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Neurological outcome in WDR62 primary microcephaly
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AIM To characterize the cortical structure, developmental, and cognitive profiles of patients
with WD repeat domain 62 (WDR62)-related primary microcephaly.
METHOD In this observational study, we describe the developmental, neurological, cognitive,
and brain imaging characteristics of 17 patients (six males, 11 females; mean age 12y 3mo
standard deviation [SD] 5y 8mo, range 5y-24y 6mo) and identify 14 new variants of WDR62.
We similarly analyse the phenotypes and genotypes of the 59 previously reported families.
RESULTS Brain malformations, including pachygyria, neuronal heterotopia, schizencephaly,
OFC Occipitofrontal circumference and microlissencephaly, were present in 11 out of 15 patients. The mean full-scale 1Q of the
VABS Vineland Adaptive Behavior 11 assessed patients was 51.8 (standard deviation [SD] 12.6, range 40-70). Intellectual

Scales disability was severe in four patients, moderate in four, and mild in three. Scores on the
WDR62 WD repeat domain 62 Vineland Adaptive Behavior Scales obtained from 10 patients were low for communication
and motor skills (mean 38.29, SD 7.74, and 37.71, SD 5.74 respectively). The socialization
score was higher (mean 47.14, SD 12.39). We found a significant difference between scores
for communication and daily living skills (mean 54.43, SD 11.6; p=0.001, one-way analysis of
variance). One patient displayed progressive ataxia.
INTERPRETATION WDR62-related cognitive consequences may be less severe than expected
because 3 out of 11 of the assessed patients had only mild intellectual disability and
relatively preserved abilities of autonomy in daily life. We identified progressive ataxia in the
second decade of life in one patient, which should encourage clinicians to follow up patients

ABBREVIATIONS
ASPM Abnormal spindle-like
microcephaly-associated

in the long term.

Primary microcephaly caused by WD repeat domain 62
gene (WDRG62) variants (WDR62-PM), also called micro-
cephaly primary hereditary type 2, with or without cortical
malformations, is the second most common type of pri-
mary microcephaly, after type 5 caused by abnormal
spindle-like microcephaly-associated (4SPM) variants.

In humans and rodents, WDRG62 is highly expressed in
the forebrain during neurogenesis, especially in the ven-
tricular and subventricular zones.> WDRG62 is a micro-
tubule minus-end mitotic spindle pole protein, located in
dividing neural progenitors in humans' and plays a cru-
cial role in spindle pole organization and orientation'*
during embryonic brain development.* ¢ In different
rodent or human models, WDR62 depletion leads to
fewer neural progenitors.*® What remains controversial
is whether this is due to premature differentiation®® or to
mitotic delay and consequent death of these neural pro-
genitors.”

© 2021 Mac Keith Press

Unlike other primary microcephaly genes, WDR62-
PM is associated with a reduction in brain volume and
cortical malformations in almost all patients investigated
by magnetic resonance imaging (MRI).! WDR62-PM
is considered severe with a poor prognosis: severe
intellectual disability, epilepsy, and motor handicap,
especially when identified before birth.'” Since its
identification, 52 pathogenic homozygous or compound
heterozygous WDRG62 variants have been reported in
137 affected individuals from 59 families (Table S1,
online supporting information), across many single case
reports, often with insufficient phenotypic description.
Motor and intellectual outcomes in adulthood are still
poorly delineated.

Here we report genotypes, detailed brain imaging, and
neuropsychological phenotypes in 17 patients with
WDR62-PM. Our study demonstrates that the WDRG62-
PM phenotype is more variable than commonly reported.

DOI: 10.1111/dmcn. 15060 509
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We also discuss a potential neurological decline with age
as observed in at least one patient.

METHOD

Patient ascertainment

Patients with biallelic variants in WDR62 were identified
through Microfanc and EuroMicro, two national and
European research projects conducted between 2011 and
2020. Inclusion criteria were an occipitofrontal circumfer-
ence (OFC) below —2 standard deviations (SDs) at birth
or after 12 months of age. Patients were evaluated by a
geneticist and a child neurologist in both protocols. All
investigations described above were not necessarily per-
formed at last examination; some patients were still fol-
lowed after being included in the study.

The research projects were approved by the National
Ethics Committee (Comité de Protection des Personnes
Ile-de-France II, number 2010A01481-38) and registered
at ClinicalTrials.gov (NCT01565005). Written informed
consent for DNA and data analyses was obtained from
patients or their legal guardians.

Genetic investigations

Genotyping was performed by next-generation sequencing
of a panel of 150 genes involved in microcephaly or by
whole-exome sequencing using routine methods. Confir-
mation and segregation of variants into pedigrees were
done by Sanger sequencing. Targeted WDR62 Sanger
sequencing was also performed after identification of either
a region of homozygosity, including the WDR62 locus on
SNP array, or familial variants from previous cases.

Patients’ clinical, neuroimaging, and neuropsychological
assessments

Brain MRI

MRI studies were performed on a 1.5T Philips (Best,
Netherlands), GE (Milwaukee, WI, USA), or Siemens
(Oxford, UK) MRI scanner, using the same protocol
including coronal T2-weighted, axial FLAIR, and T1-
weighted three-dimensional sequences with millimetre
slices (10 out of 15 patients). Brain MRI was performed
several times for some patients, in the absence of general
anaesthesia authorization for this protocol, and therefore
was occasionally dissociated from the rest of the clinical
and neuropsychological assessment. The mean age at brain
MRI was 6 years 7 months (median 6y [range 7d-16y
10mo]). Patients’ MRI examinations were reviewed by a
single neuroradiologist (MEB) to collect the significant
imaging data. The gyral pattern was considered simplified
when the number of gyri was reduced, the sulci were very
shallow (less than half the normal depth) on several sec-
tions (frontal, parietal, and occipital coronal sections; and
axial sections), and no tertiary gyri were visible.”

Cognitive and adaptive assessment
Developmental skills were assessed using the Vineland
Adaptive Behavior Scales (VABS, mean age at assessment
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What this paper adds

* Seventy per cent of WRD62-related microcephaly was associated with corti-
cal malformations.

* Twenty-seven per cent of patients exhibited mild intellectual disabilities and
preserved daily living skills.

® Progressive ataxia was found in one patient with a WDR62 variant.

9y 11mo, median 7y 6mo [5y 11mo-15y]) (First, or Second
Edition, informant interview or forms completed by par-
ents), which quantifies four domains: communication, daily
living or autonomy, socialization, and motor.

Neurocognitive abilities were assessed using the Wech-
sler Intelligence Scales for Children according to age
(scales IV and V: 6y-16y 11mo; or Wechsler Preschool
and Primary Scale of Intelligence III or IV: 4y-7y 3mo).
The mean age at assessment was 8 years 5 months (median
6y [Sy 6mo—-14y 4mo]).

Literature review

PubMed was searched for peer-reviewed articles published
in English using the keywords ‘WDR62’, ‘microcephaly’,
‘primary microcephaly’, ‘MCPH’, ‘MCPH?2’, and ‘genetic

variants’.

Statistical analysis

Data are presented as mean (SD) or median and interquar-
tile range. A 7-test was used to compare the variable ‘OFC’
between birth and 12 years 3 months (mean age at last
examination). Repeated measures one-way analysis of vari-
ance was performed to compare the variable ‘developmen-
tal quotient’ between the four groups or domains, or the
variable ‘IQQ’” between five different scores, using the 7-test
as a post hoc test for multiple pairwise comparisons, and a
Bonferroni correction for adjusting the significance level
for multiple pairwise comparisons. A y’ test was used to
compare the variable ‘inside’ or ‘outside’ WD-domain vari-
ants and the presence or absence of cortical malformations,
as well as the variable ‘high’ or ‘moderate’ impact variant
and the presence or absence of cortical malformations.

RESULTS

Patients

We identified 17 patients with WDRG62-PM from 14 pedi-
grees. Seven were identified by a next-generation sequenc-
ing panel, one by exome sequencing, and nine by targeted
sequencing of WDR62 (Table S2, online supporting infor-
mation).

Molecular investigations

All WDR62 variants (reported in previous studies and in
the current study) are listed in Tables S1 and S2, and Fig-
ure la using the NM_001083961 reference sequence
(GRCh37). We identified 18 variants (four nonsense, nine
missense, three frameshift, and two splice), among which
14 were absent from public databases. Twelve patients car-
ried homozygous and five carried compound heterozygous
variants. Patient 3 was reported previously by Nicholas
et al.!

85U8017 SUOWIWIOD BAEa.D 8|qed![dde aLpy Aq pausenob aJe Ss(pie YO ‘8sN JO S8|nJ o} AIq)T8UlUO A1 LD (SUORIPLOD-PUR-SWBIAL0D A8 |1 AeIq 1 U1 |UO//SANY) SUORIPUOD PUe SWie 18U} 89S *[£202/20/2z] Uo Areiqiaulluo (1M ‘se|pXnid 8 1q1 a¥sieAlun Aq 090GT UOWP/TTTT OT/I0p/LL00" A3 | 1M Afe.d i jeuljuo//Sdiy Wwioly papeojumod ‘v ‘2202 ‘62869 T



< —
©.883-1273_1234-850del ]
| @ 6] E %
(a) B - < 7.8 = = =
< i 5 3 % 38 3 3 3
% 55 3 - o 32 o 3 3 3
£ L erSo k- Ea C58<8 59 <b_r 5« B< S
L L 3 09 I A AR e e B N Egg'/\aaﬁq‘ RO hS A N qg *Nunsens_evanants
- sA 8 A S60md 3 &8 & & Y2309 BNT 638070 63 3 A Frameshift variants
Previousy 48 G089 150 O 2085 YO8 5 T eeSEmin gazees 2R gf .
reported bt o g’) (‘9,% 3 gg R TOUWOS ©® @ O 8 b g Egawgaﬁg gs})g})g%g} g ;‘9,2; S Splicing variants
mutations Bxe) 6006 O U6 SEUY 6068 d 6 6 6O < 6 CU00UOOG ERSRSRERER) RN So ©® Missense variants
o0 ® 0 A A 00 0 Kk UOAKXO @ * O kk © A Kk A A ° * AVAOK AA © UAxAx AoOA AA
HIBE IRIRIREI] | | 1 | [ | chisgta.r2
1 - - —-5-— 8- - —11- — —— -6 - — — 22 — - -2 - 30 - 3
HiliEEEE. I [ ninnil L] 11
" * ° Ao ° on * A x A ) *
3 = [ = <Ok 3 = o <= +
g x 3R A TR0 G g % A
Our series $ 8 Er g 8rg ge g 48 ¢
3 2 23 2 233 5 8 ] SR 3 .
2 88 2 RS 32 g et & *Novel variants
5 i 4 28§ & 889 o 8 % I% <
3 N BO¢ Ge s RV 8 ¢ B 8
s N ¥ s 3
- <
(b) (c) (d) Birth 12y 3mo
em in | [om T | EEE in
HEAD CIRCUMFERENCE MALE; HEAD CIRCUMFERENCE FEMALES | 1T
T 4
24 Patient 3 Patient 4 Patient 6 -14
sol] Patient 1 o oen 1 o
sel| ——Patient2 =23 | || sgf{ —Patients Patient 9 ~—Patient 10 23 melle p<0.0001
i Patient 5 R HLT,, | [sof] —Petenttz —Pationt1a Patient 14 Lk - 21 " om
54; —«— Patient 7 54; P: 15 Patient 16 Patient 17 a4 - ..21
o D 21 = -
Patient 11 +28D(98 I T T H&E
52 atien - = 2 4 +2 SD(98%) =, 5 2 .34
50 =TT 20 b=t = 2 )
— = H toF +
. 3 Thean (0% L4121 MIE = L = 18 2 4
b s 1 lean %) o PRy z L ~
4 b 1 { M} = 18 P +=—1"Mean (50%) L 18 &) -4+
. . -~ =2.8070%)] M ’ AT s
b 1 A= 17 T, s e = 17 o 5
T === B -5
aof s W= 16 t 11 E L6
I Z
gl . 15 s &z 15
4 7 = 64
F = N
' 14 = 14
34 W&
13 13
32¢ 32l -1 1 -7+ *A
L 1A T e | 1072 14 1676 ¥ SR TSN = 2
LN N 123456 rseigma 5 s 50,12 14 16 18 5

patients 1+2m 3¢4m54 647 x8a9e
10011412413 414015416m170

(e)

patient 1 patient 2 patient 5 patient 8 patient 13 patient 14

Figure 1: Distribution of WDR62 variants, brain growth evolution, and structural neuroanatomy of patients with WDR62-related microcephaly. (a) Human
WDR62 gene and protein with its different domains. (b,c) Occipitofrontal circumference (OFC) curves of patients of our series. (d) OFC at birth and at
last examination. Microcephaly is inconstant at birth and worsened with age (ttest: p<0.001). (e) Main structural brain abnormalities. Axial (i) (except
for patient 8) and coronal (ii) T1- and T2-weighted images in patients 1, 2, 5, 8, 13, and 14 illustrating the main cortical malformations related to WDR62
variants. Gyral simplification in all cases. Subcortical band heterotopia (arrows) in patient 2. Bilateral pachygyria is very obvious in patient 5. Bilateral
schizencephaly (white arrows) is associated with bilateral parietal polymicrogyria at the border of the schizencephaly in patient 8. Bilateral or unilateral
(white arrows) polymicrogyria, with small gyri and shallow sulci (patients 13 and 14). Almost all patients have large Virchow—Robin spaces, as in patient
1 (arrows).
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Brain development and neuroanatomy

OFC kinetics are summarized in Table S2 and Figure 1b,
c. Microcephaly was present at birth for 6 out of 15
patients (OFC mean —1.7, SD 0.8) and was detected in the
third trimester of pregnancy in half of them. Brain growth
velocity reduced during childhood, with an OFC mean of
—4 (1.5) in the last examination (mean age at last examina-
tion 12y 3mo, median 13y [4y-24y 6mo]). However, we
observed two kinetic patterns (Fig. 1b,c): while the OFC
grew constantly following the —2/—3 SD curve from birth
to last examination in patients 1, 2, 13, 14, and 15, brain
growth velocity decreased with age (leading to an increased
z-score) in all others, causing a marked difference in OFC
z-score between birth and childhood (see Fig. 1d; p<0.001;
t-test).

Brain imaging was performed in 15 patients (mean age
6y 8mo, median 6y [7d-16y 10mo]) and considered normal
in only 2 out of the 15 (patients 6 and 7), although it
showed visible or expanded Virchow—Robin spaces
(Fig. S2, online supporting information), non-specific find-
ings also observed both in typically developing children or
in neurodevelopmental disorders.'” Except for these two
patients, expanded Virchow—Robin spaces in the periven-
tricular and/or subcortical white matter (Table S2 and
Fig. le) were associated with other cortical anomalies.
Pachygyria predominating in the frontal lobes was present
in 11 out of 15 patients (Table S2 and Fig. le), associated
with gyral simplification (see ‘Method’). Other cortical
anomalies included bilateral schizencephaly (patient 8),
unilateral or bilateral polymicrogyria (patients 13 and 14),
and nodular heterotopia in the white matter (patient 2)
(Fig. 1e and Figs S1-S3, online supporting information).
Vermis and cerebellar atrophy/hypoplasia were identified
in patient 13, whose MRI was only performed at age
12 years (Figs le and S3). Patient 2 had two different MRI
scans (at 11y and 23y) without any modification.

Neurological examination

Six out of 17 patients exhibited pyramidal syndrome, rang-
ing in severity from hyperreflexia without spasticity to a
unilateral (right) spastic hemiparesis (patient 14) and spas-
tic bilateral cerebral palsy (patients 8 and 13; Table S2).
Seven patients exhibited a cerebellar syndrome: congenital
ataxia/dysmetria for six patients, and progressive ataxia
with tremor, dysmetria, and dysarthria for patient 2. This
progressive cerebellar syndrome was diagnosed at 13 years.

This first resulted in the deterioration of drawing and writ-
ing skills between the age of 8 and 14 years (Fig. 2f,g) and
then in a clinically obvious motor decline, highlighted by a
decline in the motor domain on successive VABS (Fig. 2e).

Cognitive profile

Fifteen of the 17 patients acquired independent walking at
a median age of 19 months (Fig. 2a). Among them, 6 out
of 15 walked independently before 18 months of age. Lan-
guage was delayed in 11 out of 15 patients (median age at
first words 30mo; Fig. 2b) and systematically associated
with speech disorder. In the last examination (mean age
12y 3mo, median 13y [4y—24y 6mo]), 11 out of 17 patients
could use short, understandable sentences (Table S2). Two
had no speech at 16 years of age.

Developmental and cognitive assessments were proposed
to all patients, using VABS and/or Wechsler scales, as
applicable. Parents of patients 3, 4, and 17 refused to par-
ticipate. Finally, 14 patients were assessed: seven with both
the VABS and Wechsler scales, four with Wechsler scales
only, and three with the VABS only (Table S2). Cognitive
abilities were analysed using data from 11 patients, and
developmental abilities using data from 10 patients.

Cognitive abilities

Four patients could not undertake the Wechsler scales (pa-
tients 5, 8, 11, and 13, #=4 out of 11) and were considered
to have severe intellectual disability."' The assessment of
the seven patients who were amenable to Wechsler scale
testing (#=7 out of 11: patients 1, 2, 6, 7, 9, 12, and 14)
showed mild to moderate intellectual disability. Average
full-scale IQ was 51.8 (SD 12.6, range 40-70; Fig. 2c).
Irrespective of the subtest assessed, we observed interindi-
vidual wvariability and intraindividual homogeneity. The
intellectual abilities of 3 out of 11 patients (patients 6, 12,
and 14) were relatively spared, with full-scale IQ scores
ranging from 57 to 70 suggesting mild intellectual disabil-
ity (Fig. 2c), according to the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition.'!

Developmental abilities

VABS scores were obtained for 10 patients (patients 1, 2,
5,7,8,9, 10, 14, 15, and 16). However, parents of patients
5, 7, and 8 had difficulties in understanding the VABS
questionnaire, and their contributions were discarded. The
developmental quotients of the seven patients who per-

Figure 2: [displayed on following page] Neurodevelopmental skills, cognitive abilities, and adaptive behavioural skills of patients with WDR62. Median

age at (a) independent walk and (b) first words in our series. Patients 8 and 13 are not depicted because they were still unable to walk and speak at
the last examination, i.e. respectively at age 16 and 20 years. (c) Cognitive abilities. Scores are depicted by indices (Verbal Reasoning Index: VCI, Verbal
Quotient or Verbal Comprehension Index. Nonverbal reasoning, Performance Quotient: PRI/VSI, Perceptive Reasoning or Visual Spatial Index; WMI,

Working Memory Index; PSI, Processing Speed Index) and full-scale 1Q (FSIQ) according to age (Wechsler Preschool and Primary Scale of Intelligence,

Third or Fourth Edition, Wechsler Intelligence Scales for Children, Fourth or Fifth Edition). (d) Developmental quotient (calculated from developmental

age/real age x 100, Vineland Adaptive Behavior Scales). (e) Patient 2’s longitudinal assessment. Drawing and writing deterioration in patient 2 between

the ages of (f) 8 years and (g) 14 years.
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formed the VABS were in the deficiency range (score <80).
Communication and motor scores were the lowest
(Fig. 2d; mean 38.29, SD 7.74, and 37.71, SD 5.74 respec-
tively). Despite expressive language and motor disabilities,
we noticed a significant difference between ‘communica-
tion’ and ‘autonomous in daily life’ scores (p=0.001,
repeated measures one-way analysis of variance, multiple
paired samples z-test; average quotient in daily living skills
54.43, SD 11.6; Fig. 2d). We observed a similar tendency
for the socialization domain (mean score 47.14, SD
12.39), although it was non-significant when compared
with the communication skills domain. In addition, the
questionnaire confirmed motor disability in all patients
(Fig. 2d), even those without ataxia or unilateral cerebral
palsy.

Patient 2 had a clinically obvious motor decline, caused
by the occurrence of a progressive ataxia, dysmetria, and
tremor. A deterioration in drawing and writing skills was
noted by parents, teachers, and doctors between the age of
8 and 14 years (Fig. 2f,g). This motor decline was high-
lighted on successive VABS assessments by a 20-point dif-
ference in the motor domain, whereas it was inferior to 12
points in the three other domains (communication, 12
points; daily living, 10 points; and socialization, nine
points; Fig. 2e). Between the two assessments (14y and
23y), the decline in gross motor skills resulted in a reduced
score or a loss in the ability to succeed in the tasks ‘runs
smoothly, changing speed and direction’ and ‘hops forward
on one foot with ease without support’. A decline in fine
motor skills was appreciated through the ‘use an eraser
without tearing the paper’ score.

Literature review

We identified 27 articles mentioning one of the keywords
detailed in the Method section. In total, these articles
reported 137 patients carrying WDR62-PM. Clinical data
are detailed in Tables SI and S3 (online supporting infor-
mation).

The OFC was mentioned in 72 out of 137 cases and
ranged from —0.2 SD to —12.5 SD (mean —6.3 SD, med-
ian —6 SD) on last examination (mean 12y 10mo, median
8y [3mo-59y]). Brain imaging was available in 52 out of
137 cases, reported normal in four, and showed severe cor-
tical malformations in 18. Information about epilepsy was
available for 109 out of 137 patients. Among them, epi-
lepsy was present in 41 out of 109. Response to antiseizure
medication was not documented.

Combined developmental skills including both walking
and talking were reported in 53 out of 137 cases. Taken
individually, 44 out of 60 patients were able to walk inde-
pendently, and 44 out of 59 patients were able to talk with
simple sentences. Objective evaluation of cognitive abilities
was only reported for 3 out of 137 patients, for one of
whom IQ was assessed using the Korean—Leiter Interna-
tional Performance Scale — Revised test'? and for two of
whom a developmental quotient was calculated from

VABS.D!
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DISCUSSION

The outcome of patients with WDR62-PM seems difficult
to predict in light of the limited clinical, neuroradiological,
and cognitive data available in the literature (respectively
found for 29 out of 137, 52 out of 137, and 3 out of 137
of the reported patients). To inform families about the
long-term prognosis of WDRG62-PM, we undertook a
prospective study of patients carrying WDR62 variants as
well as a comprehensive literature review.

Our data show that WDR62-PM is associated with sev-
ere microcephaly (OFC <—4 SD) in childhood in only 8
out of 17 patients. We especially highlight that, despite the
high proportion of patients with WDR62-PM exhibiting
cortical malformations (#=11 out of 15), 5 out of 17 had
normal motor and language developmental skills and 3 out
of 11 assessed had mild intellectual disability, allowing a
degree of autonomy in daily life. Finally, we observed pro-
gressive ataxia in one patient that occurred after the age of
13 years, associated with motor decline and cerebellar atro-
phy in another. Neurodegeneration has not been reported
so far in patients with WDR62-PM. It would be of interest
to confirm this trend by re-evaluating patients, considering
the obvious impact on their long-term management.

Molecular landscape of WDR62-PM

Four variants were previously reported (c.1531G>A,"'*
c.2588G>A," ¢.3469_3470delGC,' and c¢.3936dup"’) but
most of the WDRG62 variants we identified are novel. All
variants, including those in our series, are missense (25 out
of 66), nonsense (15 out of 66), frameshift (17 out of 66),
and splicing (8 out of 66) variants, in addition to one intra-
genic deletion (1 out of 66). On the basis of data from the
teams that first identified WDR62-PM,' we compared the
phenotype ‘presence or absence of severe cortical malforma-
tions” with the genotype ‘high or moderate impact variant’
(homozygous nonsense/frameshift/splicing vs missense vari-
ants) using a y° test (Fig. S4a, online supporting informa-
tion). This comparison revealed a significant increase of
severe cortical malformations in patients carrying high-
impact variants. Since then, this entity has probably been
considered as severe. However, when adding together all
available data including ours, the analysis revealed no phe-
notype/genotype correlation (Fig. S4b). All reported variants
were spread across the gene, although sparing exons 5, 19,
24, 25, and 26 out of 32 (Fig. 1a). Thirty-one out of 66 of
the variants are located in the WD protein domains, and do
not cluster in hotspots, unlike ASPM variants.'® We com-
pared the phenotype ‘presence or absence of severe cortical
malformations’ with the genotype ‘inside or outside WD-
domains varjants’ from available data of our series and of
previous reports, using a y” test (Fig. S4c), and found signif-
icantly fewer severe cortical malformations in patients carry-
ing inside WD-domain variants.

How is WDR62 important for brain development?
WDRG62-related microcephaly has been categorized as a
primary microcephaly in previous reports (18 out of 20 of
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reported patients had microcephaly at birth; Table S1). An
unexpected finding of our study is that primary micro-
cephaly may not be detectable in utero or even at birth (9
out of 15 patients in our series displayed OFCs within the
normal range at birth), which may explain the low rate of
prenatal diagnosis despite access to fetal ultrasound scans.
This unexpected finding has perhaps been overlooked, as
previous reports reviewing the average OFC associated
with WDRG62 variants relied on available data that only
represented 72 of the 137 reported patients (Table SI). A
longitudinal study of OFC showed that WDRG62-PM has
distinctive brain growth kinetics relative to ASPM and
CDKSRAP2-related  primary  microcephaly:'®!”
cephaly (expressed in z-score) worsens during the first 2
years, but remains stable thereafter, at an average OFC of
—4 (1.5) which, irrespective of brain volume reduction,
makes WDR62-PM  less severe than ASPM and
CDKSRAP2-PMs (OFC of —8.2 and -6 SD respec-
tively)'®!” in elder patients.

Brain imaging of most patients (11 out of 15) in our ser-
ies showed classic features of primary microcephaly: (1)
reduction in brain volume; (2) gyral simplification patterns
that probably reflect the reduction in cortical volume and
surface area; and (3) thickened cortex, especially in the
frontal lobe, similar to our description of ASPM-primary
microcephaly.'® Gyral simplification with broad gyri asso-
ciated with thickened cortex define what is called pachy-
gyria, a term not always mentioned so precisely in the
literature (Table S1). In patients 6 and 7 who had mild
microcephaly (=3 SD at 3y and 9y respectively), gyral sim-
plification and cortical thickening were absent.

Beyond these classic features, we confirm the previously
reported impact of WDRG2 variants on neuronal migration,
leading to neuronal heterotopias and cortical malformations
including schizencephaly, lissencephaly, and polymicrogyria.
These more severe cortical malformations affected one-

micro-

quarter of our patients (7=4 out of 15), reflecting previous
reports (7=18 out of 52; Tables SI and S3).

Most MCPH (microcephaly primary hereditary) genes
modulate human cerebral cortex size by regulating neural
mitotic division during neurogenesis.'® After initial prolif-
erative divisions producing a neural progenitor pool, mito-
tic divisions switch to neurogenic divisions to generate
neurons.”’ This switch relies on several mechanisms,
including spindle pole orientation and asymmetric inheri-
tance of the mother centriole’’*? (for a review, see
Marthiens and Basto?®). The cerebral cortex of WDR62-
depleted progenitors in rats shows reduced size and abnor-
mal architecture, with a redistribution of newly born neu-
rons in the intermediate zone.” The abnormal neuronal
migration described in this model may be at the origin of
the cortical malformations observed in patients with
WDRG62 variants.

Is WDR62-PM a neurodegenerative disease?
Before our study, only one patient had been reported with
ataxia.”* In our study, one patient (patient 2, 24y 6mo) had

progressive ataxia and/or dysmetria appearing in the sec-
ond decade of life. Brain MRI performed between age 11
and 23 years revealed no cerebellar atrophy. Sequential
assessment with VABS showed a greater decrease in scores
compared with the other domains. However, vermis and
cerebellar atrophy were obvious in brain MRI scans of
patient 13, but their severe general status made the evalua-
tion of cerebellar dysfunction impossible. Considering that
patients from our series (mean age at last examination 12y
3mo) and more generally all reported patients (mean age at
last examination 11y 9mo) are still young, more data are
required to confirm the possible motor degeneration with
age from the second and third decade. Nevertheless, this
finding should prompt clinicians to monitor patients in the
long term and look for signs of neurodegeneration.

Are WDR62 patients able to become independent?

Untdl now, no reliable information has been published on
the ability to live independently in individuals with
WDRG62 variants as neuropsychological assessments were
only available for 3 out of 137 patients. The absence of IQ
evaluations may be related to the severity of intellectual
disability, or, more likely, to the lack of access to evalua-
tion tools. Despite limited available knowledge, WDR62-
PM has been presented as the most severe primary micro-
cephaly.?

To date, cognitive abilities have been assessed using
VARBS in only 3 out of 137 patients. We made an unprece-
dented effort to cognitively assess all patients in our series.
The reluctance of some parents and the unfavourable
COVID-19 situation limited the smooth conduction of our
study. Nevertheless, 11 out of 17 of parents allowed the
evaluation of their children by Wechsler scales. Among
these, 4 out of 11 were considered as exhibiting severe
intellectual disability as they could not be assessed accord-
ing to the Wechsler scales. The last 7 out of 11 had mild
to moderate intellectual disability (mean full-scale IQ
51.8), similar to patients with ASPM and CDKSRAP2
mutations (full-scale IQ at 64 and 54.5 respectively),m’17
with 3 out of 11 having mild intellectual disability and 4
out of 11 having moderate intellectual disability. We were
also surprised by the degree of autonomy of the patients
with mild to moderate intellectual disability. Despite the
intellectual disability and their communication and motor
disabilities, these patients displayed a significant degree of
autonomy in their daily lives and could develop good social
interactions (Fig. 2d). Remarkably, patients affected by
Williams-Beuren or Down syndromes, who exhibit a simi-
lar range of intellectual disability, do not reach a similar
degree of autonomy.”>?® As shown in Figure S5 (online
supporting information), with similar full-scale IQ (mean
59.39, 51.22, and 51.8 for Williams—Beuren syndrome,
Down syndrome, and our series respectively), the score in
daily living skills for patients with WDR62-PM in our ser-
ies was 1.5 times higher than for patients with Williams—
Beuren or Down syndromes. Surprisingly, 1 out of 3
patients with mild intellectual disability also exhibited a
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severe cortical malformation (unilateral left fronto-parietal
polymicrogyria) responsible for right hemiparesis and
infantile spasms (patient 14).

In conclusion, we provide a natural history of patients
with WDR62-PM with intellectual and adaptive abilities.
Our study demonstrates that WDRG62-PM is usually not as
severe as previously believed, since 3 out of 11 of patients
in our series only exhibited mild intellectual disability.
Moreover, VABS scales suggest that patients could acquire
practical skills conducive to their autonomy in daily life.
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