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Abstract

Missense variants located in the N-terminal region of WDR37 were recently identified to cause 

a multisystemic syndrome affecting neurological, ocular, gastrointestinal, genitourinary, and 

cardiac development. WDR37 encodes a WD40 repeat-containing protein of unknown function. 
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We identified three novel WDR37 variants, two likely pathogenic de novo alleles and one 

inherited variant of uncertain significance, in individuals with phenotypes overlapping those 

previously reported but clustering in a different region of the protein. The novel alleles are 

C-terminal to the prior variants and located either within the second WD40 motif (c.659A>G p.

(Asp220Gly)) or in a disordered protein region connecting the second and third WD40 motifs 

(c.778G>A p.(Asp260Asn) and c.770C>A p.(Pro257His)). The three novel mutants showed 

normal cellular localization but lower expression levels in comparison to wild-type WDR37. To 

investigate the normal interactions of WDR37, we performed co-immunoprecipitation and yeast 

two-hybrid assays. This revealed the ability of WDR37 to form homodimers and to strongly bind 

PACS1 and PACS2 phosphofurin acidic cluster sorting proteins; immunocytochemistry confirmed 

colocalization of WDR37 with PACS1 and PACS2 in human cells. Next, we analyzed previously 

reported and novel mutants for their ability to dimerize with wild-type WDR37 and bind PACS 

proteins. Interaction with wild-type WDR37 was not affected for any variant; however, one novel 

mutant, p.(Asp220Gly), lost its ability to bind PACS1 and PACS2. In summary, this study presents 

a novel region of WDR37 involved in human disease, identifies PACS1 and PACS2 as major 

binding partners of WDR37 and provides insight into the functional effects of various WDR37 

variants.

Introduction

WDR37 is a WD40 repeat (WDR) containing protein of unknown function. Missense 

variants upstream of the first known WD motif (WD1) of WDR37 were recently identified 

as a cause of human disease (WDR37 syndrome), characterized by cognitive impairment 

with early-onset seizures, developmental ocular anomalies including coloboma, corneal 

opacity, and lens anomalies, structural brain and heart anomalies, feeding issues, dysmorphic 

facies, and genitourinary defects (Kanca et al. 2019; Reis et al. 2019). Thus far, ten unique 

individuals have been reported with this rare syndrome in overlapping publications with 

variants clustered within a span of 16 amino acids from p.Thr115 to p.Thr130 (Aldinger et 

al. 2019; Hay et al. 2020; Kanca et al. 2019; Reis et al. 2019). Studies in zebrafish confirmed 

severe effects on development caused by similar missense variants in wdr37 and identified 

significant changes in the expression of genes involved in cholesterol biosynthesis in these 

mutants (Reis et al. 2019); homozygous null mutant Drosophila displayed abnormalities 

in several behavioral phenotypes (bang sensitivity, grip strength, and copulation) which 

were rescued by wild-type, but not by missense variant cDNA, similarly confirming the 

deleterious effect of these missense variants (Kanca et al. 2019).

WDR represents one of the most abundant domains within the human proteome (Schapira 

et al. 2017) and is also present in other eukaryotic kingdoms (Jain and Pandey 2018). WDR 

domain-containing proteins form a ring structure with four- to eight-bladed β-propellers 

surrounding a ‘doughnut hole’, which is often the site of interactions with other proteins; 

a seven-bladed β-propeller structure is most common and predicted to be highly stable 

structurally (Jain and Pandey 2018). WDR proteins are involved in a wide variety of cellular 

pathways; the largest numbers of WDR proteins are involved in gene expression, signal 

transduction, protein metabolism, cell cycle, and immune system pathways, but numerous 

other pathways also show enrichment for WDR proteins (Schapira et al. 2017). Pathogenic 
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variants in WDR proteins are linked to diverse human diseases ranging from cancer to 

developmental disorders affecting the brain and other structures (Al-Rakan et al. 2018; Jain 

and Pandey 2018; Skraban et al. 2017).

Here, we report two novel de novo likely pathogenic alleles and one inherited variant of 

uncertain significance located either within the second WDR or in a so-called ‘disordered 

region’ connecting the second and third WDRs of WDR37, in a distinct new cluster 

C-terminal to the prior reported pathogenic alleles; the three variants were identified in 

individuals affected with severe cognitive impairment and variable syndromic anomalies, 

expanding both the genetic and phenotypic spectra associated with WDR37 variants. To 

further explore the mechanisms of these and previously reported WDR37 variants, we 

performed a yeast two-hybrid screen to identify binding factors of WDR37 and utilized 

this data to test a variety of previously reported and newly identified variants for functional 

defects.

Materials and methods

Human research

Individuals with variants in WDR37 (NM_014023.4; build GrCh37) were identified through 

research analysis at the Medical College of Wisconsin, approved by the Children’s 

Wisconsin Institutional Review Board, or through clinical testing and depositing into 

Matchmaker Exchange Databases (Philippakis et al. 2015). Written informed consent for 

research analysis (if applicable) and publication (all) was obtained for every participant. All 

variants were identified through clinical exome sequencing (Individuals 1 and 2) or research 

exome sequencing (Individual 3) performed and analyzed as previously described (Reis et 

al. 2019) and confirmed by Sanger sequencing (Individuals 2 and 3 only). In silico analysis 

of variants of interest included assessing frequency in the general population in gnomAD 

v2.1.1 (Karczewski et al. 2020) and predicted effect on protein function by five missense 

prediction programs (SIFT, Polyphen2, MutationTaster, MutationAssessor, and FATHMM-

MKL) and two combined analysis tools for assessing the effect of single nucleotide variants 

(CADD phred hg19 and REVEL) within dbNSFP (Liu et al. 2013) accessed through the 

Variant Effect Predictor (McLaren et al. 2016). ACMG/ AMP Guidelines were used in 

variant interpretation (Richards et al. 2015). WDR37 genetic variants have been submitted to 

ClinVar, accession numbers SCV001911449–SCV001911451.

Protein modeling

3D structures for wild-type (NP_054742.2) and mutant (p.(Asp220Gly), p.(Asp260Asn), 

and p.(Pro257His)) full-length polypeptides were modeled using I-Tasser (Yang et al. 2015) 

and annotated using Pymol 2.4 (The PyMOL Molecular Graphics System 2021). The 

location of the WD40 motifs were determined based on UniProt (UniProt 2021).

Yeast 2 hybrid analysis

The yeast two-hybrid screen was performed by Hybrigenics Services SAS (Evry, France). 

The 1485 base pair (bp) coding sequence (amino acids (aa) 1–494) for the human WDR37 

protein (GeneCopoeia, EX-A3878-M14) was subcloned into a pB66 vector as a C-terminal 
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fusion to the Ga14 DNA-binding domain. This plasmid was used as a bait for screening of 

the human fetal brain ULTImate library. The bait was neither autoactivating nor toxic, and 

therefore a tryptophan, leucine, and histidine free selection medium without 3-aminotriazol 

was used for the screens. The prey fragments were amplified by PCR and sequenced. 

The GenBank database (NCBI) was used for identification of the DNA fragments. The 

interacting proteins were assigned a Predicted Biological Score (PBS®), a statistical score 

reflecting the probability of a significant interaction; the score is grouped into categories 

according to the degree of confidence in the interaction where PBS® A corresponds to the 

highest confidence rank, PBS® B to high confidence, PBS® C to good confidence, and 

PBS® D to low confidence interactions (single interaction) (Formstecher et al. 2005; Rain et 

al. 2001).

Plasmids and site-directed mutagenesis

pReceiver-M10 cDNA expression vectors containing human WDR37 (GeneCopoeia, EX-

A3878-M10), PACS1 (GeneCopoeia, EX-E1384-M10), and PACS2 (GeneCopoeia, EX-

I0936-M10) in fusion with Myc-tag were used to express WDR37-Myc, PACS1-Myc, 

and PACS2-Myc proteins. pReceiver-M14 plasmid containing the full-length WDR37 

inserted at HindIII and XbaI sites and fused with 3xFLAG tag (GeneCopoeia, EX-

A3878-M14) was used for expression of the FLAG-tagged wild-type WDR37 protein 

and as a template for site-directed mutagenesis. In vitro site-directed mutagenesis was 

performed using QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, 

Santa Clara, CA) and all resulting changes were verified by Sanger sequencing. Mutagenesis 

primers were designed by the QuikChange Primer Design Program (Agilent Technologies, 

Santa Clara, CA): for c.659A>G, p.Asp220Gly-5′-agatatgagcagtctgacctccagaagcagtgaga 

and 5′-tctcactgcttctggaggtcagactgctcatatct, for c.770C>A, p.Pro257His-5′-
cccatcgaggtcgtgctcgtccttgtc and 5′-gacaaggacgagcacgacctcgatggg, and for c.778G>A, 

p.Asp260Asn-5′-gacacatccccattgaggtcgggctcg and 5′-cgagcccgacctcaatggggatgtgtc.

The sequences of the primers used for site-directed mutagenesis of the four N-terminal 

WDR37 variants (p.Ser119Phe, p.Thr125Ile, p.Ser129Cys, p.Thr130Ile) have been reported 

previously (Reis et al. 2019).

Cell culture and transfection experiments

B3 human lens epithelial cells (ATCC® CRL-11421™) were grown in Eagle’s minimum 

essential medium (MEM) supplemented with 20% fetal bovine serum. Cells were 

transfected with plasmid DNA using Lipofectamine 2000 (Thermo Fisher Scientific). For 

immunoprecipitation experiments, cells at 70–90% confluency growing in a 100 mm cell 

culture dish were transfected with 6 μg of the plasmid encoding FLAG-tagged protein and 

9 μg of the plasmid containing its Myc-tagged binding partner. For immunofluorescence 

staining, cells growing in 35 mm dishes were transfected with 2.5 μg of each plasmid; 

after 24 h of incubation and fivefold dilution, cells were transferred into 35 mm Nunc glass-

bottom dishes (Thermo Fisher Scientific). Experiments for measuring protein expression 

levels were done in triplicate by transfecting B3 cells growing in six-well plates with 2.5 

μg of each plasmid. The complexes for transfection were prepared by mixing DNA and 
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Lipofectamine at a 1:2 ratio in Opti-MEM (Invitrogen) according to the manufacturer’s 

recommendations. Cells were harvested 48 h after transfection.

Protein extraction and co-immunoprecipitation

B3 human lens epithelial cells were transiently transfected with plasmids encoding 

wild-type WDR37-Myc fusion protein and FLAG-tagged WDR37 wild-type or variant 

proteins. Extracts derived from transfected cells were divided into two equal parts and 

immunoprecipitated with antibody which recognizes either Myc or FLAG epitopes. Cells 

were collected by scraping cells from the plate into cold phosphate buffered saline (PBS) 

solution. The resulting cell suspension was precipitated by centrifugation and the pellet was 

extracted with 1% Triton X-100 lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM 

EGTA, 10% glycerol and 1% Triton X-100) containing protease inhibitor and phosphatase 

inhibitor cocktails for use with mammalian cell and tissue extracts (Sigma-Aldrich) on ice 

for 20 min. Lysates were clarified by centrifugation at 12 K, 4 °C and the supernatant 

was divided into equal parts for overnight immunoprecipitation either with 1 μg of the 

mouse monoclonal FLAG-M2 antibody (Sigma-Aldrich) or 1 μg monoclonal anti-Myc 9E10 

antibody produced in mouse (Santa Cruz Biotechnology). Antibody–protein complexes were 

captured by incubation with Dynabeads Protein G (Invitrogen by Thermo Fisher Scientific) 

and washed three times with IP washing buffer [50 mM HEPES pH 7.4, 150 mM NaCl, 

1 mM EGTA, 1.5 mM MgCl2, 0.1% Igepal Ca-630 (Sigma-Aldrich)]. Precipitates were 

released from the beads after incubation in SDS sample buffer at 70 °C for 10 min. For 

protein expression levels, whole cellular lysates were prepared with RIPA buffer (Thermo 

Fisher Scientific) in the presence of protease inhibitor cocktail.

The same process was repeated with FLAG-tagged wild-type or variant WDR37 and 

PACS1-Myc or PACS2-Myc. Cell lysate containing both interacting partners was divided 

into two parts and precipitated with anti-FLAG or anti-Myc monoclonal antibodies. Control 

lysates with either WDR37-FLAG or PACS1-Myc expressed alone were precipitated with 

anti-Myc or anti-FLAG antibodies to rule out any non-specific interactions. Precipitated 

proteins were subjected to SDS-PAGE and probed with anti-Myc and anti-WDR37 

polyclonal antibodies produced in rabbit.

Western blot

Precipitated protein complexes were separated by SDS-PAGE using 18-well 4–15% 

Criterion Precast Gel (Bio-Rad) followed by an electrophoretic transfer onto an Immobilon-

P transfer membrane (Millipore). Blots were blocked in 3% non-fat dry milk and probed 

either with Myc-Tag (71D10) Rabbit mAb (Cell Signaling) for PACS1-Myc and PACS2-

Myc detection or with WDR37 polyclonal antibody produced in rabbit (MyBioSource). 

Stabilized peroxidase conjugate of the goat anti-rabbit IgG (Thermo Fisher Scientific) 

was used as a secondary antibody. The signal was detected with iBrightFL1000 imager 

(Invitrogen) after exposure to the SuperSignal West Femto chemiluminescent substrate ESL 

reagent (Thermo Fisher Scientific).

To measure the expression of wild-type and mutant WDR37, equal volumes of protein 

extract were subjected to immunoblot analysis with either anti-Myc or anti-FLAG 
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antibodies. Western blot on whole cell lysates was done in triplicate and the intensity of 

the bands was measured by ImageJ software. The FLAG-tagged protein band intensity 

was normalized by the intensity of the corresponding WDR37-Myc band and these 

numbers were averaged for each variant. A two-tailed unpaired t test was performed using 

GraphPad Prism version 9.2.0 for Windows, GraphPad Software, San Diego, California 

USA, www.graphpad.com. For protein molecular weight marker, Precision Plus ProteinTM 

Standards (Bio-Rad) were utilized.

Immunofluorescence staining

Cells seeded either into glass-bottom dishes as described above or on coverslips were fixed 

48 h post-transfection with 4% paraformaldehyde solution in phosphate-buffered saline 

(PBS) for 10 min. Cells were permeabilized by incubation with 0.25% Triton X-100 

for 5 min and non-specific binding sites were blocked with 10% normal goat serum. 

The intracellular localization of the FLAG-tagged WDR37 mutants was determined by 

incubation with 20 μg/mL mouse monoclonal FLAG-M2 antibody (Sigma-Aldrich) at 4 °C 

overnight followed by washes in PBS and incubation with Alexa 568-conjugated donkey 

anti-mouse IgG (1:1000, Thermo Fisher) at 37 °C for 1 h. In the experiments showing 

colocalization of Myc-tagged WDR37 and PACS1/PACS2 recombinant proteins, mouse 

monoclonal anti-Myc 9E10 antibody was used for visualization of WDR37 and either 

anti-PACS1 or anti-PACS2 rabbit polyclonal antibody (Sigma) for detection of its binding 

partner. Donkey anti-mouse IgG secondary antibody conjugated with AlexaFluor 568 

(Invitrogen) was used for visualization of the targets bound by the mouse antibodies while 

donkey anti-rabbit IgG secondary antibody conjugated with AlexaFluor 488 (Invitrogen) 

was used for binding the rabbit antibodies. Cells were covered with DAPI-containing 

Fluoromount-G (eBioscience) mounting media and imaged with an All-in-One Fluorescence 

Microscope (Keyence).

Results

Novel variants in WDR37 expand its phenotypic spectrum

We identified two novel de novo variants in WDR37 and one inherited variant of uncertain 

significance, all downstream of previously reported variants within the WD2 motif or in the 

region between WD2 and WD3 (Fig. 1, Table 1).

Individual 1 is a 4-year-old male of Turkish descent with severe developmental delay, 

microcephaly (45 cm; − 3.72 SD), trigonocephaly, and dysmorphic features. He experienced 

perinatal asphyxia with hypoglycemia. Brain MRI showed leukoencephalopathy in the 

parietooccipital, perirolandic, and pre- and post-central gyrus regions and hypoplastic optic 

nerves; cerebellum, vermis and brainstem were normal as was signal intensity in the neuro 

and adenohypophysis. He has very poor vision but no other structural ocular anomalies. 

Height and weight are low-normal (− 2.11 SD and − 2.8 SD, respectively) but limbs 

are short. At 4 years of age, he could sit and crawl but not walk or pull to stand. He 

has poor feeding/cannot chew and makes sounds but has no words. He has no history 

of seizures. Family history was non-contributory. Trio-based exome analysis identified a 

de novo variant in WDR37, Chr10(GRCh37): 1142119A>G, NM_014023.4:c.659A>G p.
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(Asp220Gly). Sanger sequencing was not able to be performed but the variant was present in 

46 of 81 reads. The variant is not present in gnomAD v2.1.1 and is predicted damaging by 

5/5 programs with very high CADD and REVEL scores (32 and 0.946). The variant meets 

ACMG/AMP criteria to be considered likely pathogenic (PS2, PM2, PP2, PP3). No other 

pathogenic or likely pathogenic variants were identified to explain the phenotype in this 

patient.

Individual 2 is a 15-year-old White (US) female born at term with multiple congenital 

anomalies including Dandy–Walker anomaly, thinning of the corpus callosum, atrial 

and ventricular septal defects, dysplastic right kidney, tethered cord, cystic ovaries, and 

bilateral non-obstructing duplicated renal collecting systems. Pregnancy was complicated 

by hydronephrosis identified at 20 weeks gestation. Apgar scores were 9 and 9. She had 

hypotonia and significant global developmental delay and is currently non-verbal and non-

ambulatory. She has a history of feeding difficulties at 17 months of age, now improved. 

She is treated for a seizure disorder (onset at 6 years old). She has severe congenital 

sensorineural hearing loss of the left ear and auditory neuropathy spectrum disorder in the 

right ear. Dysmorphic features include mild midface hypoplasia, short philtrum, thin lips, 

downturned corners of the mouth, hypertelorism, overfolded ears, bulbous nose, and dental 

dysplasia with ocular anomalies consisting of mild bilateral ptosis, bluish sclera, hyperopia, 

pseudoesotropia, and lower eyelid eversion. The digits are tapered with persistent pads on 

the fingers, there is mild ulnar deviation of the digits bilaterally, prominent clinodactyly 

of the fifth digits, and a single transverse crease on both hands. Her height and weight 

percentiles have varied over time, but have typically been on the low end of normal and she 

has scoliosis. She is progressing through puberty, but menarche has not occurred. Family 

history was non-contributory with one unaffected sister. Individual 2 was found to have a 

heterozygous, de novo WDR37 variant, Chr10(GRCh37): g.1149593G>A, NM_014023.4: 

c.778G>A p.(Asp260Asn) detected by reanalysis of trio-based whole exome sequencing 

and confirmed by Sanger sequencing. The variant was not present in gnomAD v2.1.1 but 

was only predicted damaging by 2/5 programs (MutationTaster, and Fathmm-MKL) with 

moderate CADD and REVEL scores (21.8 and 0.193). The variant meets ACMG/AMP 

criteria to be considered likely pathogenic (PS2, PM2, PP2, PP4). No other pathogenic or 

likely pathogenic variants were identified to explain the phenotype in this patient.

Individual 3 is a 7-year-old female born at 39 weeks, induced secondary to a known 

heart defect. She had a complicated neonatal course due to the heart defect and neonatal 

bacteremia/meningitis (MRSA). She was diagnosed with double outlet right ventricle, 

tetralogy of Fallot, and pulmonary stenosis and required multiple surgeries to repair. 

She experienced post-op cardiorespiratory failure requiring ECMO and renal failure/

insufficiency following one repair at 8 months of age. At 7 weeks of age, she was 

diagnosed with a left nuclear dense cataract with synechia between the iris and lens at 

10–11 o’clock, removed surgically; the right eye is normal. She failed newborn hearing 

screening and was diagnosed at 7 weeks of age with profound sensorineural hearing loss 

ultimately treated with cochlear implant. She also had feeding intolerance with an annular 

pancreas, dysphagia and duodenal stenosis treated with GJ-tube, recurrent otitis media, 

scoliosis, and global developmental delay including diagnoses of autism and receptive 

expressive language disorder. She experienced seizures in the neonatal period and recent 
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episodes of seizure-like activity. She has limited ambulation with significant hypermobility 

and has no spoken words. She has a round face, tapering fingers, and fifth finger 

clinodactyly. Exome sequencing analysis identified a novel inherited variant in WDR37, 

Chr10(GRCh37):g.1149585C>A; NM_014023.4:c.770C>A p.(Pro257His), confirmed by 

Sanger sequencing in both the child and her unaffected mother with no evidence of 

mosaicism or reported milder anomalies in the mother. The variant is not present in 

gnomAD v2.1.1, but is only predicted damaging by 2/5 programs (MutationTaster and 

fathmm-MKL) with moderate CADD and REVEL scores (20.5 and 0.119, respectively). 

The variant is considered a variant of uncertain significance under ACMG/AMP guidelines 

(PM2, PP2, BS2). No other pathogenic or likely pathogenic variants were identified to 

explain the phenotype in this patient.

The in silico analysis of WDR37 proteins—The WDR37 protein contains seven 

WD40 motifs which encompass amino acids 154–493 and are predicted to fold into a 

seven-bladed β-propeller structure (Reis et al. 2019); in addition to this, there are two 

disordered regions spanning amino acids 1–50 and 237–265 (UniProt 2021). The Asp220 

affected in Individual 1 is situated within WD40 motif 2 and the other two affected amino 

acids, Pro257 and Asp260, fall into the disordered region between WD40 motifs 2 and 3 

(Fig. 1b, c). All three amino acids are evolutionarily conserved among different species (Fig. 

1b), with Asp220 and Asp260 being conserved across vertebrates.

The in silico protein modeling predicted significant changes in the tertiary structure of 

WDR37 as a result of the amino acid substitutions identified in this study (Fig. 2). The 

p.Asp220Gly substitution (Individual 1) leads to dramatic changes in the whole structure. 

Blades 1 and 2 of the wild-type propeller and the N-terminus reorganize into a novel six-

bladed propeller, while the remaining five blades of the wild-type propeller form a second 

five-bladed β-propeller. The p.Asp260Asn substitution (Individual 2) causes changes in the 

position of the N-terminus relative to the propeller structure and results in loss of six of the 

nine α-helices. Within the WDR domain, blades 3 and 7 each lose a β-sheet, blade 1 loses 

an α-helix, and blade 6 gains a β-sheet; in addition, amino acids 237–277 form an eighth 

pseudo-blade within the propeller structure. Finally, the replacement of proline by histidine 

in position 257 (Individual 3) leads to repositioning of one of the N-terminal α-helixes 

perpendicular to the inter-blade opening; since this opening is a frequent site of binding in 

WDR domains (Oliver et al. 2009), this repositioning seems likely to interfere with ligand 

binding (Fig. 2); the seven-bladed β-propeller is predicted to retain its normal structure in 

this mutant protein. In summary, in silico analysis predicts conformational changes for all 

variant proteins, particularly the p.Asp220Gly mutant which is expected to form a highly 

disorganized structure containing two β-propellers (a five- and a six-bladed), erroneously 

incorporating the N-terminal region into one of them.

Novel WDR37 variant proteins are expressed at a reduced level

To estimate the relative levels of expression, cells were transfected with wild-type WDR37-

Myc together with wild-type or variant WDR37-FLAG (Fig. 3A). The expression of 

wild-type WDR37-Myc was observed at similar levels in all transfections and was used 

for normalization of wild-type or variant WDR37-FLAG protein expression. All WDR37 
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FLAG-tagged variant proteins showed a significant reduction in their expression level in 

comparison to wild-type: to 40% for p.(Asp220Gly) and p.(Pro257His) (p = 0.0128 and 

0.0019, respectively) and to 30% for p.(Asp260Asn) (p = 0.0008) (Fig. 3B).

WDR37 C-terminal variants show normal cellular localization

The subcellular localization of wild-type WDR37 and its novel variants, p.(Asp220Gly), 

p.(Pro257His) and p.(Asp260Asn), was investigated using transient transfections of the 

corresponding FLAG-tagged expression plasmids into B3 lens epithelial cells (Fig. 3C). 

Wild-type and variant recombinant WDR37 were primarily localized in the cytoplasm with 

the highest concentration in the perinuclear region and in small clusters at the leading 

edge of the spreading cells (for cells growing either isolated or at the edge of the cell 

group); weak nuclear presence was also seen. There was no difference in signal distribution 

observed between wild-type and variant proteins.

WDR37 dimerization is not affected by various disease-associated variants

WDR-containing proteins were previously shown to form dimers (Sejwal et al. 2017; Zhang 

et al. 2019). Since mutations in the WDR domain could impair dimerization, we tested 

the binary interactions of wild-type and variant WDR37 (Fig. 4). Co-immunoprecipitation 

experiments included wild-type and the previously reported N-terminal (p.Ser119Phe, 

p.Thr125Ile, p.Ser129Cys, p.Thr130Ile) as well as the newly identified C-terminal 

(p.Asp220Gly p.Pro257His and p.Asp260Asn) variants. Immunoprecipitation with anti-Myc 

antibodies captured FLAG-tagged wild-type WDR37 as well as all variant proteins (Fig. 

4A). In control immunoprecipitation, when FLAG-tagged wild-type WDR37 was expressed 

alone, no precipitation by antibodies against the Myc-epitope was observed, showing 

specificity of the binding. This result demonstrates that dimerization with wild-type WDR37 

is not affected by any of the studied N- or C-terminal missense variants.

Identification of WDR37 interacting partners via yeast two-hybrid screen

In a yeast two-hybrid screen, full-length human WDR37 was used as a bait against a human 

fetal brain cDNA library. 72 positive clones were detected from among 113 million tested 

interactions (Supplementary Table 1). Out of these, 60 clones were identified as PACS1 

with Predicted Biological Score (PBS®) A and another seven clones as PACS2 with PBS® 

B. Other interactions included two clones identified as collagen type XII alpha 1 chain, 

COL12A1, with PBS® C and two other proteins, eukaryotic translation initiation factor 4 

gamma 3 (EIF4G3) and thyroid hormone receptor interactor 11 (TRIP11), both represented 

by a single clone and hence assigned PBS® category D (Supplementary Table 1). PACS1 

and PACS2, phosphofurin acidic cluster sorting proteins 1 and 2, correspondingly, are 

involved in the sorting of proteins which contain acidic cluster sorting (ACS) motifs. Since 

both PACS1 and PACS2 showed the strongest confidence interactions with WDR37, we 

focused on these proteins in our further studies.

WDR37 colocalizes with PACS1 and PACS2

The relative intracellular distribution of WDR37 and PACS1 or PACS2 was investigated 

using human lens epithelial cells. Myc-tagged wild-type WDR37 was expressed in B3 lens 
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epithelial cells and immunofluorescent staining was performed to visualize endogenous 

PACS1 or PACS2 and WDR37-Myc (Fig. 4B). All proteins were localized predominantly in 

the cytoplasm around the nucleus (with some weak nuclear presence) with a small amount 

of WDR37, PACS1 and PACS2 also found at the leading edge of the spreading cells; 

superposition of fluorescence images confirmed colocalization in these compartments (Fig. 

4B). This is consistent with prior studies that detected PACS1 primarily in the perinuclear 

region extending into the cell periphery (Crump et al. 2001; Wan et al. 1998), but also able 

to shuttle between the nucleus and cytoplasm (Liu et al. 2020), consistent with the weak 

nuclear stain. Similarly, while PACS2 was able to translocate to the nucleus in response 

to the stress condition, it was originally described as an endoplasmic reticulum (ER) and 

cytosolic protein which controls the apposition of mitochondria with the ER (Atkins et al. 

2014; Simmen et al. 2005).

Together, these results support the predicted interaction of WDR37 with both PACS1 and 

PACS2 by demonstrating significant colocalization of these proteins within the cell.

Examination of WDR37 wild-type and mutant interactions with PACS1 and PACS2

Co-immunoprecipitation experiments were performed to validate the yeast two-hybrid 

results for wild-type WDR37 and PACS1 and PACS2 proteins, as well as to test 

if/how these interactions are affected by WDR37 disease-associated variants (Fig. 4C, 

D). FLAG-tagged wild-type or variant WDR37 (p.Ser119Phe, p.Thr125Ile, p.Ser129Cys, 

p.Thr130Ile, p.Asp220Gly, p.Pro257His, and p.Asp260Asn) and PACS1-Myc or PACS2-

Myc were pairwise expressed in B3 lens epithelial cells. Both interacting partners were 

co-immunoprecipitated with anti-FLAG and anti-Myc antibodies. Neither WDR37-FLAG 

nor PACS1-Myc or PACS2-Myc were precipitated with antibody directed against its binding 

partner when expressed alone. Western blot analysis confirmed successful precipitation of 

the targeted antigens. FLAG-tagged p.Ser119Phe, p.Thr125Ile, p.Ser129Cys, p.Thr130Ile, 

p.Pro257His and p.Asp260Asn WDR37 variants were co-precipitated with both PACS1-

Myc and PACS2-Myc with the same efficiency as wild-type WDR37-FLAG. However, 

p.Asp220Gly failed to co-precipitate with either PACS1 or PACS2. This indicates that either 

residue Asp220 in WDR37 has a critical role in its interaction with both PACS1 and PACS2 

or that the conformational changes caused by this substitution preclude its binding with 

these partners.

Discussion

While the variants identified in this study affect a new region of the WDR37 protein, there 

is considerable phenotypic overlap with the ten previously reported cases with WDR37 

syndrome (Hay et al. 2020; Kanca et al. 2019; Reis et al. 2019). Similar to previous cases, 

all three individuals have severe developmental delay/cognitive impairment with limited to 

no ambulation and all are non-verbal. Interestingly, Individual 1, with the only variant shown 

to disrupt interaction with PACS1 and PACS2 and the strongest in silico predictions to date, 

seems to have the least syndromic phenotype and is the only individual without seizures; 

however, his microcephaly, optic nerve hypoplasia, mildly short stature, and feeding disorder 

are consistent with WDR37 syndrome. While the variants in Individuals 2 and 3 have 
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weaker functional predictions, they show stronger phenotypic overlap with the previously 

reported cases including seizures, hearing loss, scoliosis, heart defects, tapered fingers, 

and feeding disorder along with variable kidney, ocular, and gastrointestinal structural 

anomalies. One previously reported variant, c.344C>T p.(Thr115Ile), had similarly weak 

in silico predictions (damaging by 3/5, CADD score 23.2, REVEL score 0.263) and no 

previously reported variant had a REVEL score higher than 0.503 (range 0.263–0.503, 

mean 0.4239, median 0.4545; Table 1), suggesting that in silico analysis may be less 

accurate for this gene and may not adequately capture the mechanism of pathogenicity. 

Overall, the ocular anomalies are milder in this cohort (no coloboma or microphthalmia) 

and the structural brain anomalies in Individuals 1 and 3 also seem to be milder than those 

previously reported (Hay et al. 2020).

The de novo variants identified in individuals 1 and 2 meet ACMG/AMP criteria to be 

considered likely pathogenic, but the significance of the inherited variant identified in 

Individual 3 is uncertain. Although in silico modeling, functional data, and phenotypic 

overlap do suggest a role for WDR37 in the phenotype, since the variant was inherited from 

an unaffected parent, the significance is unclear. It is possible that incomplete penetrance, 

mosaicism, or a second hit (either genetic or environmental) could play a role in the 

differing phenotypes between the child and her mother. For example, the clinical phenotype 

may be a result of the combination of the neonatal meningitis and this genetic variant; it 

is also possible that this WDR37 allele is a rare benign variant unrelated to the patient’s 

phenotype.

Although a dominant negative effect for the previously reported missense alleles has been 

suggested (Kanca et al. 2019; Reis et al. 2019), the mechanism of action has not been 

established for either the previously reported or the novel variants reported here. This study 

identified slightly decreased expression but normal localization for the novel mutants; the 

N-terminal mutants were previously shown to have comparable expression and localization 

to wild-type (Reis et al. 2019). Since other WDR domain proteins form dimers through 

either the C-terminal WDR domain or the N-terminal coiled-coil domain (Parkhouse et 

al. 2013), we tested the ability of WDR37 mutant proteins to form dimers with wild-type 

WDR37 and determined that dimerization with wild-type WDR37 was not affected by any 

of the missense variants studied, supporting the possibility of a dominant negative effect.

To further investigate the mechanism of disease, we undertook a yeast two-hybrid screen 

to reveal binding partners of wild-type WDR37. This experiment identified phosphofurin 

acidic cluster sorting proteins 1 and 2 (PACS1 and PACS2) as the only major binding factors 

of WDR37 in the fetal brain. WDR37 was previously found to interact with both PACS1 

and PACS2 through a high-throughput affinity-purification mass spectrometry study (Huttlin 

et al. 2015) and, more recently, Wdr37 and Pacs1 interaction was demonstrated through 

forward genetic screening in mice (Nair-Gill et al. 2021).

PACS1 and PACS2 are both involved in the sorting of proteins which contain acidic cluster 

sorting (ACS) motifs (Crump et al. 2001; Kottgen et al. 2005; Piguet et al. 2000). PACS1 is 

a multifunctional connector protein which is involved in the cytosolic transport and ciliary 

trafficking of proteins containing ACS motifs (Crump et al. 2001; Jenkins et al. 2009; 
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Schermer et al. 2005; Wan et al. 1998). PACS2 similarly controls protein trafficking from 

the endoplasmic reticulum (ER) to mitochondria by acting as a tether (Simmen et al. 2005). 

In addition to their primary roles in the cytoplasm, PACS1 and PACS2 can also accumulate 

in the nucleus in response to DNA damage and PACS1 was shown to participate in the 

nuclear export of HIV-1 transcripts (Atkins et al. 2014; Liu et al. 2020; Mani et al. 2020). 

Both proteins share a high degree of homology with 54% sequence identity and both possess 

a 140 amino acid cargo-binding region which is necessary for acidic cluster sorting motif 

recognition.

Disruption of PACS1 and PACS2 also result in human diseases: autosomal dominant 

Schuurs-Hoeijmakers syndrome and autosomal dominant Developmental and Epileptic 

Encephalopathy 66, respectively (Olson et al. 2018; Schuurs-Hoeijmakers et al. 2016). Both 

conditions are caused by recurrent de novo missense variants and both show remarkable 

overlap with the clinical features caused by pathogenic variants in the WDR37 gene. All 

three disorders result in cognitive impairment, structural brain anomalies, and overlapping 

dysmorphic facial features including arching eyebrows, hypertelorism, a broad nasal root, a 

thin upper lip, and downturned mouth; while ocular coloboma, heart defects, poor growth, 

and genitourinary anomalies are noted in all three conditions, they are much more penetrant 

in WDR37 syndrome and seizures are seen only in WDR37 and PACS2-related disorders 

(Sakaguchi et al. 2021). Current evidence suggests a dominant negative mechanism for 

known PACS1/2 diseases: for both genes, a specific missense variant is identified as the 

cause of all but one case (with a closely related variant), expression of dominant negative 

PACS1 was shown to result in mislocalization of integral membrane proteins such as furin 

and mannose-6-phosphate receptor within the cell (Crump et al. 2001), and a recent study 

found that a multi-exon deletion predicted to result in loss of function of PACS1 did not 

result in features of Schuurs–Hoeijmakers syndrome in a three-generation family (Liu et al. 

2021). The strong degree of phenotypic overlap as well as consistent evidence of interaction 

between WDR37 and PACS1/2 suggests that WDR37 may also be involved in protein 

transport and that the identified missense variants in these proteins disrupt their function 

through a dominant negative mechanism.

Our data identifies a novel disease-associated region of WDR37, C-terminal to the 

previously reported cluster, with two de novo likely pathogenic variants and one variant 

of uncertain significance, and supports previous studies by identifying PACS1 and PACS2 as 

the major interacting partners of WDR37. One of the novel variants, p.Asp220Gly, disrupted 

interaction of WDR37 with both PACS1 and PACS2 proteins. However, the significance of 

this finding is currently unclear since all other mutants showed normal binding capabilities 

with these proteins. Further work is needed to determine the role of PACS binding in the 

normal function of WDR37 and the mechanism of action for various pathogenic variants in 

WDR37.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Identification of novel WDR37 variants. a Human pedigrees (Individuals 1–3 are marked 

with arrows in respective pedigrees (Families 1–3)); filled symbol indicates affected 

individuals, WT indicates wild-type allele. b Multispecies alignment showing conservation 

of affected amino acids; WD40 motifs are shown in blue text, ‘disordered region’ between 

WD2 and WD3 in green text, and conserved amino acids with gray shading. c Schematic 

drawing of WDR37 protein with new (red arrows) and previously identified (black arrows) 

alleles indicated; black boxes indicate seven consecutive WD40 motifs
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Fig. 2. 
In silico modeling of wild-type and C-terminal mutant proteins. Predicted 3D structures 

for wild-type (NP_054742.2) (a, c, e) and mutant p.(Asp220Gly) (b), p.(Asp260Asn) (d), 

and p.(Pro257His) (f) full-length polypeptides, modeled using I-Tasser. The location of the 

mutated amino acid is indicated with red color and asterisk in each pairing
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Fig. 3. 
Expression and localization of WDR37 wild-type and novel mutant proteins. a Western 

blot (WB) analysis from co-transfection experiments showing expression of wild-type and 

mutant WDR37 proteins. The positions of bands corresponding to FLAG- or Myc-tagged 

WDR37 proteins are shown with black arrows. The positions of protein molecular weight 

size markers are indicated with arrow-heads. b Quantification of Western blot results 

showing statistically significant reduction in the expression of the three novel mutants. 

*p < 0.05, **p< 0.01, ***p < 0.001. c Immunocytochemistry data showing localization of 
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wild-type and mutant proteins after transfection into human B3 lens epithelial cells. White 

circles indicate enrichment at the leading edge of the spreading cells

Sorokina et al. Page 20

Hum Genet. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Binding capabilities of wild-type and mutant WDR37. a Wild-type and mutant WDR37 

(both previously reported and novel) are able to form dimers. The positions of FLAG- 

or Myc-tagged WDR37 proteins are shown with black arrows. b Immunocytochemistry 

showing colocalization of FLAG-tagged WDR37 and PACS1 or PACS2 in transfected 

human lens epithelial cells. c Co-immunoprecipitation experiments confirming interactions 

between WDR37 proteins and PACS1; the positions of the FLAG-tagged WDR37 or Myc-

tagged PACS1 proteins are shown with black arrows in the corresponding panels; please 

note lack of binding between PACS1 and the WDR37_Asp220Gly mutant (red arrow). 

d Co-immunoprecipitation experiments confirming interactions between WDR37 proteins 

and PACS2; the positions of the FLAG-tagged WDR37 or Myc-tagged PACS2 proteins 

are shown with black arrows in corresponding panels; again, please note lack of binding 

between PACS1 and WDR37_Asp220Gly mutant (red arrow). The positions of protein 

molecular weight size markers are indicated on the left with arrowheads in a, c and 
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d. Primary antibody used for Western Blot (WB) or immunoprecipitation (IP) for each 

experiment is indicated on the right in a, c and d
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