuclei, multilobed, and enlarged nuclei, as well as an increased number of metaphases with premature 
sister chromatid separation. Together, our findings establish WDHD1 as a protein required for normal organismal growth and devel
opment in humans and underscore its multiple functions in maintaining genome integrity.

Introduction

Duplication of genomic material is essential for cellular 
proliferation and is initiated at origins of replication dur
ing the late G1 phase of the cell cycle, followed by efficient 

DNA synthesis in the subsequent S phase. Progression 
through both G1 and S phases is tightly regulated by key 
cell cycle proteins.1 DNA replication proceeds bidirection
ally from the licensed origins and is carried out by the re
plisome, a multi-protein complex at the replication fork.2
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The assembly of the pre-replisome complex begins with 
the formation of the Cdc45-MCM-GINS (CMG) complex, 
which has helicase activity.3,4 On the leading strand, DNA 
is catalyzed by DNA polymerase ε, while on the lagging 
strand, synthesis is initiated by the DNA polymerase 
α-primase complex and completed by DNA polymerase 
δ.5 Additional accessory factors complete the replisome 
and ensure high-fidelity DNA replication.2 One such fac
tor is WDHD1, also known as AND-1 in mammals and 
Ctf4 in Saccharomyces cerevisiae, which plays a critical 
role during DNA replication.6 In human cells, the homo
trimeric scaffolding protein WDHD1 is required for the 
formation of the CMG complex and for the binding to 
and stabilization of the DNA polymerase α-primase com
plex.7–11 Recent data show that human WDHD1 enhances 
leading-strand replication, while its interaction with 
DNA polymerase α is not required for lagging-strand 
synthesis.12

Mammalian WDHD1 is required for cell cycle progres
sion, cell growth, and repair of DNA double-strand breaks 
by homologous recombination.13–16 Furthermore, 
WDHD1 is essential for protecting replication forks from 
nucleolytic processing, thereby preventing the formation 
of long single-stranded DNA (ssDNA) regions.16 Human 
WDHD1 interacts with several proteins involved in sister 
chromatid cohesion,13 and Xenopus wdhd1 is required 
for chromosome cohesion,17,18 a crucial process for the 
distribution of genetic information between daughter 
cells.19 In S. cerevisiae, Ctf4 coordinates both the replisome 
and the sister chromatid cohesion complex to ensure effi
cient progression of the replication fork.20

DNA replication stress triggers the activation of the 
intra-S checkpoint. DNA lesions can cause replication 
fork stalling followed by the generation of DNA double- 
strand breaks, which are a major source of genome rear
rangements.21,22 In S. cerevisiae, Ctf4 suppresses the 
formation of DNA double-strand breaks at the arrested 
replication fork and prevents chromosome rearrange
ments.23 In human cells, WDHD1 is phosphorylated 
upon replication stress, accumulates at DNA damage sites, 
recruits the intra-S-phase checkpoint kinase 1 (Chk1) to 
stalled forks, and is important for fork recovery.24 Collec
tively, these and other data underscore an important role 
of WDHD1 in the maintenance of genomic integrity, 
most likely by interacting with multiple proteins and en
zymes that counteract replication stress.16,23–26

Precise and timely DNA replication is essential for cell 
division and differentiation and is therefore fundamental 
to human development and the maintenance of tissue ho
meostasis.27 Hypomorphic variants in genes encoding re
plisome components have been associated with several 
Mendelian disorders, highlighting the critical role of the 
replication machinery in genomic stability and human 
health.28 One such group of DNA replication-associated 
diseases is microcephalic primordial dwarfism (MPD), 
which is characterized by both pre- and postnatal growth 
retardation and microcephaly, with or without additional 

developmental abnormalities.29,30 MPD is genetically het
erogeneous. Meier-Gorlin syndrome (MIM: PS224690) be
longs to MPD and is characterized by the triad of short 
stature, microtia, and patella hypo- or aplasia. Pathogenic 
variants in at least 13 genes encoding components of the 
DNA replication machinery have been associated with 
this disorder, including twelve genes with essential roles 
in early DNA replication and nine involved in pre-replica
tion complex formation.31 Bi-allelic variants in DONSON 
(MIM: 611428), TRAIP (MIM: 605958), and DNA2 (MIM: 
601810), which code for proteins involved in DNA replica
tion and/or DNA repair pathways, cause MPD or growth 
restriction with additional abnormalities.32–36 In addi
tion, pathogenic variants in other genes encoding 
components of distinct DNA polymerases, such as 
POLA1 (MIM: 312040), POLD1 (MIM: 174761), POLD2 
(MIM: 600815), POLE (MIM: 174762), and PRIM1 (MIM: 
176635), have been associated with a range of Mendelian 
disorders.28,37,38

Here, we report the identification and functional char
acterization of bi-allelic variants in WDHD1 (MIM: 
608126) in subjects with MPD, along with a range of addi
tional developmental abnormalities in most affected indi
viduals. Of the twelve different WDHD1 variants, seven 
are non-coding; five of these were experimentally shown 
to affect WDHD1 pre-mRNA splicing. We demonstrate 
that markedly reduced WDHD1 protein levels in subject- 
derived fibroblasts permit cell survival but impair several 
critical cellular functions, including the cell cycle, DNA 
replication, sister chromatid pairing, and nuclear enve
lope integrity.

Subjects and methods

Ethical approval
All work was performed in accordance with the ethical standards 
of the relevant institutional and national committees for such 
matters and the WMS Declaration of Helsinki on ethical princi
ples for medical research. Genetic studies (see the supplemental 
methods) were approved by local institutional review boards 
(IRBs), including the IRB of the Heinrich-Heine University Düs
seldorf, Düsseldorf, Germany (2021-1340/FD-LA), for subjects 4 
and 5 (S4 and S5); the ethics committee of Hannover Medical 
School, Hannover, Germany (10235_BO_S_2022, 7656-2017, 
and 8657_BO_K_2019), for S6, S8, and S9; the ethics committee 
of the Klinikum Rechts der Isar, Technical University of Munich, 
Munich, Germany (TUM 5360/13), for S7; the IRB of the Agency 
for Science, Technology and Research (A*STAR), Singapore (2019- 
087), and the Institutional Biosafety and Bioethics Committee of 
the King Abdullah University of Science and Technology, 
Thuwal, Saudi Arabia (protocol 23IBEC090), for S10; the Sydney 
Children’s Hospitals Networks (SCHN) Human Research Ethics 
Committee (HREC) (reference number 2019/ETH12990) for the 
GeneAdd study and the Royal Children’s Hospital for the 
UDNAus Study (reference number UDN-Aus: RCH79712), for 
S11; the ethics committee of the Hamburg Medical Chamber, 
Hamburg, Germany (PV7038-4438-BO-ff), for S12; the Cantonal 
Ethics Board Bern (KEK) Bern, Switzerland (2021-01396), for 
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S13; the IRB of the Medical University of Innsbruck, Innsbruck, 
Austria (no. UN4501), for S14; the ethics committee of Research 
Centre for Medical Genetics, Moscow, Russian Federation 
(2024-04081), for S15; the ethics committee of Hospital das Clini
cas da Faculdade de Mediciana da Universidade de Sao Paulo 
(37868114.3.0000.0068), Sao Paulo, Brasilia, for S16; and the 
King Edward Memorial Hospital Research Governance and Hu
man Research Ethics Committee (PRN: RGS0000005438), Perth, 
Australia, for S17. Genetic studies were performed clinically in 
S1, S2, and S3, and their legal guardians provided informed writ
ten consent for genetic testing. The parents of all subjects pro
vided written informed consent for participation in the study, 
clinical data and specimen collection, genetic analysis, and pub
lication of relevant findings. Written informed consent for the 
publication of photographs was obtained for S5, S11–S14, S16, 
and S17.

Cell culture
Primary fibroblasts were obtained from skin biopsies of S5, S6, 
and S12–S14, as well as three healthy 4-year-old girls (control in
dividuals 1–3) and one additional 4-year-old girl with unknown 
health status (control individuals 4). Cells were cultured in 
FibroPlus 333 Complete Medium for Fibroblasts, with 
L-Glutamine (Capricorn Scientific), supplemented with peni
cillin-streptomycin (100 U/mL and 100 μg/mL, Thermo Fisher 
Scientific), and incubated at 37◦C in a humidified atmosphere 
with 5% CO2. Cells were confirmed to be mycoplasma-free by 
PCR testing.

RNA isolation, cDNA synthesis, and transcript 
analysis
Total RNA was extracted from leukocytes (PAXgene Blood RNA 
Tubes; PreAnalytiX, #762165) and from fibroblasts using the 
PAXgene Blood RNA Kit (PreAnalytiX, #762174) and the Mon
arch Total RNA Miniprep Kit (New England Biolabs, #T2010S), 
respectively, according to the manufacturers’ instructions. RNA 
concentration and purity were assessed using the Epoch Micro
plate Spectrophotometer (BioTek Instruments). For each sample, 
1 μg of RNA was reverse transcribed into complementary DNA 
(cDNA) using the LunaScript RT SuperMix Kit (New England Bio
labs, #E3010L). Reverse-transcription PCR (RT-PCR) was per
formed using OneTaq Quick-Load 2× Master Mix (New England 
Biolabs, #M0486L) with primers described in Table S2. RT-PCR 
products were analyzed by agarose gel electrophoresis, followed 
by direct Sanger sequencing. Alternatively, RT-PCR amplicons 
were cloned into the pCR2.1-TOPO vector using the TOPO TA 
cloning kit (Thermo Fisher Scientific, #K450002) or the 
pcDNA3.1 vector using the In-Fusion cloning system (Takara, 
#639298 and #639649) according to the manufacturers’ instruc
tions. Single E. coli clones were either analyzed by colony PCR 
with vector-specific primers (M13 reverse and T7 forward for 
pCR2.1 TOPO TA; Table S2) followed by Sanger sequencing, or 
plasmid DNA was isolated and the cloned inserts Sanger 
sequenced (for the In-Fusion cloning).

Real-time quantitative PCR
Real-time quantitative PCR (real-time qPCR) was conducted using 
the Luna Universal qPCR Master Mix (New England Biolabs, 
#M3003L) in 10 μL reactions containing 500 nM of each primer 
and 1 μL of cDNA. Sequences of the two applied real-time qPCR 
primer pairs are described in Table S2. All reactions were per

formed in technical triplicates on the QuantStudio 3 Real-Time 
PCR System (Thermo Fisher Scientific) under the following 
cycling conditions: initial denaturation at 95◦C for 5 min, fol
lowed by 40 cycles of 95◦C for 30 s, 58◦C for 30 s, and 72◦C for 
45 s. Melting curve analysis (from 60◦C to 95◦C) was used to 
confirm the specificity of the amplification. Target transcript 
levels were normalized to GAPDH as a housekeeping gene, and 
relative transcript levels were calculated using the ΔΔCT method. 
Data analysis was performed using the QuantStudio Design & 
Analysis Software v.1.4.3 (Thermo Fisher Scientific).

Antibodies and conjugates
The primary antibodies and dilutions used were rabbit polyclonal 
anti-WDHD1 (immunoblot [IB]: 1:250, Novus Biologicals, 
#NBP1-89091), mouse monoclonal anti-phosphorylated histone 
H2AX (γH2AX; Ser139) (immunofluorescence [IF]: 1:500, clone 
JBW301 ZooMAb, Sigma Aldrich, #05-636), rabbit polyclonal 
anti-lamin B1 (IF: 1:500, Abcam, #ab16048), anti-RPA 32 kDa sub
unit (IB: 1:1,000, Santa Cruz, #sc53496), and anti-pRPA32 (Ser4 
and Ser8) (IB: 1:1,000, Thermo Fisher Scientific, #A300-245A).

The secondary antibodies and dilutions used were goat anti- 
rabbit IgG StarBright Blue 700 (IB: 1:5,000, Bio-Rad, #12004161) 
and goat anti-mouse IgG secondary antibody Alexa Fluor 488 
conjugated (IF: 1:500, Invitrogen, #A11029). The conjugated 
antibody used was anti-GAPDH hFAB Rhodamine (IB: 1:10,000, 
Bio-Rad, #12004167).

IB analysis
Fibroblasts were seeded in six-well plates at a density of 1.5 × 105 

cells per well. Upon reaching ∼80% confluence, cells were 
washed with cold PBS and harvested in ice-cold radioimmuno
precipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 8.0], 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 
0.1% SDS) supplemented with protease and phosphatase inhibi
tors (Roche, Mini Protease Inhibitor Cocktail, #11836170001, 
and PhosSTOP #PHOSS-RO). For the detection of RPA2 and phos
pho-RPA2, fibroblasts were treated with either 2 mM hydroxyurea 
(HU; Sigma-Aldrich) or an equivalent volume of DMSO in com
plete culture medium for 4 h prior to cell lysis. Lysates were incu
bated on ice for 10 min and clarified by centrifugation at 
13,000 × g for 10 min at 4◦C. The lysates were mixed with 4×
sample buffer (33% glycerol, 80 mM Tris-HCl [pH 6.8], 0.3 M 
DTT, 6.7% SDS, and 0.1% bromophenol blue) and denatured by 
heating at 95◦C for 5 min. Protein extracts were separated by 
SDS-PAGE and transferred to polyvinylidene fluoride mem
branes. Membranes were blocked with 5% non-fat dried milk or 
5% bovine serum albumin (BSA) in Tris-buffered saline-Tween 
(TBS-T; 20 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween 
20) followed by incubation with the indicated primary antibody 
at 4◦C overnight and with secondary antibodies at room temper
ature for 1 h. Signals were digitally imaged with a ChemiDoc MP 
imaging system (Bio-Rad). Band intensities were quantified with 
Image Lab software (v.6.0; Bio-Rad), and data were normalized 
to GAPDH as a loading control.

Proliferation assay
Fibroblasts were seeded at a density of 1 × 105 cells in five wells of 
a 6-well plate each and maintained under standard culture condi
tions, without medium changes or passaging. Cell numbers were 
determined every 2 days over a period of 10 days. At each time 
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point, cells were harvested by trypsinization and counted using a 
Vi-CELL XR cell counter (Beckman Coulter).

Cell cycle analysis
1 × 105 fibroblasts were seeded onto 6-well plates. The following 
day, fibroblasts were rinsed with PBS, harvested by trypsinization, 
and transferred into flow cytometry tubes. Cells were collected by 
centrifugation at 600 × g for 5 min, washed once with PBS, and 
fixed with 300 μL 70% ethanol for 30 min at 4◦C. After centrifu
gation, cells were incubated with 50 μL of 100 μg/mL RNase A/T1 
mix (Thermo Fisher Scientific) for 20 min at 37◦C, followed by 
staining with 100 μL of 50 μg/mL propidium iodide (PI) (Sigma- 
Aldrich) for 20 min at room temperature in the dark. Fluores
cence signals were acquired using a FACS NovoCyte Quanteon 
(Agilent) equipped with a 598 mirror and 615/20 nm band-pass 
filter, using a 488 nm excitation laser. Data were collected and 
analyzed using NovoExpress software v.1.6.2 (Agilent).

DNA fiber assay
Exponentially growing fibroblasts were sequentially labeled with 
25 μM CldU (Sigma-Aldrich) and 250 μM IdU (Sigma-Aldrich) for 
30 min each. 2 mM HU was added to the cells between the two 
labeling steps for 120 min. Cells were then harvested, and DNA 
fibers were prepared, spread, fixed, and stained as previously 
described.39,40 Fiber analysis was performed using an Axioplan 
2 fluorescence microscope (Carl Zeiss Microscopy). Track lengths 
were measured using ImageJ 1.54g software. For each experiment, 
a minimum of 50 replication tracks or structures were analyzed 
from 3–4 independent experiments.

IF analysis and quantification of γH2AX foci and 
nuclear morphology
5 × 104 fibroblasts were cultivated on glass coverslips in 12-well 
plates, fixed with ice-cold paraformaldehyde (PFA; 4% in PBS), 
and washed three times with PBS. After treatment with permeabi
lization/blocking solution (2% BSA, 3% goat serum, and 0.5% NP- 
40 in PBS), cells were incubated in antibody solution (3% goat 
serum and 0.1% NP-40 in PBS) containing the primary rabbit 
anti-γH2AX or primary rabbit anti-lamin B1 antibody. Cells 
were washed with PBS and incubated with goat anti-rabbit Alexa 
Fluor 488-coupled secondary antibody. After extensive washing 
with PBS, cells were embedded in mounting solution with DAPI 
(Invitrogen) and imaged with a Zeiss ApoTome microscope 
with a 63× oil-immersion objective.

For quantification of the γH2AX foci and nuclear morphology, 
between 126 and 202 cells per cell line were analyzed (Table S3). 
Fluorescence images were acquired under identical imaging con
ditions across slides and three independent experiments. Image 
analysis was performed using Fiji (ImageJ, v.1-54f, http:// 
imagej.org). The contrast of green channel images was maxi
mized, and the remaining green puncta were counted as γH2AX 
foci using the multi-point tool. Area quantification of the nucleus 
was performed by manually outlining DAPI-stained nuclei using 
the polygon selections tool. Nuclear morphology was categorized 
into three groups based on DAPI-stained nuclear shape, such as 
multilobed, micronuclei, and general abnormal morphology. 
Multilobed nuclei were defined as nuclei with deep indentations 
or constrictions, giving the appearance of two or more connected 
round compartments. Micronuclei were defined as distinct, 
small, round DAPI-positive structures located directly adjacent 
to or in close proximity to, but separated from, the main nucleus. 

Nuclei of the general abnormal morphology category included all 
nuclei lacking lobes or micronuclei but exhibiting irregular shape 
(e.g., wavy contours) and/or protrusions. Nuclei without any of 
these alterations were classified as morphologically normal. 
Nuclei that were overlapping, out of focus, or undergoing mitosis 
were excluded from the analysis.

Preparation of mitotic spreads and analysis of 
premature chromatid separation
Mitotically active fibroblasts from passages 8–15 were maintained 
in FibroPlus 333 Complete Medium for Fibroblasts, with 
L-Glutamine (Capricorn Scientific), supplemented with peni
cillin-streptomycin (100 U/mL and 100 μg/mL, Thermo Fisher 
Scientific). Cultures with ∼60% confluence were used for mitotic 
spread preparation. To arrest cells in metaphase, cells were treated 
with 0.5 μg/mL Colcemid for 6 h. Cells were harvested by trypsi
nization, collected in 15 mL centrifuge tubes, and pelleted at 
1,000 rpm for 10 min. Pellets were resuspended in 7 mL pre
warmed 0.075 M KCl solution and incubated at 37◦C for 
15 min to induce hypotonic swelling. Cells were fixed by drop
wise addition of ice-cold methanol:acetic acid (3:1) while gently 
mixing the suspension, followed by three successive washes 
with fixative, each centrifuged at 1,000 rpm for 10 min. Final 
cell suspensions were prepared with 200 μL fixative and stored 
at − 20◦C until metaphase preparation. Frozen cell suspensions 
were thawed on ice and mixed gently. Metaphase spreads were 
prepared in a humidity-controlled environment with 50% hu
midity using a laboratory humidifier at ∼21◦C. Glass slides were 
precleaned in glass staining jars containing a Mucasol/deionized 
water solution and incubated at 4◦C overnight. Slides were briefly 
dried on filter paper to remove excess liquid without allowing the 
surface to dry completely. Approximately 100 μL of the cell sus
pension was pipetted using a cut-tip pipette and dropped from 
a height of ∼50 cm onto the slide in a raster pattern to facilitate 
optimal chromosome spreading. Excess liquid was removed 
gently with filter paper, and slides were placed in the preheated 
incubator at 94◦C for 2 min to aid spreading. Slides were then in
spected under a phase-contrast microscope to identify meta
phases suitable for analysis. Slides were stained with a 10% Gi
emsa solution, prepared by diluting Giemsa stock solution in 
phosphate buffer (Weise buffer, Titrisol [pH 7.2], Merck). Then, 
slides were mounted and dried overnight. Images of mitoses 
were acquired with the Leica DM2500 upright light microscope 
and Ikaros Karyotyping imaging software v.6.3 (MetaSystems). 
A total of 160 metaphases was analyzed per cell line (40 cells 
per independent experiment, n = 4), except for fibroblasts from 
S5 and S12, for which 140 and 120 metaphases, respectively, 
were analyzed due to the limited availability of mitotic cells. 
Each metaphase was assessed for premature chromatid separation 
(PCS). PCS was defined as clearly visible split sister chromatids 
with a separated centromere. Metaphases were categorized as 
showing no PCS, mild PCS (≥1 chromosome with separated sister 
chromatids and a split centromere), and severe PCS (≥50% of 
chromosomes with separated sister chromatids and a split 
centromere).

Statistics
Quantitative data were analyzed using GraphPad Prism 8 soft
ware (Dotmatics). The means of each independent experiment 
and cell line and the mean 5 standard deviation (SD) or mean 
are shown. Statistical analysis was performed using one-way 
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ANOVA followed by Dunnett’s post hoc test for multiple compar
isons or an unpaired, two-tailed t test. p ≤ 0.05 was considered sta
tistically significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p 
≤ 0.0001).

Results

Identification of bi-allelic variants in WDHD1
We evaluated an 8-year-10-month-old girl with a history 
of intrauterine growth retardation (IUGR) who presented 
with MPD, delayed speech and language development, 
microphthalmia, and failure to thrive (Figure 1A; 
Tables 1 and S1). Whole-exome sequencing (WES) of 
the individual (S12) and healthy parents revealed the 
homozygous substitution c.1769− 1G>C (GenBank: NM_ 
007086.4) in WDHD1, affecting the invariant splice 
acceptor site in intron 14 (Figure 1B).

Through GeneMatcher41 and national and interna
tional collaborations, we identified 16 additional subjects 
with variants in WDHD1 and a broad spectrum of clinical 
features (Tables 1, 2 and S1; Figure S1). They range from 
MPD with normal cognitive function at the mild end to 
prenatal death of fetuses with IUGR, microcephaly, brain 
abnormalities, and/or additional organ abnormalities at 
the severe end of the clinical spectrum (Tables 1 and S1). 
In S1, a fetus with IUGR, microcephaly, heart abnormal
ities, and ambiguous genitalia, a rare homozygous 
WDHD1 nonsense variant c.1117C>T (p.Arg373*) was 
identified (Tables 1, 2, and S1; Figure S1).

A total of ten subjects (S2–S9, S11, and S12) had the 
same homozygous intronic c.1769− 1G>C variant, 
including three sibling pairs (Figure S1). This splice site 
variant is absent in the Genome Aggregation Database 
(gnomAD; v.4.1.0) (Table 2).42 Trio WES or whole-genome 
sequencing (WGS) and/or segregation of the variant in 
healthy parents were performed in the families of S2–S9, 
S11, and S12 and confirmed the healthy parents as hetero
zygous carriers (Table 2; Figure S1). We mapped a 13.3-Mb 
haplotype on chromosome 14 that contained WDHD1. 
Similar haplotypes were identified in six subjects with 
the same homozygous WDHD1 splice site variant 
(Figure S2).

S10, who died 2 days after birth, had the rare homozy
gous WDHD1 variant c.2971G>T that is predicted to 
lead to the introduction of a premature stop codon in 
the mRNA (p.Glu991*) (Table 2). Trio WES in S13 identi
fied the maternally inherited variant c.1341+5_1341+
6inv and the heterozygous de novo variant c.3190− 1G>A 
in WDHD1 that were confirmed by Sanger sequencing 
(Figure 1B). Both variants are absent in the gnomAD. 
S14 had the same intronic inversion, c.1341+5_1341+
6inv, as S13 on the paternal allele and a rare nonsense 
variant, c.3157C>T (p.Arg1053*), on the maternal allele. 
Trio WGS on S15 and parents revealed the compound het
erozygous WDHD1 variants c.1287del (p.Gln430Lysfs*37) 
and c.2339G>A (p.Arg780His) in the affected individual. 

While the 1-bp deletion is absent in the gnomAD, the 
missense variant has a worldwide allele frequency of 
0.0005%. S16 and S17 were compound heterozygous for 
the rare intronic variants c.1341+5G>T and c.2531+
1G>A and c.505− 1G>A and c.1342− 6T>A, respectively 
(Figures 1B and S1; Tables 1, 2, and S1). The WDHD1 var
iants listed in the gnomAD were observed in the heterozy
gous, not the homozygous, state. All variants segregated 
among family members in a manner that is consistent 
with an autosomal recessive inheritance pattern 
(Table 2). Constraint data from gnomAD revealed a 
LOEUF (loss-of-function observed/expected upper bound 
fraction) of 0.923 for WDHD1, indicating that the gene 
is relatively tolerant to inactivating variants.42 This 
finding is consistent with the autosomal-recessive inheri
tance pattern observed for the WDHD1 variants.

In conclusion, the bi-allelic variants in WDHD1 identi
fied in our cohort include seven distinct intronic variants, 
present either in the homozygous or compound heterozy
gous state, or in trans with a nonsense variant. One subject 
was compound heterozygous for a frameshift and a 
missense variant, while another was homozygous for a 
predicted nonsense variant. In one subject, the identifica
tion of a maternally inherited intronic variant and a de 
novo splice site variant required confirmation of com
pound heterozygosity. Collectively, these findings suggest 
that most of the identified WDHD1 variants are likely 
hypomorphic rather than complete loss-of-function 
alleles.

Subjects with WDHD1 variants have microcephaly, 
intrauterine and postnatal growth retardation, and 
various other congenital anomalies that can lead to 
prenatal or early death
All of the subjects with WDHD1 variants had intrauterine 
and/or postnatal growth retardation. The associated clin
ical spectrum can be divided into three groups based on 
the severity of clinical features and attained age 
(Tables 1 and S1). Group 1 comprises four fetuses, three 
of whom died in utero. Four presented with microcephaly 
and three with brain malformations, including hypopla
sia of the cerebrum, cerebellum, or corpus callosum and/ 
or lissencephaly. Two fetuses had microphthalmia. All 
four individuals had heart abnormalities. Gastrointestinal 
malformations, as well as renal, liver, and genital anoma
lies, were found in some fetuses. The six subjects in group 
2 survived to term but died in the neonatal period. In five 
of the individuals, microcephaly (ranging from –5.4 to – 
12.1 Z score) was observed, accompanied by various brain 
abnormalities. After birth, one subject had respiratory 
distress, and four had respiratory insufficiency. Other clin
ical features included hypotonia (all subjects), feeding dif
ficulties in the neonatal period (2/5), microphthalmia (3/ 
4) (Figure 1A), optic atrophy (1/4), retinal abnormalities 
(3/4), cardiac anomalies (4/6), gastrointestinal tract mal
formations (1/5), hypothyroidism (1/5), and hypoglyce
mia (4/4). Urogenital anomalies included uterine aplasia 
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Figure 1. Subjects with bi-allelic WDHD1 variants and aberrantly spliced WDHD1 mRNAs in subject-derived cells 
(A) Facial photographs of seven subjects with bi-allelic WDHD1 variants. S5 is shown as a neonate. S11 is shown at 20 months (left) and 
at 5 years and 11 months (right). S12 is shown at 1 year (left) and at 8 years and 11 months (right). S13 is aged 2 years and 8 months, S14 
is aged 3 years, S16 is aged 10 years, and S17 is aged 4 years and 10 months. Shared facial features include a small and/or narrow face, 
microphthalmia (in S5 and S12), a bulbous nose, retrognathia, and/or a pointed chin. S17 had blepharophimosis. 
(B) Schematics of the WDHD1 exon-intron structure of two transcript variants. The top image shows the MANE Select transcript (Gen
Bank: NM_007086.4) and the bottom image an alternatively spliced transcript variant encoding a WDHD1 isoform with a shortened N 
terminus (GenBank: NM_001008396.3). Exons are shown as boxes, with coding regions in dark blue and untranslated regions in light 
blue. Introns are represented by gray lines. The location of start and stop codons and of variants is indicated by black lines. The variants 
c.1769− 1G>C and c.2971G>T (p.Glu991*) were found in the homozygous state in S2–S9, S11, and S12 and in S10, respectively. Com
pound heterozygous variants are labeled (a–e) to indicate the two alleles found in each subject (a: S13, b: S14, c: S15, d: S16, and e: S17). 
(C) Agarose gel showing RT-PCR amplicons generated from fibroblast-derived RNA (cDNA) of S6 and S12 with the homozygous 
c.1769− 1G>C variant and of four control subjects (C1–C4). Two primer pairs targeting WDHD1 were used, one spanning exons 
13–15 (expected size: 495 bp) and one spanning exons 13–16 (expected size: 635 bp). 
(D) Partial sequence electropherograms of WDHD1 transcripts in fibroblast-derived RNA (cDNA) from S12 with the homozygous 
c.1769− 1G>C variant compared to wild-type WDHD1 transcripts (C1). The top image displays the WDHD1 wild-type sequence at 
the exon 14-exon 15 junction. The bottom image shows WDHD1 transcripts from S12, which contain a deletion of the first 6 bp of 
exon 15 (r.1769_1774del), predicted to result in loss of two amino acid residues at the protein level (p.Thr591_Gly592del). The black 
dotted lines indicate the aberrant splicing event. 
(E) Partial sequence electropherograms showing the exon 25-exon 26 junction in WDHD1 transcripts amplified from lymphocyte- 
derived RNA (cDNA) of S13’s father and of S13 with the heterozygous variant c.3190− 1G>A. The sequence of S13’s father shows 
the WDHD1 wild-type sequence at the exon 25-exon 26 junction (top). The c.3190− 1G>A variant leads to loss of the first base of 
exon 26 (r.3190del; deleted guanine highlighted in red) that is predicted to result in a frameshift followed by the introduction of a 
stop codon (p.Val1064Cysfs*41). The black dotted lines indicate an aberrant splicing event. 
(F) Agarose gel showing RT-PCR amplicons generated from lymphocyte-derived RNA (cDNA) of S13 with the heterozygous variant 
c.1341+5_1341+6inv and two control subjects (C5 and C6). The primer pair spans exons 11–13 (expected size: 251 bp). 
(G) Partial sequence electropherograms showing WDHD1 transcripts generated from lymphocyte-derived RNA (cDNA) from S13 with 
the heterozygous variant c.1341+5_1341+6inv and control subject 5 using RT-PCR followed by cloning. The sequence of control in
dividual 5 shows the WDHD1 wild-type sequence at the exon 12-exon 13 junction (top). The c.1341+5_1341+6inv variant leads to the 
insertion of the first 30 bp of intron 12, predicted to result in an in-frame insertion of ten amino acids (p.Val448_Trp449insValIleLeu
GlySerThrLeuAsnPheLeu). The black dotted lines indicate aberrant splicing events.
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Table 1. Main clinical characteristics of 17 subjects with bi-allelic WDHD1 variants

Feature Number of subjects

4 (group 1), died prenatally or 
termination of pregnancy

6 (group 2), died between the 2nd 
day of life and the 15th week

7 (group 3), alive (aged 3–16 years)

Bi-allelic WDHD1 variants c.1117C>T, c.1769− 1G>C c.1769− 1G>C, c.2971G>T c.505− 1G>T, c.1287del, 
c.1341+5G>T, 
c.1341+5_1341+6inv, 
c.1342− 6T>A, c.2339G>A, 
c.2531+1G>A, c.3157C>T, 
c.3190− 1G>A

Intrauterine growth retardation 4/4 6/6 7/7

Postnatal growth retardation N/A 5/5 7/7

(Neonatal) respiratory 
insufficiency

N/A 5/5 3/7

(Primary) microcephaly 4/4 5/5 7/7

Neurodevelopmental abnormality

Abnormal brain morphology, 
including hypoplasia of the 
cerebellum, cerebrum, and/or 
corpus callosum and/or abnormal 
cortical gyration

3/4 5/6 0/7

Abnormal cerebral ventricle 
morphology

1/4 2/6 1/7

Neonatal or generalized hypotonia N/A 6/6 3/7

Motor delay N/A 1/1 6/7

Delayed speech and language 
development

N/A N/A 5/7

Mild developmental delay N/A N/A 6/7

High-pitched voice N/A N/A 7/7

Abnormality of the face

Small face N/A 2/4 6/7

Microphthalmia 2/3 3/4 2/7

Bulbous nose 0/1 1/3 4/7

Retrognathia 1/1 4/5 3/7

Visual impairment

Optic atrophy N/A 1/4 3/7

Abnormal heart morphology 4/4 4/6 2/6

Abnormality of the endocrine system

(Congenital) hypothyroidism N/A 1/5 3/7

Abnormality of the digestive system

Abnormality of the gastrointestinal 
tract

2/3 1/5 0/7

Feeding difficulties (tube feeding) N/A 2/5 4/7

Abnormality of the liver

Abnormal liver morphology 1/1 1/6 1/6

Cirrhosis 0/1 4/6 0/6

Acute hepatic failure 0/1 4/6 0/6

Hepatic fibrosis 1/1 0/6 0/6

Giant cell hepatitis 0/1 2/6 0/6

(Continued on next page)
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(1/6), ambiguous genitalia (1/6), and abnormal ureter 
morphology (1/6). Skeletal abnormalities were observed 
in three of the six subjects. Five subjects had various liver 
abnormalities, including elevated hepatic iron concentra
tion, impaired liver function, altered liver morphology, 
and/or cirrhosis. Four of these five subjects developed 
acute liver failure (ALF), which likely contributed to or 
caused their early death.

Group 3 includes seven individuals, aged between 3 and 
16 years at last evaluation. Respiratory distress during the 
neonatal period was observed in three subjects and 
feeding difficulties during infancy in four. All subjects 
had microcephaly (ranging from –2.9 to –10.7 Z), short 
stature (ranging from –3.1 to –6.7 Z), and a high-pitched 
voice. Motor delay and mild developmental delay were 
present in six subjects. Five individuals had delayed 
speech and language development. A recognizable facial 
gestalt was not evident, although six had a small face, 
four a bulbous nose, and three retrognathia (Figure 1A). 
Two had microphthalmia (Figure 1A), and three had optic 
atrophy. Skeletal abnormalities included marked delay 
in bone age and hip dislocation as the most common 
features. Cryptorchidism, small genitalia, and/or other 
genital abnormalities were observed in four male subjects, 
and two of six had abnormal heart morphology. Endo
crine abnormalities included hypothyroidism (3/7), 
growth hormone deficiency (3/7), and hypoglycemia 
(3/6). Among the six subjects evaluated for liver function 
and morphology, two showed transiently elevated liver 
enzymes and/or abnormal liver morphology. The mildest 
phenotype was observed in the 16-year-old female S16, 
who had MPD, pituitary hypoplasia, congenital hypothy
roidism, and hip dislocation.

In conclusion, the common clinical presentation in 
the 17 subjects that fits MPD with or without additional 
neurodevelopmental and health issues provides strong 

evidence that bi-allelic variants in WDHD1 cause an auto
somal recessive human disorder. The associated clinical 
spectrum is broad, ranging from MPD without develop
mental delay to severe fetal phenotypes that may result 
in intrauterine fetal demise.

Effects of intronic variants on WDHD1 transcripts
To investigate the consequences of the intronic variants 
c.505− 1G>A, c.1341+5G>T, c.1341+5_1341+6inv, c.1342−
6T>A, c.1769− 1G>C, c.2531+1G>A, and c.3190− 1G>A, 
we first assessed them using various splice site pre
diction programs.44–47 All predicted loss or weakening 
of the directly affected or nearby canonical splice sites 
(Table 2), suggesting aberrant splicing of WDHD1 
pre-mRNA in the subjects carrying these variants. We 
also analyzed the four coding variants c.2971G>T, 
c.3157C>T, c.1287del, and c.2339G>A by the splice site 
prediction programs. The c.2971G>T change is predicted 
to create a new splice donor site within exon 24, while 
the canonical splice donor site at the exon 24-intron 24 
boundary remains unaffected (Figure S3; Table 2). Possible 
splicing at the new donor site would result in the removal 
of 81 nucleotides (nt) from the mRNA (r.2970_3050del), 
potentially producing a WDHD1 protein lacking 27 
amino acids (aa) (p.Glu991_Arg1017del). No biological 
specimens from S10 were available to assess the potential 
aberrant splicing of WDHD1 pre-mRNA. For the three 
other coding variants analyzed, no alterations in canoni
cal, new, or cryptic splice sites were predicted (Table 2).

For WDHD1 transcript analysis and functional studies, 
we obtained primary fibroblasts from S5, S6, and S12–S14 
and blood samples from S13, S13’s parents, and S17. 
WDHD1 variants were validated in fibroblast-derived 
DNA (Figure S4). We first investigated the effect of the ho
mozygous variant c.1769− 1G>C in intron 14 on WDHD1 
pre-mRNA splicing in fibroblasts from S6 and S12 and 

Table 1. Continued

Feature Number of subjects

Elevated hepatic iron 
concentration

0/1 4/6 0/6

Elevated liver enzymes 0/1 0/6 2/6

Abnormal homeostasis

(Neonatal) hypoglycemia N/A 4/4 3/6

Abnormality of the upper urinary tract

Abnormality of the kidney 2/2 0/6 0/7

Abnormality of the ureter 0/2 1/6 0/7

Abnormal reproductive system 
morphology

1/3 2/6 4/7

Abnormality of the skeletal system

Abnormality of skeletal maturation N/A N/A 4/7

Hip dislocation N/A 1/6 6/7

N/A, not applicable.

1074 The American Journal of Human Genetics 113, 1067–1089, May 7, 2026



Table 2. Bi-allelic WDHD1 variants identified in 17 subjects

Subject
Nucleotide change 
(GenBank: NM_007086.4)

Amino acid alteration 
(GenBank: NP_009017.1) Segregation

Allele frequency 
(gnomAD v.4.1.0)

CADD 
v.1.6

Splice site predictions

Splice site

SpliceSite Finder-like 
(range: 0–100)

MaxEntScan 
(range: 0–16)

NNSPLICE 
(range: 0–1)

GeneSplicer 
(range: 0–21)

WT Var WT Var WT Var WT Var

1 c.1117C>T (hom) p.Arg373* mat, pat 8.70 × 10− 6 36 c.1153 (CD) 82.03 82.03 8.85 8.85 0.97 0.97 3.94 3.29

2 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

3 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

4 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

5 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

6 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pat absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

7 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pat absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

8 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata,b absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

9 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pata,b absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

10 c.2971G>T (hom) p.Glu991* not done 6.285 × 10− 7 38 c.2969 (ND) – 74.78 – 8.82 – 0.99 – –

11 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, pat absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

12 c.1769− 1G>C (hom) p.Thr591_Gly592del mat, patb absent 34 c.1769 (CA) 85.14 – 8.05 – 0.99 – 5.95 –

13 c.1341 + 5_1341+6inv 
(comp. het)

p.Val448_ 
Trp449insXaa[10]

mat absent N/A c.1341 (CD) 85.85 73.01 9.48 4.14 1.00 0.88 3.45 –

c.3190− 1G>A 
(comp. het)

p.Val1064Cysfs*41 de novo 
(on paternal 
allele)

absent 33 c.3190 (CA) 72.88 – 6.19 – 0.61 – 6.26 –

14 c.1341+5_1341+6inv 
(comp. het)

p.Val448_ 
Trp449insXaa[10]

pat absent N/A c.1341 (CD) 85.85 73.01 9.48 4.14 1.00 0.88 3.45 –

c.3157C>T (comp. het) p.Arg1053* mat 1.967 × 10− 4 39 c.3189 (CD) 94.67 94.67 10.51 10.51 1.00 1.00 3.29 2.39

15 c.1287del (comp. het) p.Gln430Lysfs*37 pat absent N/A c.1341 (CD) 85.85 85.85 9.48 9.48 1.00 1.00 3.45 3.28

c.2339G>A (comp. het) p.Arg780His mat 4.680 × 10− 6 28 c.2311 (CA) 74.91 74.91 6.55 6.55 0.66 0.66 4.77 4.66

16 c.2531+1G>A (comp. het) ? mat 6.197 × 10− 7 33 c.2531 (CD) 81.58 – 8.91 – 0.99 – 0.66 –

c.1341+5G>T (comp. het) ? pat 3.294 × 10− 5 16 c.1341 (CD) 85.85 73.46 9.48 5.05 1.00 0.84 3.45 1.18

(Continued on next page)
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four control individuals. We amplified RT-PCR products us
ing primers located in WDHD1 exons 13 and 15 (495 bp) 
and 13 and 16 (635 bp) and obtained amplicons of the ex
pected size in S6 and S12 cells (Figure 1C). Sanger 
sequencing of the RT-PCR products revealed canonical 
splicing of exons 14–15 in control cells, while WDHD1 
transcripts in subject cells had a loss of the first 6 bp of 
exon 15 (r.1769_1774del), indicating the activation of a 
cryptic splice acceptor site in exon 15. The predicted conse
quence on protein level is an in-frame loss of threonine 591 
and glycine 592 (p.Thr591_Gly592del) (Figure 1D). We 
next studied the maternally inherited variant c.1341+5_ 
1341+6inv (intron 12) and the de novo variant 
c.3190− 1G>A (intron 25) in S13 using RNA extracted 
from leukocytes. We amplified an RT-PCR product 
comprising exons 24–26 in S13 and her parents and 
directly sequenced the amplicons. Exon 25 was correctly 
spliced to exon 26 in the father’s WDHD1 transcripts, while 
two WDHD1 transcripts were detected in S13: the wild-type 
transcript and an aberrant transcript lacking the first nucle
otide (guanine) of exon 26 (r.3190del [p.Val1064Cysfs*41]) 
(Figure 1E). For the small intron 12 inversion c.1341+5_ 
1341+6inv, we amplified an RT-PCR product with primers 
located in exons 11 and 13 and obtained an RT-PCR prod
uct of the expected 251 bp in addition to a larger amplicon 
of ∼280 bp in S13 (Figure 1F). Subsequent cloning and 
Sanger sequencing of these PCR products demonstrated 
two WDHD1 transcripts in S13, one canonically spliced 
and one aberrantly spliced transcript, which included the 
first 30 bp of intron 12, harboring the two inverted nucle
otides, inserted between exons 12 and 13 (Figure 1G). The 
intronic insertion r.1341_1342ins[1341+1_1341+30] is 
predicted to cause an in-frame insertion of ten aa residues 
at the protein level (p.Val448_Trp449insXaa[10]).

We next aimed to determine whether the maternally in
herited c.1341+5_1341+6inv inversion and the de novo 
c.3190− 1G>A variant were present in trans in S13, thereby 
potentially underlying her phenotype. We first amplified 
WDHD1 transcripts containing the 30-nt insertion from 
intron 12 through to the 3′ untranslated region (UTR) of 
the mRNA from S13’s RNA (Figure S5A). We obtained 
the expected 2,286-bp RT-PCR product in S13, which 
was absent in the RNA of control individual 1 
(Figure S5B). Sequencing of this amplicon revealed the 
intron 12-exon 13 junction along with canonically spliced 
exons 25 and 26 (Figure S5B), suggesting that the 
c.3190− 1G>A variant is located on the paternal allele. 
To confirm the allelic phase of the two variants, we next 
used a primer combination to amplify WDHD1 transcripts 
with or without the intron 12 insertion through to the 
final exon 26. The PCR products were cloned, and the in
serts of 54 individual clones were sequenced. Among 
these, 27 clones (50%) contained the intron 12 insertion 
and the wild-type exon 25- exon 26 junction, 19 clones 
(35%) had the wild-type exon 12-exon 13 junction along 
with the r.3190del variant in exon 26, and 8 clones (15%
) corresponded to the WDHD1 reference transcript T
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(Figure S5C). These results demonstrate that the two 
WDHD1 variants are in trans in S13 (Figure S5A) and 
that residual wild-type WDHD1 mRNA is expressed from 
one or both alleles.

S14 carried the intronic variant c.1341+5_1341+6inv 
and the nonsense variant c.3157C>T (p.Arg1053*) in the 
compound heterozygous state (Table 2). To confirm the 
same insertion in WDHD1 transcripts due to the small inver
sion in intron 12 as in S13, we isolated RNA from S14’s pri
mary fibroblasts and amplified an RT-PCR product using a 
forward primer in exon 11 and a reverse primer in intron 
12 (Figure S6A). We obtained a 406-bp amplicon from 
RNA of S14 and S13 (as positive control) but not from con
trol cells (Figure S6B). Sequencing of the RT-PCR product 
confirmed that exon 12 was spliced to the first 30 bp of 
intron 12 in S14 cells (Figure S6C). To assess whether the 
nonsense variant in the penultimate exon (exon 25) causes 
nonsense-mediated mRNA decay (NMD) of WDHD1 tran
scripts, we amplified a 470-bp RT-PCR product using primers 
located in exons 24 and 26 from RNA of S14 and control cells 
(Figures S6A and S6B). Direct sequencing of the amplicons 
showed the reference exon 25 in WDHD1 transcripts of 
control 1 cells, while S14 cells had nearly equal levels of 
both the wild-type transcript with r.3157C and the tran
script with the r.3157U variant (Figure S6D). These data sug
gest that WDHD1 mRNAs containing the nonsense variant 
r.3157C>U are likely not subject to NMD in S14 fibroblasts.

S17 was compound heterozygous for the WDHD1 vari
ants c.505− 1G>A in intron 6 and c.1342− 6T>A in intron 
12 (Table 2). We first investigated the effect of the 
c.505− 1G>A change on WDHD1 pre-mRNA splicing by 
amplifying an RT-PCR product with primers located in 
exons 6 and 9 using leukocyte-derived RNA (cDNA) from 
S17 and two control individuals. In addition to the ex
pected 264-bp amplicon, we generated an RT-PCR product 
of ∼170 bp in S17 that was absent in control individuals 
(Figure S7A). Direct sequencing of S17’s amplicons revealed 
two WDHD1 transcripts, the wild-type mRNA and a tran
script lacking exon 7 (Figure S7B). This finding was 
confirmed by cloning and Sanger sequencing of the RT- 
PCR products (Figure S7C). Thus, the c.505− 1G>A variant 
leads to skipping of exon 7 in the WDHD1 mRNA 
(r.505_600del) that is predicted to cause a loss of 32 aa 
residues at the protein level (p.Thr169_Lys200del). We 
finally analyzed the consequence of the c.1342− 6T>A 
variant by amplifying an RT-PCR product spanning exons 
12 to 14 in S17 and control individuals. Again, we detected 
two amplicons in S17: the expected 427-bp amplicon and a 
smaller product. In control individuals, we observed a sin
gle amplicon of the expected size (Figure S7D). Sanger 
sequencing of S17’s RT-PCR products, as well as cloning 
followed by sequencing, identified skipping of exon 13 
in WDHD1 mRNAs (Figures S7E and S7F). Exon 13 skipping 
(r.1342_1526del) is predicted to result in a frameshift and 
a premature termination codon at the protein level 
(p.Val448Glnfs*8). Based on the relative intensity of the 
two smaller RT-PCR products corresponding to each skip

ped exon in S17 (Figures S7A and S7D), we assume that 
exon 7 skipping is more pronounced than exon 13 skip
ping in S17’s leukocytes. This is consistent with the pre
dicted effects of the c.505− 1G>A and c.1342− 6T>A vari
ants based on splice site prediction programs (Table 2). 
We next assessed WDHD1 mRNA levels in fibroblasts 
from S5, S6, S13, and S14 and three control subjects using 
two different primer sets in real-time qPCR. Among the 
control fibroblasts, WDHD1 transcript levels ranged from 
66% to 136% relative to the mean WDHD1 transcript level 
of all control cells (Figure 2A). In fibroblasts from the four 
subjects, WDHD1 mRNA levels ranged from 59% to 92%. 
Compared with control 1 cells, almost all WDHD1 mRNA 
levels in subject fibroblasts were significantly reduced 
(Figure 2A). The data demonstrate considerable variability 
in WDHD1 mRNA levels across both subject and control fi
broblasts, with no evidence supporting a substantial contri
bution of NMD in subject cells, especially in fibroblasts 
from S14.

Bi-allelic variants in WDHD1 reduce protein levels but 
do not result in a complete protein loss
WDHD1 expresses two transcript variants through alter
native splicing, encoding a larger isoform of 1,129 aa 
(GenBank: NP_009017.1) with a molecular weight of 
∼126 kDa (corresponding to GenBank: NM_007086.4 
in Figure 1B) and a shorter isoform of 1,006 aa (Gen
Bank: NP_001008397.1) with a shortened N terminus 
and a molecular mass of ∼113 kDa (corresponding to 
GenBank: NM_001008396.3 in Figure 1B). WDHD1 has 
a conserved domain structure, with an N-terminal 
β-propeller domain (aa 1–330), a SepB domain (aa 420– 
850) in the central region, and a high-mobility group 
(HMG)-box domain (aa 1017–1076) at the C terminus 
(Figure 2B). The ring-like β-propeller is formed by seven 
consecutive WD40 repeats and is required for protein- 
protein interactions. The SepB domain mediates homo
trimerization of WDHD1, and the HMG domain 
is responsible for WDHD1’s interaction with DNA poly
merase α-primase.7,10,48 To investigate whether WDHD1 
proteins are produced from mRNAs expressed in fibro
blasts from S5, S6, and S12–S14, we performed immuno
blotting with an anti-WDHD1 antibody using whole-cell 
lysates from subject and control cells. The antibody 
readily detected both WDHD1 isoforms in control fibro
blasts, with the higher-molecular-weight isoform being 
more prominent than the lower-molecular-weight one 
(Figures 2C and S8). Consistent with WDHD1 mRNA 
levels, WDHD1 protein levels in control cells were high
ly variable, ranging from 55% to 145% (Figure 2D). In fi
broblasts from S5, S6, and S12 homozygous for the 
c.1769− 1G>C variant, two very faint bands were de
tected, most likely corresponding to the larger and 
shorter WDHD1 variant isoforms lacking threonine 
591 and glycine 592 within the SepB domain 
(Figures 2C, left, and S8). Total WDHD1 protein levels 
were significantly reduced in fibroblasts from S5, S6, 
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and S12, ranging from 15% to 20% of the levels observed 
in control cells (Figures 2D, left, and S8). In S13 fibro
blasts with the compound heterozygous variants 
c.1341+5_1341+6inv and c.3190− 1G>A, both WDHD1 
isoforms were barely detectable (Figures 2C, left, and 
S8), with total WDHD1 protein reduced to ∼22% of con
trol levels (Figures 2D, left, and S8). As a small propor
tion of WDHD1 wild-type transcripts was identified in 
S13 cells (Figure S5C), the two WDHD1 isoforms may 
be derived from these reference mRNAs. In S14 fibro
blasts with compound heterozygosity of the variants 
c.1341+5_1341+6inv and c.3157C>T (p.Arg1053*), we 
observed similarly faint bands corresponding to the 
large and small WDHD1 isoforms as in other subject 
cells. However, we detected a prominent third WDHD1 
isoform migrating at ∼120 kDa (Figures 2C, right, and 
S8). This isoform was consistent with the predicted 
C-terminally truncated WDHD1Arg1053* protein (calcu

lated molecular mass of ∼117 kDa). Total levels of all 
three WDHD1 isoforms in S14 fibroblasts were similar 
to those in control cells (Figure 2D, right).

In conclusion, bi-allelic variants in WDHD1 markedly 
reduce WDHD1 protein levels in fibroblasts from four sub
jects but do not result in a complete absence of the pro
tein. WDHD1Thr591_Gly592del produced from aberrantly 
spliced WDHD1 mRNAs (r.1769_1774del) likely shows 
intrinsic instability. S14 cells had total WDHD1 levels 
similar to those of control cells and produced an addi
tional stable isoform, most likely corresponding to 
WDHD1Arg1053*, which lacks the C-terminal 77 aa, 
including 24 residues from the HMG domain.

Bi-allelic WDHD1 variants impair cell proliferation 
and delay G1/S transition
As knockdown of WDHD1 in HeLa cells and chicken DT40 
cells slowed cell growth,15,16 we determined the growth 

Figure 2. Unchanged WDHD1 mRNA 
levels and reduced WDHD1 protein in 
subject-derived fibroblasts 
(A) Relative quantification of WDHD1 
transcript levels in fibroblast-derived 
cDNA (RNA) from S5, S6, S13, S14, and 
three control individuals. Two primer 
pairs targeting WDHD1 exons 13–14 
(left) and 15–16 (right) were used. 
GAPDH mRNA served as an internal con
trol, and data are normalized to GAPDH 
levels. The mean 5 SD of three indepen
dent experiments, each performed in trip
licate, is shown. 
(B) Schematic representation of the 
domain architecture of human WDHD1 
(GenBank: NP_009017.1). The protein 
consists of 1,129 aa residues and contains 
an N-terminal WD40 repeat domain (aa 
1–330, WD40: tryptophan-aspartic acid 
repeats, lilac); a central SepB domain (aa 
420–850, SepB: homologous to the bacte
rial septum site-determining protein B), 
which consists of a β-propeller subdomain 
(aa 420–720, blue) and a helical bundle 
(aa 721–850, red); and a C-terminal 
high-mobility group (HMG)-box region 
(aa 1017–1076, yellow). 
(C) Representative immunoblot of fibro
blast lysates from S12, S5, S6, S13, and 
three control individuals is shown (left). 
S14 fibroblasts were analyzed in a separate 
experiment with their own set of control 
cells (right). Levels of endogenous 
WDHD1 isoforms of 126 (GenBank: 
NP_009017.1) and 113 (GenBank: 
NP_001008397.1) kDa, as well as the 
C-terminally truncated proteoform in 
S14 cells, were assessed using the indi
cated antibodies, with GAPDH serving as 
a loading control. 
(D) Quantification of the immunoblot 
data. Fluorescent band intensities were 

quantified using a ChemiDoc imaging system. Band intensities were normalized to GAPDH and subsequently to the mean of control 
cells. The mean 5 SD of four (left) and three (right) independent experiments is shown. 
Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple comparisons test. C1–C3, control fibro
blasts; ns, not significant; S5, S6, and S12–S14, subject fibroblasts. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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rate of fibroblasts from S5, S6, S12, S13, and three control 
subjects (Figure 3A). Fibroblasts from three subjects 
showed significantly reduced proliferation compared to 
control cells, with the most pronounced differences 
observed on days 6 and 8 (Figure 3B). On day 6, fibroblasts 
from S5, S6, and S12 displayed a 2.2- to 6.1-fold reduction 
in cell number relative to control cells and, on day 8, a 1.4- 
to 8.7-fold reduction. In contrast, the slight reduction in 
cell number in S13 fibroblasts on days 6 and 8 did not 
reach statistical significance when compared with control 
fibroblasts (Figure 3B).

Silencing of WDHD1 in different human cell lines 
causes cell cycle defects, such as a G1/S phase arrest in 
WDHD1-depleted HeLa cells.11,13,15 We therefore per
formed cell cycle analysis in asynchronous fibro
blasts from S5, S6, S12–S14, and three control subjects 
(Figures 3C and 3D). Fibroblasts from S14 were acquired 
at a later stage of the study, necessitating three additional 
experiments to complete the cell cycle analysis (Figure 3C, 
right). In control fibroblasts, 52%–59% of cells were in 
the G0/G1 phase, 27%–36% were in the S phase, and 
12%–16% were in the G2/M phase (Figures 3C and S9). 
We found that subject-derived fibroblasts, except for 
S14 cells, accumulated in G0/G1 (67%–79%) and had 

significantly fewer cells in S phase (13%–20%) compared 
with control fibroblasts (Figures 3C and 3D). For cells 
from S5, S6, S12, and S13, we identified a trend toward 
fewer cells in the G2/M phase (6%–8%) compared with 
control cells, whereas S14 fibroblasts had a similar pro
portion of cells in the G2/M phase (∼14%) as control 
fibroblasts (12%–16%) (Figure S9). Together, our data 
show that bi-allelic WDHD1 variants reduce cell pro
liferation and cause an accumulation of subject-derived 
fibroblasts in the G0/G1 phase, suggesting that the G1- 
to-S progression is impaired.

Bi-allelic WDHD1 variants impair DNA replication 
processes
WDHD1 plays a central role in DNA replication, and 
WDHD1 depletion slows replication fork progression.16

This finding, together with the reduced proliferation 
rate and lower S-phase proportion in subject fibroblasts, 
raises the question of how DNA replication is affected 
by bi-allelic WDHD1 variants. We therefore analyzed 
replication processes in fibroblasts from S5, S6, S12– 
S14, and three control individuals using the DNA fiber 
assay (Figure 4A). A significant slowing in replication 
fork progression, relative to the mean track length of 

Figure 3. Reduced proliferation and impaired G1-to-S transition in fibroblasts with bi-allelic WDHD1 variants 
(A) Proliferation of fibroblasts from S5, S6, S12, S13, and three control individuals. Equal numbers of cells (1 × 105) were seeded and 
counted at 2-day intervals for 10 days. Cell growth curves show the mean 5 SD of three independent experiments. 
(B) Quantification of the data shown in (A) for days 6 (left) and 8 (right). 
(C) Cell cycle distribution derived from DNA (propidium iodide) flow cytometry. The proportions of cells in G0/G1 (green), S (yellow), 
and G2/M (blue) phases were normalized to 100%, and the percentage of cells in each phase is shown. Data represent the mean 5 SD of 
three independent experiments. S14 fibroblasts were analyzed in a separate experiment with their own set of control cells. 
(D) Quantification of the data shown in (C) for cells in the G0/G1 (left) and the S (right) phases. 
Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple comparisons test. C1–C3, control fibro
blasts; ns, not significant; S5, S6, and S12–S14, subject fibroblasts. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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the three control fibroblasts, was observed in four of 
the five subject fibroblasts, with S13 cells showing the 
most pronounced reduction in replication track length 
of ∼34% compared to control cells (Figure 4B). S6 fibro
blasts maintained a replication track length comparable 
to the mean of control cells (Figure 4B). The percentage 
of origins of replication was similar in subject and 
control cells: 6.0%–10.2% and 7.2%–11.5%, respectively 
(Figure S10A). Similarly, no difference in fork asymmetry 
was observed between control and subject fibroblasts 
(Figure S10B). In contrast, a trend toward a lower pro
portion of stalled replication forks was detected in sub

ject fibroblasts, with 6.1%–8.6%, compared to control 
cells with 10.4%–11.2% (Figure 4C), suggesting that 
bi-allelic WDHD1 variants negatively affect the control 
of replication fork progression.

To examine the effect of bi-allelic WDHD1 variants 
on stalled replication forks, we repeated the DNA fiber 
assay with HU treatment of fibroblasts between the 
CldU and IdU pulses. HU depletes deoxynucleoside tri
phosphates required for DNA replication and induces 
fork stalling (Figures 4D and S10C).49,50 To analyze the 
stability of stalled forks, we measured the CldU signal 
length. In control cells, we observed no change in track 

Figure 4. Perturbation of replication processes in fibroblasts with bi-allelic WDHD1 variants 
(A) Treatment scheme of the DNA fiber assay with CldU and IdU labeling of cells for 30 min each, followed by immunofluorescence 
detection (CldU: red, IdU: green). A minimum of 50 DNA replication tracks per experiment were analyzed for each cell line in three 
independent experiments. Representative images of DNA fibers from fibroblasts of C2 and S12–S14 are shown. Scale bar, 5 μm. 
(B) Replication track length of fibroblasts from S5, S6, S12–S14, and three control individuals. Individual data points obtained from 
three independent experiments are shown, with the mean value indicated by the black line. 
(C) Quantification of replication structures was performed, including origins of replication (ORIs) and stalled replication forks, indi
cated by white arrows in the representative DNA fiber image of C3 cells (right). Scale bar, 10 μm. The proportions of stalled replication 
forks were quantified relative to actively replicating forks and are presented as percentages. A minimum of 50 structures per experiment 
was analyzed for each cell line in three independent experiments. 
(D) Scheme illustrates CldU and IdU labeling of cells for 30 min each, with a 2-h incubation with hydroxyurea (HU) in between to halt 
DNA replication (left). At least 50 DNA replication tracks per experiment were analyzed for each cell line in three independent exper
iments. Representative images of DNA fibers under HU-treated conditions are shown for fibroblasts of C1 (middle) and S5 (right). Scale 
bar, 5 μm. 
(E) CldU replication track length of fibroblasts from S5, S6, S12–S14, and three control individuals under HU-treated conditions. In
dividual data points obtained from three independent experiments are shown, with the mean value indicated by the black line. 
(F) Effect of HU treatment on the length of CldU tracks in fibroblasts from S5, S6, S12–S14, and three control individuals after normal
ization to the track length of untreated cells. Quantification of individual datasets is shown as fold change relative to the respective 
untreated cell line. 
(G) Quantification of stalled replication forks under HU-treated conditions, as indicated by white arrows in the representative DNA 
fiber image of S14 cells (right). Scale bar, 10 μm. The proportions of stalled replication forks were quantified relative to actively repli
cating forks and are presented as percentages (left). A minimum of 50 structures per experiment were analyzed for each cell line in three 
independent experiments. 
The mean 5 SD of three independent experiments is shown (B, C, and E–G). Statistical significance was determined by one-way 
ANOVA followed by Dunnett’s multiple comparisons test. C1–C3, control fibroblasts; ns, not significant; S5, S6, and S12–S14, subject 
fibroblasts. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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length after HU treatment (Figure 4E), indicating imme
diate fork stalling and stabilization of synthesized DNA. 
In the five HU-treated subject cells, the CldU-labeled 
track lengths were similar to those of HU-treated control 
cells (Figure 4E). However, direct comparison of CldU 
track lengths between HU-treated and untreated subject 
cells revealed a significant increase in CldU track length 
following HU treatment in subject cells, except S6 cells, 
with the strongest effect (∼1.7-fold increase) observed 
in S13 cells (Figure 4F). These data suggest dysregulated 
DNA replication in fibroblasts with bi-allelic WDHD1 
variants following exogenous replication stress. To deter
mine replication fork restart after mild replication 
stress, we measured the IdU signal length at recovered 
replication forks after HU removal. We did not find 
consistent differences between subject and control cells 
(Figure S10D). As depletion of WDHD1 in HCT116 cells 
increased the fraction of forks that failed to recover 
from HU treatment,24 we next quantified stalled forks 
in HU-treated fibroblasts (Figure 4G). A comparable pro
portion of stalled forks under HU-treated conditions was 
observed in subject (11.7%–15.6%) and control (10.5%– 
14.9%) cells (Figure 4G). However, relative to the un
treated conditions, we found a compromised fork recov
ery in all subject cells, with the proportion of stalled forks 
increasing 1.6- to 2.1-fold under HU-treated conditions. 
In contrast, control cells showed little or no increase in 
the proportion of stalled forks, with a fold change of 
0.9–1.2 (Figure S10E). Compromised fork recovery after 
HU treatment in subject cells remained significant even 
after a prolonged 45-min fork restart period (IdU label
ing) (Figure S10F). Taken together, the data demonstrate 
that bi-allelic WDHD1 variants impact multiple aspects 
of DNA replication, thereby emphasizing the critical 
role of WDHD1 in regulating DNA replication, especially 
in maintaining replication fork progression and stability.

Fibroblasts with bi-allelic WDHD1 variants show an 
increase in DNA damage and abnormal nuclear 
structure
The replication defects in fibroblasts with bi-allelic 
WDHD1 variants may lead to genomic instability and an 
increase in DNA damage. Consistent with this, WDHD1 
knockdown in HeLa cells resulted in an increase in 
γH2AX, a marker of DNA double-stranded breaks,51 which 
appears as distinct γH2AX foci within the nuclei.15 Simi
larly, WDHD1-depleted DT40 cells show γH2AX foci accu
mulation.16 We next analyzed the presence and number 
of spontaneous γH2AX foci in fibroblasts from S5, S6, 
S12, S13, and three control individuals by IF (Figure 5A). 
While 5%–9% of control cells had γH2AX foci, between 
10% and 26% of fibroblasts with bi-allelic WDHD1 vari
ants exhibited γH2AX foci. Statistical significance was 
observed for S5 and S12 cells (Figure 5B, left). We next 
determined the number of foci observed per cell and 
identified a trend toward an increased number of cells 
with foci in subject cells compared with control cells. 

The mean of foci per cell ranged from 0.05 to 0.13 in 
control cells and from 0.15 to 0.55 in subject cells, reach
ing statistical significance for S5 and S12 cells (Figure 5B, 
right). Collectively, the data suggest elevated spontaneous 
DNA damage in fibroblasts with bi-allelic WDHD1 vari
ants under basal culture conditions.

During IF analysis, particularly using DAPI staining, we 
noted aberrant nuclear morphology in fibroblasts with 
bi-allelic WDHD1 variants. We investigated this pheno
type further and categorized cells as having multilobed 
nuclei, micronuclei, and nuclei with grossly abnormal 
morphology (Figure 5A). A higher number of cells with 
abnormal nuclear structure was observed in fibroblasts 
from subjects compared with control cells. A trend toward 
an increased proportion of cells with multilobed nuclei 
(8%–14%) was found in S5, S6, and S12 cells compared 
with control cells (1%–2%), reaching statistical significance 
for S12 cells (Figure 5C, top left). Similarly, more micronu
clei were found in S5, S6, and S12 cells (2%–6%) than 
in control cells (0%–1%), with statistical significance 
observed for S5 fibroblasts (Figure 5C, top right). For both 
parameters, S13 fibroblasts showed percentages similar to 
control cells (Figure 5C, top right and left). The most 
consistent and statistically significant difference observed 
was a grossly abnormal nuclear morphology in 28%–73% 
of subject cells compared to 3%–13% of control cells 
(Figure 5C, bottom left).

To confirm aberrant nuclear morphology and investigate 
possible nuclear envelope changes, we stained fibroblasts 
from two selected subjects (S5 and S14, the latter cells not 
included in the previous IF analysis) and one control indi
vidual for lamin B1, a marker of the nuclear lamina. While 
lamin B1 was uniformly distributed in nuclei of control 
cells, we found lamin B1-positive aberrant structures in 
nuclei of both subject cells. We detected wrinkling and 
folding of the nuclear lamina and distinct lamin B1-positive 
foci in the nuclei of fibroblasts with bi-allelic WDHD1 var
iants, which were rarely, if at all, observed in control fibro
blasts (Figure S11). We next determined the nuclear size and 
found a 1.4- to 1.5-fold increase in nuclear area in S5, S6, 
and S12 cells relative to control cells. In S13 cells, we de
tected a statistically non-significant increase of ∼1.2-fold 
(Figure 5C, bottom right). Finally, we determined the pro
portion of regular-sized and enlarged nuclei containing 
γH2AX foci and identified a trend toward a higher number 
of enlarged nuclei with γH2AX foci in S5 (∼48%) and S12 
(∼54%) fibroblasts compared to control cells (4%–17%) 
(Figure S12). Altogether, the observed morphological 
changes in the nuclei are in line with impaired DNA repli
cation, reduced cell proliferation, and cell cycle abnormal
ities in fibroblasts with bi-allelic WDHD1 variants.

Fibroblasts with bi-allelic WDHD1 variants show a 
significant increase in premature sister chromatid 
separation
WDHD1 is involved in the establishment of sister chro
matid cohesion, as depletion of wdhd1 in Xenopus egg 
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extracts results in loosening of sister chromatid pair
ing.17,18 Similarly, the S. cerevisiae ctf4Δ mutant showed 
a significant increase in premature sister chromatid sepa
ration.26,52 In humans, PCS is a chromosomal configura
tion characterized by the separation of sister chromatids 
with split centromeres in a metaphase.53 To investigate 
if fibroblasts with bi-allelic WDHD1 variants show 
increased PCS, we arrested subject and control fibroblasts 
in mitosis and analyzed metaphase spreads. Metaphases 
were classified into three categories: no PCS, mild PCS 
(more than one chromosome displaying separated sister 
chromatids with split centromeres), and severe PCS 
(more than 50% of chromosomes affected) (Figures 6A 
and S13). In fibroblasts from S5, S6, S12, and S13, the pro
portion of cells without PCS was reduced to 37%–56%, 
compared to 65%–85% in control cells. Statistical signifi
cance was observed for S5 and S12 cells when compared 
with control 1 and 3 cells (Figure 6B, left). The proportion 

of cells with mild PCS was similar in subject (30%–35%) 
and control (11%–22%) cells (Figure 6B, middle). Severe 
PCS was found in 3%–13% of control cells and 11%– 
28% of subject-derived fibroblasts. Statistical signifi
cance was reached for S5, S12, and S13 cells when 
compared with at least one control cell line (Figure 6B, 
right). Together, fibroblasts with bi-allelic WDHD1 vari
ants show a trend toward increased PCS, suggestive of 
impaired sister chromatid cohesion.

Discussion

Here, we report bi-allelic variants in WDHD1 in 17 sub
jects with MPD and additional clinical features of vari
able severity. All subjects had severe IUGR and micro
cephaly (Table 1). The phenotype observed in ten 
subjects homozygous for the c.1769− 1G>C variant was 

Figure 5. Increased DNA damage and altered nuclear morphology in fibroblasts with bi-allelic WDHD1 variants 
(A) Immunofluorescence analysis of fibroblasts from S5, S6, S12, S13, and control individuals. Cells were stained with an anti-γH2AX 
antibody, followed by an Alexa Fluor 488-conjugated secondary antibody (green), and counterstained with DAPI (blue). Representa
tive images from three independent experiments are shown. Exemplary nuclei showing γH2AX foci, abnormal morphology, multi
lobed nuclei, and micronuclei are indicated by white arrows. Scale bar, 5 μm. 
(B) Quantitative analysis of the proportion of cells with γH2AX foci (left) and numbers of γH2AX foci observed per cell (right) in con
trol and subject fibroblasts. 
(C) Quantitative analysis of the nuclear morphology. Cells were scored as having multilobed nuclei (top left), micronuclei (top right), 
and nuclei with grossly abnormal morphology (bottom left). The nuclear area was measured in control and subject cells and normal
ized to the mean of control cells (bottom right). 
The mean 5 SD of three independent experiments in control and subject cells is shown. Statistical significance was determined by one- 
way ANOVA followed by Dunnett’s multiple comparisons test. C1–C3, control fibroblasts; ns, not significant; S5, S6, S12, and S13, sub
ject fibroblasts. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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broad, ranging from fetal lethality to MPD with mild to 
moderate developmental delay and additional clinical 
features. In the four fetuses, including three with the ho
mozygous c.1769− 1G>C variant, severe malformations 
of multiple organs likely contributed to intrauterine 
death in three of them (group 1 in Table 1). Among the 
five subjects with the homozygous c.1769− 1G>C variant 
who survived to birth but died as neonates, all had severe 
hepatic abnormalities, with ALF as the cause of death in 
four (group 2 in Table 1). These findings implicate bi- 
allelic WDHD1 variants as a potential genetic cause of 
ALF in genetically unsolved cases with IUGR and micro
cephaly. Interestingly, in primary human hepatocytes 
and liver samples from individuals with acetamino
phen-induced ALF, an increase in DNA damage and cell 
cycle alterations was identified.54 Hepatocytes are poly
ploid, containing nuclei with 2n, 4n, or 8n DNA content. 
Although both diploid and polyploid hepatocytes 
contribute to liver growth and regeneration, diploid he
patocytes play an important role in liver homeostasis.55

Liver samples from acetaminophen-induced ALF showed 
a reduction in the diploid cell population and an increase 
in the octoploid cell population compared to healthy 
liver samples. Moreover, aneuploid cell populations 
were more prevalent in ALF samples, indicating that he
patocytes from ALF livers fail to complete the cell cycle.54

Consistent with these findings, oxidative stress triggers a 
DNA damage response followed by atypical cell cycle 

progression, leading to pathological polyploidization of 
hepatocytes.56 Furthermore, replication stress followed 
by DNA damage is a hallmark of proliferating hepato
cytes in a mouse model of non-alcoholic steatotic liver 
disease.57 Collectively, these findings suggest that DNA 
replication stress and DNA damage response may espe
cially limit the regenerative capacity of the liver, which 
may have contributed to ALF in the four deceased sub
jects in this study. In line with this, a high increase in 
replicative stress was identified in the embryonic (and 
not adult) liver of a humanized mouse model of Seckel 
syndrome (MIM: PS210600), a form of MPD, with levels 
2- to 3-fold higher in liver tissue than in brain or bone.58

Among the seven living subjects (group 3 in Table 1), 
two were homozygous for the c.1769− 1G>C variant, 
while the remaining subjects were compound heterozy
gous, with combinations of a loss-of-function allele 
and an intronic or missense variant or two non-coding 
variants. The most common clinical features among 
this group were postnatal growth retardation, feeding 
difficulties, developmental delay, a small face with a 
bulbous nose and retrognathia, a high-pitched voice, 
and hip dislocation (Figure 1A; Table 1). The mildest 
MPD phenotype was observed in the 16-year-old S16, 
who carried the intronic variants c.2531+1G>A and 
c.1341+5G>T in trans. Altogether, our data establish 
WDHD1 as a gene in which bi-allelic variants cause 
autosomal recessive MPD, with a phenotypic spectrum 

Figure 6. Increased premature chromatid separation in fibroblasts with bi-allelic WDHD1 variants 
(A) Fibroblasts were arrested in mitosis, and metaphase spreads were prepared. Each metaphase (i.e., the complement of chromosomes 
from one cell) was classified as showing no premature chromatid separation (PCS), mild PCS (>1 chromosome showing two separate 
chromatids with a split centromere), or severe PCS (>50% of chromosomes showing two separate chromatids with a split centromere). 
Representative images of each category are shown. 
(B) Quantification of metaphases categorized as showing no PCS (left), mild PCS (middle), or severe PCS (right) in control fibroblasts 
and fibroblasts derived from S5, S6, S12, and S13. 
The mean 5 SD of four independent experiments is shown. Statistical significance was determined by one-way ANOVA followed by 
Dunnett’s multiple comparisons test. C1–C3, control fibroblasts; ns, not significant; S5, S6, S12, and S13, subject fibroblasts. *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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overlapping that of PRIM1-, DNA2-, DONSON-, and 
TRAIP-related disorders.32–36,38

In primary fibroblasts or leukocytes from several 
subjects, we identified aberrant splicing of WDHD1 
pre-mRNAs due to the recurrent intronic variant 
c.1769− 1G>C and the variants c.505− 1G>A, c.1341+5_ 
1341+6inv, c.1342− 6T>A, and c.3190− 1G>A. However, a 
small proportion of wild-type WDHD1 transcripts was 
also detected in S13 cells. While total WDHD1 mRNA levels 
were similar in subject- and control-derived fibroblasts, 
WDHD1 protein levels were markedly reduced in four 
subject cells. These data suggest that a residual amount of 
wild-type and/or variant WDHD1 protein is required to 
sustain limited cell proliferation and cell survival, as evi
denced by the hypoproliferative phenotype and delayed 
cell cycle progression observed in fibroblasts with bi-allelic 
WDHD1 variants. A similar delayed cell cycle and increased 
doubling time were detected in fibroblasts from subjects 
with bi-allelic variants in PRIM1, encoding the catalytic 
subunit of DNA primase.38 These data led us to propose 
that the overall number of cells generated during devel
opment is likely profoundly compromised, leading to 
microcephaly, growth restriction, and other abnormal
ities in subjects with bi-allelic WDHD1 variants. Accord
ingly, hypomorphic variants in WDHD1 seem compatible 
with life, consistent with findings for DONSON, PRIM1, 
and other genes encoding replisome components.28,32,34,38

The hypomorphic nature of the homozygous WDHD1 
nonsense variant identified in S10, potentially resulting 
from altered WDHD1 pre-mRNA splicing, remains spec
ulative. However, the requirement of Wdhd1 for early 
mouse embryogenesis59 and Drosophila viability60 further 
supports that partial loss of WDHD1 function is compat
ible with embryonic development, especially in higher 
eukaryotes.

Fibroblasts with bi-allelic WDHD1 variants showed 
reduced DNA replication speed. Notably, the replication 
speed varied between subject cells, with S6 cells showing 
the highest speed and those from S13 the lowest. The 
most obvious explanation of slowed replication is the 
increased occurrence of endogenous DNA damage 
encountered by replication forks. WDHD1-knockdown 
cell lines show a comparable fork slowdown.13,16 In 
addition, the number of stalled forks was significantly 
reduced in untreated subject-derived fibroblasts. This 
finding is in contrast with data from subject-derived 
fibroblasts with pathogenic variants in PRIM1 and 
GINS1, which encode other replisome components, 
as well as DONSON-depleted HeLa cells, all of which 
showed increased spontaneous stalling of replication 
forks.34,38,61 However, untreated subject cells with bi- 
allelic variants in TRAIP, encoding a replisome-associated 
E3 ubiquitin ligase, show no change in fork stalling.33

These data suggest distinct roles of replisome compo
nents in the stabilization and/or restart of stalled 
replication forks. WDHD1’s function in replication fork 
progression and protection16 suggests that fibroblasts 

with bi-allelic WDHD1 variants fail to efficiently regulate 
the replication. This may subsequently lead to the syn
thesis and accumulation of long ssDNA at replication 
forks, followed by the conversion into DNA double- 
strand breaks.16,23,26 We tested this hypothesis by de
tecting phosphorylated RPA2, a marker of ssDNA for
mation (alternative name: RPA32),62 in untreated and 
HU-treated subject and control fibroblasts and identi
fied similar levels of phosphorylated RPA2 under both 
conditions (Figure S14). However, we found an increase 
in spontaneous yH2AX foci in fibroblasts with bi-allelic 
WDHD1 variants, mirroring the phenotype of WDHD1- 
depleted eukaryotic cell lines.15,16 The function of yeast 
Ctf4 in protecting arrested forks from breakage and end 
resection23 further supports the idea that fibroblasts 
with bi-allelic WDHD1 variants may be prone to genome 
rearrangements and genome instability.

When fibroblasts were treated with HU, subject cells 
had longer CldU-labeled replication tracks than control 
cells. Notably, we found an inverse correlation between 
CldU track length under HU treatment and replication 
fork speed under unperturbed conditions: the slower 
the replication speed, the longer the CldU-labeled 
track during replication stress. Accordingly, S13 fibro
blasts, which showed the slowest replication speed, 
had the strongest increase in CldU-labeled tracks 
under HU treatment. One potential explanation is that 
the intracellular pool of deoxyribonucleotide triphos
phates is relatively higher in these slow-replicating 
cells compared to cells with normal replication fork 
progression. HU treatment of fibroblasts with bi-allelic 
WDHD1 variants increased the number of stalled forks, 
consistent with previous findings indicating that 
WDHD1 is required to maintain the stability of stalled 
replication forks following replication stress.24 Thus, 
spontaneously elevated abundance of yH2AX foci and 
increased fork stalling after HU treatment suggest a 
compromised replication stress response in fibroblasts 
with bi-allelic WDHD1 variants. Similarly, impaired 
DNA replication processes together with spontaneously 
accumulated DNA damages have been reported in 
subject-derived fibroblasts with bi-allelic variants in 
ATR (MIM: 601215), which encodes a serine-threonine 
kinase with a crucial role in the early steps of DNA 
damage response,63 as well as in ATRIP (MIM: 606605), 
which encodes a binding partner of ATR.64–66 Bi-allelic 
hypomorphic variants in ATR or ATRIP cause Seckel syn
drome.67,68 The mouse model of Seckel syndrome with 
a homozygous synonymous Atr variant recapitulates 
the human phenotype and demonstrates that reduced 
Atr function increases replicative stress and severely 
impairs embryonic development by activating an 
apoptotic DNA damage response.58 This concept of in
trauterine programming illustrates how increased repli
cative stress results in reduced body size and additional 
phenotypic abnormalities (see Figure 1 in O’Driscoll69), 
which may also apply to WDHD1 deficiency.
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An increased nucleus size and altered nuclear 
morphology, including micro-, multilobed, and irregu
larly shaped nuclei, were observed in fibroblasts with bi- 
allelic WDHD1 variants. In general, cells with abnormal 
nuclear envelopes are often characterized by an increase 
in DNA content, such as hyperploidy or polyploidy.70,71

Thus, nuclear morphology changes are suggestive of 
DNA damage and genomic instability70 and were also 
present in fibroblasts with bi-allelic variants in GINS1, 
which encodes a component of the replicative helicase 
CMG.61 Together, the data suggest that defects in DNA 
replication, potentially resulting in DNA damage, are 
linked to compromised nuclear envelope integrity. In 
line with this, micronuclei are formed when cells proceed 
into mitosis following double-stranded DNA breaks.72

Recent data showed that DNA damage can trigger nuclear 
envelope rupture by activation of the ATR kinase, which 
in turn promotes phosphorylation of lamin A/C. Phos
phorylated lamin A/C alters lamina assembly, ultimately 
leading to nuclear envelope rupture, including micro
nuclei rupture, to eliminate damaged and aneuploid 
cells.73,74 Failure to phosphorylate lamin A/C results in 
the formation of lamin A/C aggregates, including in
vaginations and foci, which colocalize with lamin B1.74

Our observation of similar lamin B1-positive aberrant 
structures in fibroblasts with bi-allelic WDHD1 variants 
may suggest that reduced or absent lamin A/C phos
phorylation leads to abnormal nuclear envelope ar
chitecture. The increased number of micronuclei in 
subject-derived fibroblasts may also hint at inefficient 
ATR and CHK1 activation, possibly resulting in defective 
micronuclear rupture and clearance and, consequently, 
genomic instability.

The trend toward an increase in PCS in metaphases 
of fibroblasts with bi-allelic WDHD1 variants provides 
the first evidence of a reduced capability of the cells 
to form the chromosomal cohesion complex that topo
logically encircles two duplicated sister DNAs until 
the onset of anaphase.19 WDHD1 interacts with the 
cohesion components SMC1, SMC3, and RAD21/SCC1, 
and its yeast ortholog is required for cohesion between 
sister centromeres during yeast meiosis.15,75 The func
tion of yeast Ctf4 to recruit the helicase Chl1, a cohesion 
establishment factor, to the replication fork is essential 
for the establishment of sister chromatid cohesion.20

Notably, Ctf4 promotes the loading of cohesin during 
ongoing DNA replication, enabling DNA-bound cohesin 
to subsequently capture and topologically entrap the two 
replicated sister chromatids.76 Together, the data suggest 
that residual WDHD1 may be insufficient to maintain 
efficient sister chromatid cohesion in subject-derived 
fibroblasts.

In conclusion, we describe a distinct form of MPD 
caused by bi-allelic hypomorphic WDHD1 variants that 
preserve residual variant and/or wild-type WDHD1 pro
tein. The phenotypic spectrum ranges from early fetal 
lethality and ALF in the neonatal period to MPD without 

developmental delay in the mildest affected individual. 
Fibroblasts with bi-allelic WDHD1 variants recapitulate 
almost all defects previously described in yeast Ctf4 
mutants and WDHD1-depleted Xenopus egg extracts and 
human cell lines, such as impaired cell proliferation 
with a delay in G1-to-S transition, reduced replication 
speed, increased DNA damage and PCS, and abnormal 
nuclear morphology. This cellular phenotype is remi
niscent of that of other DNA replication-associated genes 
implicated in developmental disorders with reduced 
organismal growth28 and highlights the multifaceted roles 
of WDHD1 in maintaining genome integrity.
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