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REPORT

De Novo Variants in WDR37 Are Associated with Epilepsy,
Colobomas, Dysmorphism, Developmental Delay,
Intellectual Disability, and Cerebellar Hypoplasia

Oguz Kanca,1 Jonathan C. Andrews,1 Pei-Tseng Lee,1 Chirag Patel,2 Stephen R. Braddock,3,4

Anne M. Slavotinek,5 Julie S. Cohen,6 Cynthia S. Gubbels,7 Kimberly A. Aldinger,8 Judy Williams,9

Maanasa Indaram,10 Ali Fatemi,6 Timothy W. Yu,7 Pankaj B. Agrawal,11 Gilbert Vezina,12

Cas Simons,13,14 Joanna Crawford,13 C. Christopher Lau,15 Undiagnosed Diseases Network,16

Wendy K. Chung,17 Thomas C. Markello,15,18 William B. Dobyns,8,19,20 David R. Adams,15,18

William A. Gahl,15,18 Michael F. Wangler,1,21,22 Shinya Yamamoto,1,21,22,23 Hugo J. Bellen,1,21,22,23,24,*
and May Christine V. Malicdan15,18,*

WD40 repeat-containing proteins form a large family of proteins present in all eukaryotes. Here, we identified five pediatric probands

with de novo variants in WDR37, which encodes a member of the WD40 repeat protein family. Two probands shared one variant and

the others have variants in nearby amino acids outside the WD40 repeats. The probands exhibited shared phenotypes of epilepsy, co-

lobomas, facial dysmorphology reminiscent of CHARGE syndrome, developmental delay and intellectual disability, and cerebellar hy-

poplasia. The WDR37 protein is highly conserved in vertebrate and invertebrate model organisms and is currently not associated with a

human disease. We generated a null allele of the singleDrosophila ortholog to gain functional insights and replaced the coding region of

the fly gene CG12333/wdr37 with GAL4. These flies are homozygous viable but display severe bang sensitivity, a phenotype associated

with seizures in flies. Additionally, the mutant flies fall when climbing the walls of the vials, suggesting a defect in grip strength, and

repeat the cycle of climbing and falling. Similar to wall clinging defect, mutantmales often lose grip of the female abdomen during copu-

lation. These phenotypes are rescued by using the GAL4 in the CG12333/wdr37 locus to drive the UAS-human referenceWDR37 cDNA.

The two variants found in three human subjects failed to rescue these phenotypes, suggesting that these alleles severely affect the func-

tion of this protein. Taken together, our data suggest that variants in WDR37 underlie a novel syndromic neurological disorder.
WD40 repeats (WDRs) are among the most abundant pro-

tein-protein interaction domains in eukaryotic proteins.

WDRs are stretches of �40 amino acid repeats that often

terminate in tryptophan (W) and aspartic acid (D) residues

and constitute the fourth most abundant protein domain

in the human genome. In yeast, WDRs participate in more

protein-protein interactions than any other protein do-

mains.1 The HUGO Gene Nomenclature Committee

(HGNC)2 annotates 274 genes that encodeWDR-containing

proteins including 60 that are already associated with dis-

eases in OMIM. WDR proteins have been implicated in a

wide rangeof functions and inavarietyofdiseases (TableS1).

Here, we report the identification of five individuals with

missense de novo variants in WDR37 who have several
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shared phenotypes including ocular colobomas, cerebellar

malformations, developmental delay and intellectual

disability, facial dysmorphism, and epilepsy. The first

proband was identified through the Undiagnosed

Diseases Network,3–5 and subsequent searches of collabo-

rative genomic databases, including GeneMatcher6 and

MyGene27 led to the identification of four additional

individuals reported here. All probands were evaluated

under clinical protocols approved by the respective institu-

tional review boards (IRB) in the institutions/hospitals

where they were evaluated: proband 1, NIH-UDP 76-HG-

0238 and 15-HG-0130 protocols approved by the Na-

tional Human Genome Research Institute (NHGRI) IRB;

proband 2, ‘‘Use of High Throughput Genomic Sequencing
ouston, TX 77030, USA; 2Genetic Health Queensland, Royal Brisbane and

ics, SSM Health Cardinal Glennon Children’s Medical Center, St. Louis, MO
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dical School/Broad Institute of MIT and Harvard, Boston, MA 02138, USA;

attle, WA 98101, USA; 9Paediatric Department, Bundaberg Hospital, Bunda-
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, HarvardMedical School, Boston, MA 02115, USA; 12Division of Diagnostic

NW, Washington, DC 20010, USA; 13The Institute of Molecular Bioscience,

ildrens Research Institute, Melbourne, VIC 3052 Australia; 15NIH Undiag-
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Figure 1. Clinical Features of Probands
All probands exhibit facial dysmorphisms.
(A and B) Proband 1 (P1) has a tall forehead, broad nasal bridge, flat philtrum with a thin vermillion border, low-set ears, and small jaw.
(C and D) Proband 2 (P2) has hypertelorism, ptosis, long eyelashes, left iris coloboma, prominent nasal bridge, short smooth philtrum,
thin upper lip, downturned corners of the mouth, and low-set ears with thick prominent helices.
(E) Proband 3 (P3) has excess nuchal skin, visible epicanthal folds, broad nasal bridge, and smooth philtrum.
(F and G) Proband 4 (P4) has epicanthal folds, ectropion of lower lids, wide mouth with downturned corners, smooth philtrum, and
prominent nose.
Technologies for Gene Discovery in Genetic diseases’’

approved by the IRB of The Royal Brisbane and Women’s

Hospital; probands 3 and 4, IRB-AAAJ8651, approved by

the IRB of Columbia University; and proband 5, ‘‘TheMan-

ton Center for Orphan Disease Research Gene Discovery

Core (GDC), approved by the IRB of Boston Children’s

Hospital. Permission to include the photographs were ob-

tained from the parents of the probands.

Proband 1, a 7-year-old boy, was born with a short

umbilical cord, intestinal malrotation repaired at 2 days

of life, hypotonia, severe feeding abnormalities, and

neonatal-onset seizures. He had global developmental

delay and by age 7 years was unable to walk or use

any words or signs, consistent with severe intellectual

disability. Dysmorphic facial features included a tall fore-

head, broad nasal bridge, flat philtrum with a thin vermil-

lion border, low-set ears, and small jaw (Figure 1). He had

Peters’ anomaly on the left eye (corneal clouding with cen-

tral corneal leukoma, multiple iris adhesions, microcornea,

and congenital glaucoma), iris coloboma and mild micro-

cornea without Peters’ anomaly on the right, and bilateral

chorioretinal colobomas, more severe on the left. Other

anomalies included bilateral moderate sensorineural hear-

ing loss, persistent patent foramen ovale, possible small

ventriculoseptal defect, hand and foot syndactyly, right

hydronephrosis, micropenis with chordee and possible

hypospadias, and undescended testes. A brain MRI at
414 The American Journal of Human Genetics 105, 413–424, August
11 months demonstrated decreased cerebral volume with

severely reduced white matter volume, thin corpus cal-

losum, moderate cerebellar vermian hypoplasia, mild cere-

bellar hemisphere hypoplasia, enlarged posterior fossa size,

and other abnormalities (Figure 2). Images through the

eyes showed thin optic nerves and a small coloboma in

the posterior left eye.

Proband 2, a 6-year-old girl, was born at 38 4/7 weeks of

gestation with respiratory distress and hypotonia. She

failed to thrive and developed postnatal microcephaly.

Generalized tonic clonic seizures on day 5 required anti-

convulsants until 8 months of age but she has been

seizure-free since then. She had ventricular and atrial

septal defects, patent ductus arteriosus and tricuspid regur-

gitation, with corrective surgery at 8 months. Brain MRI

scan showed cerebellar vermian hypoplasia and dysplasia,

mild pons hypoplasia, gray matter heterotopias within the

right frontal lobe, and a pericallosal lipoma (Figure 2). She

has bilateral colobomas and small optic nerves, and wears

glasses. She has bilateral low-tone sensorineural hearing

loss, significant developmental delay, and intellectual

impairment. Physical findings include hypertelorism (þ2

SD), ptosis, long eyelashes, left iris coloboma, prominent

nasal bridge, short smooth philtrum, thin upper lip, down-

turned corners of the mouth, low-set ears with thick prom-

inent helices (Figure 1), bilateral single palmar creases,

joint laxity, and bilateral talipes.
1, 2019



Figure 2. Brain MRI Images in Probands 1, 2, 4, and 5
Shown are probands 1 (A–E), 2 (F–J), 4 (K–O), and 5 (P–T). Midline sagittal images show mild (K) or severe (A, F, P) cerebellar vermis hy-
poplasia; the horizontal white bars mark the expected lower edge of the vermis near the obex. Axial T2-weighted images through the
posterior fossa (B, G, L, Q) show enlarged 4th ventricle and small cerebellar hemispheres with a striking foliar dysplasia (white arrow-
heads). Axial T2-weighted images through the cerebral hemispheres (third and fourth columns) show diffuse shallow sulci or simplified
gyral pattern, reduced white matter volume, and mild ventriculomegaly. Coronal T2-weighted images show striking hippocampal hy-
poplasia and dysplasia in 3 of 5 subjects (black arrows in E, J, T). Note: for proband 3, only limited MRI images were available for review.
For comparison, please refer to the studies of Sanchez et al.32 for MRI images in control individuals.
Proband 3, an 8-month-old girl, has bilateral iris colobo-

mas, excess nuchal skin, wide-spaced and inverted nipples,

abnormal ear shape (mildly dysplastic helices), visible epi-

canthal folds, broad nasal bridge, a broad hallux, and

minimally overlapping toes. Her hospitalization was

complicated by seizures, which were controlled with fos-

phenytoin and carbamazepine, direct hyperbilirubinemia,

pulmonary hypertension, pulmonary edema, patent duc-

tus arteriosus that was surgically corrected, and a muscular

ventriculoseptal defect. Brain MRI at day 12 showed dilata-
The Americ
tion of the fourth ventricle and hypoplasia of the cerebellar

vermis and mildly diminished white matter parenchymal

volume (Figure S1). There were bilateral iris, chorioretinal,

and optic nerve colobomas, with the left optic nerve more

severely affected than the right.

Proband 4, a 19-year-old white female, had bilateral iris

plus retinal-optic nerve colobomas at birth, as well as

hydronephrosis and dilatation of the ureters, and left

duplicated collecting system. She was hypotonic and

developmentally delayed, but gradually became spastic.
an Journal of Human Genetics 105, 413–424, August 1, 2019 415



She has severe intellectual disability and depends on

others for all activities of daily living. She has short stature,

colobomas, visible epicanthal folds, ectropion of lower

lids, wide mouth with downturned corners, prominent

nose (Figure 1), abnormal palmar creases, and bilateral

short fifth fingers with clinodactyly. Generalized seizures

were well controlled by topiramate. Brain MRI at 7 years

showed moderate hypoplasia of the cerebellar vermis,

disorganized cerebellar hemispheric folia, colpocephaly

with a thin and elongated posterior corpus callosum, and

bilateral colobomas (Figure 2).

Proband 5, a male infant, had two-vessel umbilical cord,

micropenis, cryptorchidism, eye abnormalities (cloudy

cornea, microcornea, microphthalmia), dysmorphic fea-

tures, and a cardiac murmur at birth. He developed seizures

on day 2, with apneas requiring intubation and oxygena-

tion on day 6. He had bilateral microphthalmia, microcor-

nea, bilateral congenital aphakia, and bilateral congenital

glaucoma, with elevated intraocular pressure in both

eyes, reflecting anterior segment dysgenesis. Brain MRI

on day 4 showed moderate vermian hypoplasia (Figure 2),

ventral pontine hypoplasia, disorganized cerebellar foliar

pattern, bilateral perisylvian polymicrogyria, corpus cal-

losal dysgenesis, large massa intermedia, optic nerve hypo-

plasia, small globes, and aphakia. Echocardiogram on day

5 revealed a large secundum atrial septal defect with left-

to-right flow, several tiny muscular ventricular septal de-

fects, right ventricle dilation and hypertrophy, mild right

ventricular dysfunction, and low normal left ventricular

systolic function. Nasogastric tube feeding was required

up to age 4 weeks.

A summary of the clinical features and molecular find-

ings of the five probands are in Tables 1, 2, and S2. Addi-

tional clinical data are found in Supplemental Note: Case

Reports. All of the probands had eye anomalies (bilateral

colobomas in 4 of 5 probands; microphthalmia in 3

of 5); dysmorphic features (most had prominent forehead,

wide, downturned mouth, excessive nuchal skin, and

broad nasal bridge; 3/5 had wide-spaced nipples); seizures;

and feeding difficulties. Developmental delay, intellectual

disability, and no verbal development was in 4 probands,

although proband 5 is too young for evaluation. Follow-

up studies to determine whether proband 5 will develop

intellectual disability will further delineate the clinical

spectrum of this disorder. Most of the probands had

congenital cardiac defects (4 of 5), hypotonia (4 of 5), post-

natal microcephaly (3 of 5), and hearing loss (2 of 5; no

hearing test was performed in proband 5). The two male

probands included in the study both had micropenis and

undescended testes.

The brain malformations proved to be remarkably

similar among all five probands. The key features included

(1) diffuse gyral hypoplasia due to thin or narrow gyri with

reduced white matter, (2) mildly small and dysplastic

hippocampi, (3) diffusely reduced volume of white matter,

(4) mildly enlarged lateral ventricles, (5) diffusely thin

corpus callosum with callosal lipoma in 1 of 5 subjects
416 The American Journal of Human Genetics 105, 413–424, August
(6) unusually thin anterior commissure (7) mild diffuse

brainstem hypoplasia that was most obvious in the pons,

(8) diffuse mild or moderate cerebellar hypoplasia with

diffuse and strikingly abnormal foliar pattern, (9) some-

times mildly enlarged size of the posterior fossa, (10)

posterior eye (retinal) colobomas, and (11) optic nerve hy-

poplasia. No specific cortical malformations were seen. In

proband 2, there was mild subcortical heterotopia in the

right mid-frontal lobe and a lipoma in the corpus callosum

in proband 2 (LR17-513).

Whole-exome sequencing was performed on four pro-

bands at three different research centers to identify patho-

genic variants underlying their disease (see Supplemental

Note: Case Reports and Figure S1); whole-genome se-

quencing was performed on proband 2. Variant interpreta-

tion and prioritization were based on the clinical relevance

of the gene and the pathogenicity of the variants using

the ACMG-AMP guidelines,8 Mendelian consistency and

segregation, observed frequency of the variants in public

and internal population databases, conservation, and pre-

dicted deleteriousness of the candidate genes (for further

details, see Supplemental Note: Case Reports).

All the probands shared de novo missense variants in

WDR37 (Table 3). To perform a comprehensive database

search onWDR37, we utilized MARRVEL (Model organism

Aggregated Resources for Rare Variant ExpLoration), which

aggregates data from multiple databases including ExAC,

gnomAD, and OMIM among others.9 The variants in our

cohort were not observed ExAC and gnomAD and were

predicted to be pathogenic by PROVEAN and PolyPhen2

(see Web Resources). The WDR37 gene contains an identi-

fiable coiled coil region and seven WDRs (Figure 3A).

WDRs are suggested to form 8 bladed beta propeller folds

that form protein interaction interfaces.1 These repeats

are found in a variety of proteins and do not confer suffi-

cient information per se to suggest functionality. Despite

a lack of functional data, human population genetic data

suggest that WDR37 is somewhat intolerant of loss-of-

function (LoF) variations, with a pLI (probability of LoF

intolerance) score of 0.57 based on gnomAD with e/o

(expected/observed) ratio of 0.21.10 There are two early

frameshift variants in gnomAD (p.Phe62Valfs*3 and

p.Arg67Asnfs*10) likely resulting in LoF in control individ-

uals. In addition, there are 25 copy number variants in

DECIPHER database with diverse phenotypes but the large

size of deleted regions limit the specificity of the pheno-

types.11 Additionally there is one deletion identified in

1000 Genomes project from a healthy individual’s immor-

talized blood cells.12 Missense variants in WDR37 are

selected against in the general population because it ex-

hibits missense constraint with a z score of 2.31 in

gnomAD. All but one (p.Leu77Ile) missense variant found

in these public databases (ExAC, gnomAD) are heterozy-

gous. All the variants that we present in this cohort are ab-

sent in ExAC and gnomAD databases.10

The affected residues in the probands are located be-

tween the amino-terminal coiled coil region and the first
1, 2019



Table 1. Summary of Clinical Features of Probands with De Novo WDR37 Variants

Clinical Feature Proband 1 Proband 2 Proband 3 Proband 4 Proband 5 Summary

Abnormal cerebellum morphology (HP:0001317) þ þ þ þ þ 5/5

Epilepsy (HP:0001250) þ þ þ þ þ 5/5

Congenital heart defect (HP:0001627) þ, persistent
foramen
ovale, VSD

þ, VSD, ASD,
PDA, tricuspid
regurgitation

þ, VSD, PDA �a ASD, cardiomegaly 4/5

Coloboma (HP:0000589) þ, bilateral þ, bilateral þ, bilateral þ, bilateral � 4/5

Developmental delay (HP:0001263) þ þ þ þ undetermined 4/5

Intellectual disability (HP:0001249) þ þ þ þ undetermined 4/5

Absent speech (HP:0001344) þ þ þ þ undetermined 4/5

Postnatal microcephaly (HP:0005484) þ þ � þ NR 3/5

Microphthalmia (HP:0000568) þ, left þ, left � � þ, bilateral 3/5

Peters’ anomaly (HP:0000659) þ, left � � � � 1/5

SNHL (HP:0000407) þ þ �b � not done 2/5

Dysmorphic Features

Downturned mouth (HP:0002714) þ þ þ þ þ 5/5

Prominent nasal bridge (HP:0000426) þ þ þ þ þ 5/5

Abnormality of the palmar creases (HP:0010490) þ, irregular
and bridged

þ, single palmar
crease

þ, hockey stick
crease

þ þ, diminished 5/5

Smooth philtrum (HP:000319) þ þ þ þ undetermined 4/5

Prominent/tall forehead (HP:0011220) þ þ þ þ � 4/5

Epicanthal folds (HP:0000286) � � þ þ � 2/5

Hypertelorism (HP:0000316) � þ þ � � 2/5

Low set ears (HP:0000369) þ þ � � þ 3/5

Wide-spaced nipples (HP:0006610) þ � þ � þ 3/5

Excessive nuchal skin (HP:0005989) � � þ � þ 2/5

Micropenis (HP:0000054) þ NA NA NA þ 2/2

Cryptorchidism (HP:0000028) þ NA NA NA þ 2/2

Abbreviations: VSD, ventricular septal defect; ASD, atrial septal defect; PDA, patent ductus arteriosus; EEG, electroencephalogram; þ, present; �, absent; NR, not
reported; NA, not applicable; FO, foramen ovale; VSD, ventricular-septal defect; PDA, patent ductus arteriosus; ASD, atrial septal effect; TR, tricuspid regurgitation;
SNHL, sensorineural hearing loss.
aNormal echocardiography as an infant, but more recently found with dilated aorta and aortic root
bPassed newborn exam
WD40 repeat. This domain (aa106–152) is also evolution-

arily conserved from flies to vertebrates and is present

only in WDR37 protein orthologs across species (Fig-

ure 3A). Despite the high level of conservation throughout

the entire protein across species, there is remarkably little

knowledge about the function of WDR37 and its ortho-

logs. The gene was targeted by the International Mouse

Phenotyping Consortium (IMPC),13 a large-scale mouse

knock-out consortium, and routine phenotyping docu-

mented that the homozygous knockout animals are viable

with mild neurological (decreased grip strength) and skel-

etal (kyphosis and fusion of vertebral arches) phenotypes.

The hematologic findings include increased number of

monocytes and CD4þCD25� T cells and a decrease in B

cells and total leukocytes. Biochemical findings include
The Americ
an increase in circulating calcium and alkaline phospha-

tase levels.13

To functionally annotate WDR37 and to determine the

functional consequences of the first two genetic variants

that we identified, we studied the orthologous gene in

Drosophila melanogaster.14–16 WDR37 has a single unchar-

acterized fly ortholog, CG12333, with high homology

(DIOPT17 score 14/15, 51% amino acid identity and 63%

similarity) (Figure 3A). Due to high homology we named

the gene wdr37.

Since there were no reported mutant alleles for

CG12333/wdr37, we generated a null allele of wdr37 by

CRISPR-Cas9-directed homologous recombination18–20

(Figure 3B, see Supplemental Material and Methods). We

replaced the entire coding sequence of the gene with
an Journal of Human Genetics 105, 413–424, August 1, 2019 417



Table 2. Brain Imaging Abnormalities in Children with WDR37 Variants

Subjects

Proband Number 1 2 3 4 5

Code reference LR13-199 LR17-513 LR18-508 LR18-509 LR18-510

Gyral hypoplasia þ þ NA þ þ

Hippocampal dysplasia þ þ NA þ þ

White matter hypoplasia þþ þ NA þ þ

Enlarged lateral ventricles þþ – NA þ þ

Massa intermedia (thalami) large þþ þ þ þ/– þþ

Corpus callosum hypoplasia (thin) þþ þ þ þ þþ

Thin anterior commissure – þ NA þ þ

Brainstem hypoplasia (especially pons) þ þ þ – þ

Cerebellar hypoplasia þþ þþ þþ þ þþ

Foliar dysgenesis, diffuse þþ þþ NA þ þþ

Posterior fossa, enlarged þ – – þ þ

Coloboma retina L L L/R L/R –

Additional findings optic nerve hypoplasia (thin) corpus callosum lipoma;
small subcortical heterotopia
in right mid-frontal lobe

Abbreviations: L, left; R, right; þ, feature present; þþ, feature present and moderate to severe; –, feature absent; NA, feature not available for review.
GAL4 in order to determine the expression pattern of the

gene using UAS-GFP and to assess rescue of the induced

mutation with a UAS-human WDR37 cDNA to ‘‘human-

ize’’ the flies.15,21 To create the GAL4 replacement, we

injected two gRNAs that target the 50 and 30 UTR and a

template carrying homology to cut region and a Kozak

consensus and the GAL4 gene to induce homology

directed repair (HDR) in embryos expressing Cas9 in germ-

line (Figure 3B). Strains were established, and PCR showed

that the replacement of the gene coding sequence with

GAL4 was precise. Also, the transcript for wdr37 could

not be detected by RT-PCR in trans-heterozygous animals

containing the allele over a molecularly defined deficiency,
Table 3. De Novo WDR37 Variants

Variant Details Proband 1 Proband 2

cDNA (NM_014023.3);
gDNA (Chr10,GRCh37);
Protein

c.374C>T;
g.1126394C>T;
p.Thr125Ile

c.386C>G;
g.1126406C>G;
p.Ser129Cys

CADD Phred score 32 27.7

MutationTaster probabilitya 1 1

SIFTb score: 0.03,
median: 3.57

score: 0.05,
median: 3.57

PolyPhen probably damaging probably damaging

PROVEAN deleterious deleterious

Note that all variants are de novo and are not present in ExAc or gnomAD. Abbre
morphism Phenotyping; PROVEAN, Protein Variation Effect Analyzer.
aAll variants are disease-causing according to MutationTaster
bAll variants are deleterious as predicted by Sorting Intolerant From Tolerant (SIF

418 The American Journal of Human Genetics 105, 413–424, August
Df(3R)Exel6179,22 that removes wdr37 (Figure 3C). These

data ensured that we generated a genetic null allele named

wdr37GAL4D.

Upon crossing wdr37GAL4D animals with UAS-GFP, we

noted that the gene is widely and highly expressed

throughout the body in larval stages and adult flies

(Figure 4A), in agreement with high throughput expres-

sion profiling data.23 As the symptoms in the probands

were predominantly neurological, we further analyzed

the expression pattern of wdr37 in the central nervous sys-

tem. We stained adult brains of wdr37GAL4D; UAS-nuclear

localization signal (nls)GFP with the nuclear neuronal

marker Elav (Embryonic Lethal Abnormal Vision) or the
Proband 3 Proband 4 Proband 5

c.356C>T;
g.1126376C>T;
p.Ser119Phe

c.386C>G;
g.1126406C>G;
p.Ser129Cys

c.389C>T;
g.1126409C>T;
p.Thr130Ile

29.5 27.7 25

1 1 1

score: 0.03,
median: 3.57

score: 0.05,
median: 3.57

score: 0,
median: 3.97

probably damaging probably damaging benign

deleterious deleterious deleterious

viations: CADD, Combined Annotation Dependent Depletion; PolyPhen, Poly

T) software

1, 2019



A

B C

Figure 3. Conservation of WDR37 and Generation of wdr37-Null Allele
(A) Alignment of WDR37 with wdr37. Protein domains of WDR37 were identified through UniProt and SMART databases. The variants
identified in the probands are marked with a red box and variant residue is indicated above the variant amino acid. WD40 repeats are
shaded yellow and the coiled coil region is shaded blue.
(B) Generation of wdr37GAL4D allele. Primer sites to verify the insertion are indicated on the construct.
(C) RT-PCR confirmation of wdr37-null alleles. RNA is isolated and reverse transcribed from two independent lines of wdr37GAL4D /
Def(3R)6179 and yw flies as control. Correct amplicons are detected only in the yw animals.
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Figure 4. Expression of wdr37 in Adults
and Larvae
(A) Expression of UAS-GFP under the con-
trol of wdr37GAL4D is monitored in larval
and adult body.
(B) Expression domain of wdr37 is moni-
tored in adult brain by using the indicated
transgenes. Co-staining with neuronal
marker (ElaV) and glial marker (repo) indi-
cate that the gene is expressed in large sub-
sets of neurons and glia.
nuclear glial marker Repo (Reversed Polarity). As shown in

Figure 4B, wdr37 is expressed in most neurons and glia of

the adult brains.

Null mutant animals (wdr37GAL4D/wdr37GAL4D or

wdr37GAL4D/Df(3R)Exel6179) were viable and fertile and

did not display obvious morphological phenotypes. We

therefore turned to behavioral assays. A key phenotype

linked to epilepsy in humans is bang sensitivity in

flies.24,25 Bang sensitivity measures the time that the flies

take to right themselves and move after a mechanical

stress (such as a 30 s vortex in a tube). Wild-type (WT)

flies right themselves instantaneously whereas bang-

sensitive flies show stereotypical cycles of paralysis fol-

lowed by uncoordinated limb movements for several

seconds to a minute. This uncoordinated movement

sequence resembles seizures and typically can be sup-

pressed by several anti-convulsive drugs.24,26,27 Compari-

son of wdr37GAL4D/Df(3R)Exel6179 animals to heterozy-
420 The American Journal of Human Genetics 105, 413–424, August 1, 2019
gous animals (wdr37GAL4D /þ or

Df(3R)Exel6179 /þ) showed that

wdr37-null flies are severely bang

sensitive and remain uncoordinated

for �10–30 s after mechanical stress

(Figure 5A).

Next, we assessed the ability of flies

to climb. When flies are tapped down

to the bottom of a vial, they immedi-

ately start to climb up the side of

the vial through negative geotaxis.28

Control flies reach the top of the

vial (6.5 cm) within a few seconds

and typically stay just below the cot-

ton plug of the vial; 13% of flies fall

within 30 s of recording (Video S1).

Interestingly, the majority of wdr37

mutants reached the top of the vial

quickly but 57% of the flies fall

within a 30 s recording period. They

seem not to be able to hold their

grip during this action (Video S2)

and repeat this cycle of climbing

and falling. It is interesting to note

that the mice that lack Wdr37 exhibit

a ‘‘low grip strength phenotype.’’13

Given thatwdr37 is broadly expressed
in CNS and muscles, it is not obvious whether the defect is

neurological or muscular in nature.

The third behavioral phenotype we evaluated was

Drosophila courtship, a form of stereotyped social behavior

that is composed of a number of sequential steps required

for the initiation of copulation, including tapping, wing

vibration, and licking the female abdomen.29 Initial com-

parisons between wdr37GAL4D /Df(3R)Exel6179 and wild-

type CantonS flies revealed a positioning defect during

copulation. Normally, male Drosophila typically cling to

the backside of the females when mating, maintaining

their position by gripping the female’s abdomen with

their legs (Figure 5B and Video S3). Null animals were

incapable of maintaining their grip on the female during

copulation, with 71% of the flies failing to maintain

typical copulatory posture or visibly flailing four or

more limbs during the mating process (Figure 5B and

Video S4).
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Figure 5. Adult Phenotypes of wdr37-Null Mutants
(A) wdr37 (wdr37GAL4D /Df)-null flies exhibit bang sensitivity. Df corresponds to Df(3R)Exel6179.
(B) Males of the indicated genotype in the presence of wild-type (CantonS) females are visualized for 30 min. Wild-type males (on the
left) can maintain their grip of female abdomen during copulation whereas the wdr37GAL4D/ Df(3R)6179 males often lose their grip and
are unable to maintain normal copulatory posture.
(C) Overexpression of the UAS-WDR37 human reference cDNA under the control of wdr37GAL4D is toxic at 25�C and 22�C (with <5%
that survive and are referred to as ‘‘escapers’’); this toxicity is suppressed at 18�C. The UAS-WDR37 lines with the human variant cDNAs
lose this toxicity.

(legend continued on next page)
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To rescue the bang sensitivity, grip weakness, and copula-

tion defect, we tested whether the GAL4 that replaced the

wdr37 coding sequence could drive the UAS-human

WDR37 cDNA and rescue these phenotypes.16,30 We gener-

ated transgenic flies with UAS-WDR37 full-length reference

cDNAs and two of the variant cDNAs, p.Thr125Ile and

p.Ser129Cys. The cDNA constructs were cloned in identical

vectors and inserted in the same genomic landing site,

minimizing genetic background variation with different

experimental conditions. By comparing their rescue ability,

we can evaluate whether the variants impair protein func-

tion even when the amino acids are not evolutionarily

conserved. With this system, we can also alter the expres-

sion level of human cDNAs by raising the flies at different

temperatures; at 25�C the expression of UAS-cDNA is often

significantly higher and can be sometimes toxic, when

compared to 18�C.31 We found that at 25�C the expression

of the UAS reference human cDNA driven by wdr37GAL4D

induced pupal lethality, while the WDR37 cDNAs carrying

the proband variants (p.Thr125Ile and p.Ser129Cys) were

viable and fertile when raised at 25�C (Figure 5C). These

data indicate that the variants are less toxic than the refer-

ence cDNA and are likely associated with a loss of function,

at least when tested in flies.

To determine whether the human reference WDR37

cDNA and the variants can rescue the wdr37-null mutant

bang sensitivity, decreased grip strength, and courtship

behavior phenotypes, the flies were raised at 18�C. The hu-
man referenceWDR37 expressed at 18�C under the control

of wdr37GAL4D nearly fully rescued all three phenotypes

(Figures 5D–5F). Note that at this temperature the bang

sensitivity is milder than at 25�C. However, neither of

the two tested human cDNA variants rescue the pheno-

types associated with the loss of wdr37, again indicating

that the two variants cause a loss of function.

In summary, we identified five individuals with overlap-

ping neurological phenotypes that have de novo missense

variants that map to a small region of WDR37. Clinically,

all of them had eye anomalies (mostly bilateral colobo-

mas), dysmorphic features, seizures, feeding difficulties,

developmental delay, intellectual disability, and no verbal

development; most of the probands had congenital cardiac

defects and hypotonia. Brain imaging studies demon-

strated several consistent abnormalities including mildly

simplified gyral pattern with relatively shallow sulci, small

and dysplastic hippocampi, mild to moderate reduced vol-

ume of white matter, mild ventriculomegaly, diffusely thin

corpus callosum, mildly thin brainstem with small pons,

and moderately diffuse cerebellar and vermis hypoplasia
(D) wdr37-null flies (wdr37GAL4D/Df) show negative geotaxis but fail to
by the full-length UAS WDR37 reference cDNA (Ref) but not rescued
(E) The loss of wdr37 leads to increased bang sensitivity, which is r
p.T125I or p.S129C. Note that the duration of bang sensitivity respo
(F) The reference human cDNA (Ref) can rescue the copulation de
copulation defect. Ref indicates line with UAS-WDR37 full-length
with the p.T125I variant, and p.S129C indicates variant UAS-WDR37
and ****p % 0.0001. ns indicates not significant.
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with a striking foliar dysplasia. Despite the similarities,

there are features that are not present in all probands, or

specific to a single proband. For example, proband 4 ex-

hibited spastic quadriplegia, while the others manifested

with hypotonia; only proband 1 had significant neurore-

gression. Probands 1 and 2 both presented with respiratory

issues, but we cannot be certain that the WDR37 variants

are responsible for this phenotype. While all probands

had pathogenic variants in WDR37, it is possible that

some of the variabilities in the clinical presentation can

be secondary to other unknown genetic background or

other environmental factors unique to each proband.

The identification of additional individuals with variants

in WDR37, together with a more detailed characterization

of the natural progression of disease, will help define

WDR37-related disorders.

The human reference WDR37 protein can functionally

replace the fly ortholog, wdr37, showing a molecular con-

servation of the function of the proteins. Moreover, there

are some phenotypic parallels including epilepsy in pro-

bands and bang sensitivity in flies. All probands in this

cohort carry de novo, monoallelic missense variants, indi-

cating dominance. Alleles can cause dominant phenotypes

through haploinsufficiency, gain-of-function, or domi-

nant-negative mechanisms. Haploinsufficiency was not

observed in flies and mice. Moreover, the probands with

CNVs of WDR37 and adjacent genes share limited pheno-

typic similarity with our cohort and three individuals were

documented in the gnomAD control populations with

heterozygous early frameshift alleles. These data suggest

that the WDR37 variants identified in our probands are

unlikely to be simple LoF alleles. A gain-of-function mech-

anism in flies, however, is unlikely given that the expres-

sion of the human variants in mutant flies do not exacer-

bate the phenotype and act as loss-of-function alleles.

Further studies will be required to determine whether the

variants found in our probands act as dominant-negative

mutations. Follow-up studies using vertebrates, cell

models, and human tissue will lead to a better insight

into the precise function of this gene and a detailed under-

standing of disease mechanism.
Accession Numbers

The variants in this study have been submitted to ClinVar,

with the following accession numbers: NM_014023.3:c.374C>T,

SCV000920632; NM_014023.3:c.386C>G, SCV000920633; NM_

014023.3:c.356C>T, SCV000920634; NM_014023.3:c.389C>T,

SCV000920635.
hang on the surface of the vial for 30 s; this phenotype is rescued
by neither of the variant cDNAs (p.T125I or p.S129C).
escued by the human reference cDNA (Ref), but not the variants
nse is shorter at experimental temperature.
fect whereas p.S129C and p.T125I variant cDNAs fail to rescue
cDNA human reference, p.T125I indicates variant UAS-WDR37
with the p.S129C variant. *p % 0.05, **p % 0.01, ***p % 0.001,
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