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Abstract

Background—Bone dysplasias are a large group of disorders affecting the growth and structure
of the skeletal system.

Methods—In the present study, we report the clinical and molecular delineation of a new form of
syndromic autosomal recessive spondylometaphyseal dysplasia (SMD) in two Emirati first
cousins. They displayed postnatal growth deficiency causing profound limb shortening with
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proximal and distal segments involvement, narrow chest, radiological abnormalities involving the
spine, pelvis and metaphyses, corneal clouding and intellectual disability. Whole genome
homozygosity mapping localised the genetic cause to 11g12.1-g13.1, a region spanning 19.32 Mb
with ~490 genes. Using whole exome sequencing, we identified four novel homozygous variants
within the shared block of homozygosity. Pathogenic variants in genes involved in phospholipid
metabolism, such as PLCB4 and PCYT1A, are known to cause bone dysplasia with or without eye
anomalies, which led us to select PLCB3as a strong candidate. this gene encodes phospholipase ¢
B 3, an enzyme that converts phosphatidylinositol 4,5 bisphosphate (PIP,) to inositol 1,4,5
triphosphate (IP3) and diacylglycerol.

Results—The identified variant (c.2632G>T) substitutes a serine for a highly conserved alanine
within the Ha2’ element of the proximal C-terminal domain. This disrupts binding of the Ha2’
element to the catalytic core and destabilises PLCB3. Here we show that this hypomorphic variant
leads to elevated levels of PIP, in patient fibroblasts, causing disorganisation of the F-actin
cytoskeleton.

Conclusions—Our results connect a homozygous loss of function variant in PLCB3 with a new
SMD associated with corneal dystrophy and developmental delay (SMDCD).

INTRODUCTION

Chondrodysplasias are a large group of conditions affecting the skeleton, often associated
with other systemic abnormalities. Classification of chondrodysplasias is usually based on
clinical, radiographic and molecular findings.12 In the last decade, molecular studies have
identified hundreds of genes responsible for the different forms of chondrodystrophies.?
These disorders are relatively common among the United Arab Emirates (UAE) population
with a rate of 9.46 skeletal dysplasias in 10 000 births.* Studies of families from UAE led to
the identification of several rare and new forms of chondrodysplasia.>~11
Spondylometaphyseal dysplasias (SMDs) are a rare form of chondrodysplasia characterised
by severe abnormalities in vertebrae and metaphyses of tubular bones. Ophthalmological
abnormalities have been reported in only two types of SMDs: SMD cone rod dystrophy
(SMDCRD, MIM 608940)1213 and axial SMD with retinal degeneration (MIM 602271).14
Cone rod dystrophy is a feature of SMDCRD which is caused by loss-of-function variants in
PCYTIA. This gene encodes CCTa., a vital component of the Kennedy phospholipid
biosynthesis pathway.1213 In axial SMD, the ophthalmological abnormalities include
retinitis pigmentosa with optic atrophy which can lead to progressive visual impairment.14
The molecular basis underlying axial SMD is currently unknown.

Here, we report a consanguineous family from UAE with a new autosomal recessive (AR)
SMD associated with intellectual disability and corneal dystrophy (SMDCD) caused by a
homozygous variant in PLCBS3. This enzyme (EC 3.1.4.11) catalyses the production of
diacylglycerol (DAG) and inositol 1,4,5 triphosphate (1P3) from phosphatidylinositol 4,5
bisphosphate (P1P,).15 PLCB3 is activated by two G-protein a subunits (a.-q and a—11), as
well as G-protein B and -y subunits.18 Phospholipase C (PLC) enzymes play crucial roles in
inflammation, cell growth, signalling, cell death and maintenance of membrane
phospholipids.1” Abnormalities in PLCs and their downstream targets have been associated
with a wide range of congenital human disorders, including skeletal disorders.1218-21 |n this
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study, the identified PLCB3NM _000932:¢.2632G>T variant destabilises the protein and
reduces its enzymatic activity, leading to PIP, accumulation. Patient fibroblasts are
significantly larger with a weaker F-actin network and more punctuate appearance. This
phenotype is strikingly similar to Lowe syndrome (MI1M 309000) fibroblasts, which also
display actin abnormalities due to defects in phosphoinositide signalling.2223 Our findings
establish PLCB3as the gene responsible for SMDCD and highlight the importance of
phosphoinositide signalling in the development of the skeleton, brain and eye.

Family ascertainment

We identified a consanguineous Emirati family with two affected cousins V-1 and 1V-3
(figure 1). We recruited the parents and other family members and obtained informed written
consents from all participants in this study.

Genome mapping and molecular analysis

Blood samples were collected and gDNA was isolated using Flexigene DNA extraction kit
(Qiagen Gmbh, Germany) according to the manufacturer’s instructions. Comparative
Genomic Hybridization (CGH) array analysis and data interpretation were carried out as a
service by Sengenics (http://www.sengenics.com/). Sister chromatid exchange assay and
karyotyping were performed as a service by Mayo Clinic (http://www.mayoclinic.org/) and
Tawam Hospital’s Cytogenetics Laboratory (Al-Ain), respectively.

Affymetrix SNP array V.6.0 was used to genotype all participants in this family according to
the manufacturer’s protocols (Affymetrix, Santa Clara, California, USA). The Affymetrix
GCOS software has been used for quality control analysis and data formatting. SNP
genotypes were determined using the GTYPE Affymetrix program using the default settings
(Affymetrix, Santa Clara, California, USA). Linkage analyses were performed using
Homozygosity Mapper (http://www.homozygositymapper.org/) under the assumption of an
AR mode of inheritance and complete penetrance of disease allele.24 Short tandems repeat
(STR) markers were used to confirm and narrow down the potential region of homozygosity.
All STR markers primers from HG19/GRCh37 are listed in ssupplementary table 1. PCR
amplification conditions and genotyping protocols2® are available upon request. Fragment
analyses were evaluated on the ABI Prism 3130xl, and data were inspected using
GeneMapper software V.4.1.1 (Applied Biosystems, USA). Sanger sequencing was
performed according to standard protocols.

Exome capture, sequencing and variant prioritisation

Whole exome sequencing (WES) was performed in both affected children (IV-1 and 1V-3)
using Hlumina HiSeq 2000 (Illumina, USA). WES was carried out by the Baylor-Hopkins
Center for Mendelian Genomics (www.mendeliangenomics.org). Variant filtering was
performed using the PhenoDB Variant Analysis tool.28 We captured the CCDS exonic
regions and flanking intronic regions totalling ~51 Mb by using the Agilent Sure-Select XT
kit and generated paired end 100 bp reads with the Illumina HiSeq2500 platform. We
aligned each read to the HG19/GRCh37 human genome reference with Burrows-Wheeler
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Alignment V.0.5.10-tpx.2” Local realignment and base call quality score recalibration were
performed using the Genome Analysis Toolkit V.2.3-9-ge5ebf34.28 Variant filtering was
performed using the Variant Quality Score Recalibration method.2® The average exome
coverage was between 79 and 95 reads per base for each family member sequenced, with at
least 90% of all targets covered at 30x in all family members. Ninety-nine per cent of all
targets were covered at 8x in all family members. All variants were subject to variant
prioritisation in our local UAE WES data, local Baylor-Hopkins Center for Mendelian
genomics sequencing data, gnomAD (gnomad.broadinstitute.org), and the National Heart,
Lung, and Blood Institute (NHLBI) Exome Variant Server (EVS) (http://
evs.gs.washington.edu/EVS/). Prediction analyses of amino acid substitutions impact on the
structure and function of proteins, were examined using PROVEAN, Stanford Information
Filtering Tool (protein prediction tool) (SIFT), Polyphen2 (Hum Var), MutationTaster,
ConSurf and Combined Annotation Dependent Depletion (Protein Prediction tool) (CADD)
(table 1). Our initial filtering criteria for whole exome data were as follows: homozygous
non-synonymous SNV not in dbSNP126, 129 or 131 with population frequency less than 1%
in EVS and 1000 Genomes (http://www.internationalgenome.org/) with both copies shared
only by the affected cousins, as well as highly conserved at the DNA and amino acid levels
and predicted ‘damaging’ by the above in silico tools.

Molecular modelling

Crystallographic Object-Oriented Toolkit (Coof3° was used to generate the p.A878S variant
in the structure of the Gaq-PLCR3-A882 complex (Protein Data Bank (PDB) I1D: 30HM),
which was solved to 2.0 A and is the highest resolution structure published to date.3! The
p.A878S variant was simulated, and the structure was analysed for steric clashes.

Cell culture and transient transfection

Primary adherent fibroblast cells were derived from skin biopsy from patient IV-1. The
pCMV6-PLCB3 plasmid was obtained from Origene (#RC224268). Site directed
mutagenesis was performed using the KOD Hot Start Master Mix (EMD Millipore, #71842—
3). Transient transfection was performed in COS-7 cells, which has no endogenous
expression of PLCB3, using Lipofectamine 2000 (ThermoFisher Scientific #11668027)
according to the manufacturer’s instructions.

Western blot analysis

Cells were lysed using 0.5% NP-40 lysis buffer. Total protein was estimated using
bicinchoninic acid assay (BCA) assay kit (Pierce cat #23225) according to the
manufacturer’s instructions. 20 ug of protein was subjected to 4%-15% gradient sodium
dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
electrophoretically to a polyvinylidene difluoride (PVDF) membrane. After blocking for 1
hour at room temperature (RT), the membrane was incubated with primary rabbit anti-
PLCB3 antibody (Abcam #ah73998) overnight at 4°C. After washing with tris-buffered
saline and tween 20 solution (TBST), the membrane was incubated for 1 hour with
antirabbit 19gG antibody conjugated with horseradish peroxidase (HRP) (Abcam #ab6721).
Then, the blot was developed using Super Signal enhanced chemiluminescence (ECL) kit

J Med Genet. Author manuscript; available in PMC 2021 June 21.


http://gnomad.broadinstitute.org
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://www.internationalgenome.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ben-Salem et al. Page 5

(ThermoFisher Scientific, #34095) followed by exposure to X-ray film. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as loading control.

Immunocytochemistry

Patient and control fibroblasts were grown on coverslips until approximately 40%-50%
confluent. Wheat germ agglutinin (WGA) (ThermoFisher Scientific, #WW32464), Alexa
Fluor-488 conjugated phalloidin (ThemoFisher Scientific, #A12379), anti-PLCB3 antibody
(Abcam #ab73998), anti-PtdIns(4,5)P2 antibody (Echelon Biosciences, #Z-P045) and Alexa
Fluor-488 secondary antibody (ThermoFisher Scientific, #A-21042) were used following the
manufacturer’s protocol. For cytochalasin D (ThermoFisher Scientific, #PHZ1063)
treatment, cells were treated with a final concentration of 1 uM, and then stained with
phalloidin antibody. After staining using the primary antibody, cells were counterstained
with 4°,6-diamidino-2-phenylindole (DAPI) (ThermoFisher Scientific, #D1306) and
mounted with Prolong Gold antifade mountant (ThermoFisher Scientific, #P36930). Blinded
to genotype, images were taken using the Zeiss ZSM-700 confocal microscope. Images were
scored for each cell matching the scoring criteria as described previously.32 This method
classifies F-actin staining into four patterns (types a, b, ¢ and d) on the basis of the number
and length of actin stress fibres: type (a) cells have longer, more densely packed actin stress
fibres, type (b) have fine cables and at least two heavy distinct cables, type (c) have only fine
stress fibres and type (d) have no detectable stress fibres in the central area of the cells.32

RESULTS

Clinical features of a new SMD with corneal dystrophy and intellectual disability

Patient IV-1 (figure 1A—i) was a 1185 gr (>25th centile) male product of a 22-year-old
woman (I11-2) whose 29 weeks pregnancy was normal until the onset of premature labour.
Prenatal ultrasound revealed short limbs and narrow thorax. The baby was floppy at birth
and required intubation and ventilation. His birth length was 32 cm (<3rd centile) and head
circumference 27.5 cm (>50th centile). On examination, he had short limbs, with proximal
and distal segments involved. The fingers and toes were short and the chest narrow (figure
1B). There was hypertelorism, prominent eyes, depressed nasal bridge and short upturned
nose. He was noted to have bilateral corneal clouding on day 12. Skeletal survey (figure 1B)
showed short long bones with wide metaphyses and some coarse trabecule at the
metaphyses. There was cupping of the distal end of the radius and ulna (figure 1B). The
distal epiphysis of the femur and proximal epiphysis of tibia were not calcified. There was
shortening of all metacarpal and metatarsal bones. The talus and calcaneus had abnormal
appearance with spurs. The ribs appeared short with a wide anterior aspect. The lumbar and
thoracic vertebrae had beaks at their anterior aspects, and the intervertebral spaces were
wide. The iliac bones were abnormal, almost square and short with medial projections
(figure 1B). Echocardiography showed a large patent ductus arteriosus, which eventually
required surgical correction. Basic screening for storage disease including white blood cell
inclusions, urine mucopolysaccharides and oligosaccharides was negative. The baby had a
stormy neonatal period and was difficult to wean off the ventilator due to the narrow chest
and hypoplastic lungs. He eventually required tracheostomy. Brain and renal ultrasounds
were normal. Opthalmological examination revealed bilateral corneal haziness with normal
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retinas. The child had bilateral corneal grafting at the age of 6 months followed by
tarsorrhaphy and keratoplasty. Repeat skeletal survey at the age of 2 years showed evidence
of SMD (figure 1B). At the age of 4 years, the proband’s weight was 14 kg (<3rd centile)
and height was 85 cm (<<3rd centile). He is developmentally delayed and has chronic lung
disease with chronic respiratory failure requiring a tracheostomy and continuous oxygen
supplementation. He also has a gastrostomy tube to counteract chronic gastro-oesophageal
reflux and repeated aspiration pneumonia. Currently, he is 6 years old with severe
developmental delay. He can roll over and can sit without support but cannot sustain weight
on his legs. He is totally wheelchair bound and dependent on his parents and caregiver. He
has blurred vision due to the corneal opacities. He can hear and understand words, but
displays no speech or meaningful babbling, only occasional moaning sounds. Recent routine
clinical tests such as plasma proteins, lipid profile, plasma amino acids, blood phosphorus,
alkaline phosphatase and parathyroid hormone, urinalysis and urine organic acids, were all
normal.

Patient 1'V-3 was a 1190 gr (50th centile) male product of a 21-year-old woman (I11-4)
(figure 1A—ii). The pregnancy was complicated by placenta previa, leading to preterm
delivery by lower section caesarean section at 27 weeks. Birth length was 35 cm (10th
centile), and head circumference 25.5 cm (>10th centile). The infant was floppy at birth and
required intubation and ventilation. He had short limbs with short fingers and toes and
dysmorphic features, including hypertelorism, prominent eyes with corneal clouding,
depressed nasal bridge and a short upturned nose. Ophthalmological evaluation showed
bilateral vascularised corneal opacities with central thickened white cream-coloured tissue
and thinner greyish periphery; the surface of the cornea was epithelised. B-scan
ultrasonography showed normal retinas, normal size optic nerves, clear vitreous and normal
posterior lens. The chest was narrow. Echocardiography revealed a large patent ductus
arteriosus with left to right shunt. Brain CT scan showed a choroid plexus cyst on the right
side. He had continuous stridor and bronchoscopy showed mild laryngomalacia. Skeletal
survey showed abnormalities similar to that of his male cousin (patient 1\V-1) (figure 1B). He
had corneal grafting of the right eye followed by the left eye, but he experienced graft
rejection. He had chronic lung disease with pulmonary hypertension and was oxygen
dependent. He died at the age of 8 months of septic shock.

Exclusion of large structural chromosomal abnormalities and localisation of the genetic
cause to 11q12.2

In patient V-1, karyotype and sister chromatid exchange test were normal. An array
comparative genomic hybridization (aCGH) analysis showed structural variation gains at
10026.3 (g.135242631-135377956[4]) and 14¢23.3 (9.66257688-66978807[3]) based on
genome build HG19/GRCh37. aCGH analysis in the parents showed that parents I11-2 and
I11-4 carry the CNV gain on 10926.3, while parents 111-2 and 111-3 have the CNV gain on
14923.3. Based on these results, we considered these CNVs to be non-pathogenic. Given
that the radiological features, particularly the shape of ilium, were similar to
Schneckenbecken dysplasia (OMIM 269250), we sequenced SLC35D1 but did not find any
pathogenic variants in the coding or splice site regions of this gene in our patients.
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Subsequently, we performed whole genome homozygosity mapping in participants (111-1,
11-2, 111-3, HI-4, 1IV-2, V-4 and 1V-5) and patients (IV-1 and 1V-3) and identified a large
homozygous region on chromosome 11 shared only by the affected children (figure 2A).
This region spans approximately 19.3 Mb divided into two intervals flanked by SNPs
rs835764-rs8186206 and rs4939000-rs4247634. This interval encompasses 487 known
genes, 89 located in the first interval and 398 in the second (figure 2A). Genotyping using
STR markers D11S1313, D11S4076, D11S1883 and D11S1889 confirmed the linkage of
SMDCD to 11g12.1-g13.1 (figure 2B). All four parents (111-1, 11-2, 111-3 and I11-4) and all
healthy children (1\-2, IV-4 and 1V-5) were heterozygous for all tested STR markers, most
captured SNPs and sequenced variants within this region (figure 2B).

WES revealed a pathogenic homozygous PLCB3 variant within the linked interval

WES in both affected children (IV-1 and 1V-3) identified a total of six novel rare variants:
CELFI (NM_198700:c.833A>G:p. N278S), PRPF19(NM_014502.4:¢c.807C>G:p.S269R ),
FENI (NM_004111.5:c.475G>A:p.A159T), INCENP
(NM_001040694.1:¢.1469G>A:p.R490Q), PLCB3 (NM_000932.2:¢.2632G>T:p.A878S)
and CETN2 (NM_004344:c.G473A:p.S158N). These were the only variants identified that
were homozygous in both affected cousins and heterozygous in all obligate carrier parents,
and healthy siblings. All variants and their segregation in the family were confirmed using
Sanger sequencing. First, we excluded the involvement of variants in CELFI (MIM#
160900) and CETNZ (MIM# 300006) genes because (1)the clinical features associated with
these genes did not overlap with our patient phenotype, (2) sister chromatid exchange assay
was normal, and (3)they did not lie within the linked interval. Four variants in PRPF19,
FEN1, INCENPand PLCB3were located within the linkage region on 11g12.1-gq13.1
(figure 2B). Only the patients (IV-1 and IV-3) were found to be homozygous for these
variants, while all healthy individuals were heterozygous (figure 2B). To determine which
variant was responsible for SMDCD in this family, we examined each variant as follows.
The PRPF19gene encodes the human homolog of yeast Pso4, a gene essential for cell
survival and DNA repair.32 The ¢.807C>G variant was not found in 100 matched control
samples, nor in EXAC (http://exac.broadinstitute.org/). The flap endonuclease, FENZ, is an
evolutionary conserved gene for DNA replication. The ¢.475G>A variant is not listed in
EVS, nor in dbSNP, but was reported once as heterozygous (with minor allele frequency
(MAF)=1.511e-05) in EXAC. Fenl deficiency causes instability of the genome and
trinucleotide repeat expansion.34 We excluded the involvement of FENZ on the basis of the
normal sister chromatid exchange assay in patient 1\V-1. /NCENP encodes a regulatory
protein in the chromosome passenger complex. The ¢.1469G>A variant was not detected in
200 healthy chromosomes from the same ethnic group and not listed in dbSNP, but was
reported once as heterozygous in EXAC. INCENP plays a pivotal role in the regulation of
cell division.35 Staining using H&E on patient fibroblast cells was normal with no increase
of multinucleated cells. In addition, expression of exogenous flag-tagged-INCENP-WT/
p.R490Q in HeLa cells showed normal subcellular localisation when compared with control
(see online Supplementary file 2). Moreover, cell proliferation assay of patient cells using
Brdu cell proliferation kit (Abcam) was normal (see online Supplementary file 3). Based on
these experiments we considered the variants in FEN1, INCENPand PRPF19unlikely to be
the cause of our patients’ phenotype.

J Med Genet. Author manuscript; available in PMC 2021 June 21.


http://exac.broadinstitute.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ben-Salem et al.

Page 8

The PLCB3¢.2632G>T variant was not present in 200 healthy chromosomes from the same
ethnic background, and it was not listed in doSNP databases nor in EVS. However, the
variant has been reported in the heterozygous state with an MAF of 1.824e-05 in EXAC.
Together with a second heterozygous variant (¢.2632G>A:p.A878T), the total multiallelic
variance at ¢.2632 has a frequency of 6.385e-05<0.01 in EXAC. The MAF cut-off for AR
conditions is less than 1% since causal variants are rare in such condition.3¢ The Variant
Effect Predictor (http://asia.ensembl.org/Tools/VEP ) calculates the evolutionary
conservation of ¢.2632G>T. This variant affects all three different coding isoforms of
PLCBS3, and this position is highly conserved at the DNA and protein levels between
vertebrates and mammalians (figure 2D). Plcb3, originally isolated from rat brain, is widely
expressed, with the highest concentrations found in brain, the pituitary gland, liver and
parotid gland.3” Additionally, zebra fish embryos showed high expression of Plcb3 in bone
and cartilage, as well as in neural crest cells, kidney cells and neurons.38 P/co3null mutants
in zebra fish showed abnormal skeletal patterning with malformed facial and thoracic bones.
39 In mice, targeted disruption of plcb3results in embryonic lethality.*0 However, further
Plcb3 knockout models showed discordant results.3641 These discrepancies might be
explained by the manner in which the p/cb3 gene was disrupted.3641 We conclude that
€.2632G>T is extremely rare, conserved, and is likely pathogenic according to the American
College of Medical Genetics and Genomics (ACMG) variant classification guidelines.#2

Loss of PLCB3 activity causes PIP, accumulation and F-actin destabilisation mimicking a
Lowe syndrome phenotype

To evaluate the functional consequences of the PLCB3 variant, we first performed molecular
modelling based on the crystal structure of the Ga4-PLCB3-A882 complex (PDB ID:
30HM). The para and trans rotomers of the introduced serine side chain are predicted to
result in steric clashes with residues in the catalytic core, specifically p.T758 and p.R760
(figure 2E). These structural abnormalities may result in reduced catalytic activity and
impaired ability of Ha 2’1 to efficiently bind to the catalytic core under basal conditions. The
p.A878S variant may also lead to local structural rearrangements within this region, as
serines are known to destabilise a helices (figure 2E).43 In addition, the importance of this
position is clear, as variants in residues adjacent to p.A878, such p.L879A, decrease the
global stability of PLCB3.43

To confirm these predictions, we performed Western blotting on cell lysate from COS-7
cells transiently transfected with either PLCB3-WT or PLCB3-A878S. These blots showed
95% reduction in PLCB3-p.A878S protein levels as compared with PLCB3-WT (n=3, figure
3A), confirming that PLCB3-p.A878S is a hypomorphic variant that appears to decrease
PLCB3 levels in the cell (figure 3A,B). Loss of PLCB3 activity (see online Supplementary
file 4) would be expected to result in an accumulation of its substrate, PIP,.
Immunofluorescence assays against PIP, in patient fibroblasts showed a marked increase in
PIP, levels compared with passage-matched control fibroblasts (figure 3C). Patient
fibroblasts also showed increased nuclear localisation of PIP, (figure 3C-h), whereas no
nuclear aggregation was observed in control fibroblasts (figure 3C—c).
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Interestingly, Lowe syndrome (MIM 309000) also exhibits PIP, accumulation, but by an
alternate mechanism affecting PIP, 5-phosphatase, which catalyses PIP, breakdown.*
Lowe patient fibroblasts show dysregulation of the actin cytoskeleton, including a higher
proportion of cells with a weak F-actin network, an increase in punctate F-actin staining and
an enhanced sensitivity to actin depolymerising agents.22 In view of this, we hypothesised
that loss of PLCB3activity would lead to similar morphological alterations in patient
fibroblasts. Immunostaining of lectin fibres showed that patient fibroblasts (figure 3B—f) are
significantly larger when compared with controls (figure 3B-a) (p<0.05, t-test) (figure 3B).
Next, we evaluated the F-actin network in these cells using green fluorescent protein (GFP)-
phalloidin, which binds to F-actin. Quantification of the F-actin staining in patient 1\V-1
fibroblasts showed a significant overall decrease in actin network strength compared with
normal fibroblasts, which displayed mainly strong actin networks with thick cables (figure
3D-Il, n=156 patients, 91 controls, X2:12.909, df=3, p<0.001). Patient fibroblasts also
showed more punctuate staining (as vizualised on figure 3D-IP), highlighting very short
fibres, when compared with controls (figure 3D-111, n=156 patients, 91 controls, X2:23.27,
df=3, p<0.001). Next, we treated patient cells using cytochalasin D, which prevents the
addition of new actin monomers and causes overall filament shortening. Patient fibroblasts
(figure 3B—j) showed increased sensitivity to stress compared with controls (figure 3B—¢)
under the same stress (figure 3B). Overall, this work suggests that loss of PLCB3function is
responsible for PIP, accumulation and dysregulation of the actin cytoskeleton in patient
fibroblasts (figure 3).

DISCUSSION

Phospholipases are large group of enzymes that hydrolyse phospholipids into fatty acids and
other lipophilic substances. These enzymes play crucial roles in various cellular process
including hormone secretion, neurotransmitter signal transduction, cell growth, membrane
trafficking, ion channel activity, regulation of the cytoskeleton, cell cycle control and
apoptosis.1’ The PLC enzyme) family consists of six subfamilies, with a total of 13 different
isoenzymes differentially expressed throughout the human body.3’ This specificity suggests
a precise role for each PLC subtype in its particular tissue. PLCs have been associated so far
with various human disorders that affect the brain, skeleton, heart and immune system.
1945-47 I this study, we report for the first time the implication of a PLC in a new bone
disorder, termed SMDCD, in Emirati patients.

Here, we identified a homozygous missense variant (¢.2632G>T) in PLCBS3, resulting in the
substitution of p.A878S in the proximal C-terminal domain. The change occurs within the
autoinhibtory Ha2’ helix element (figure 2C), a region crucial for the activation and
stabilisation of PLCB3 (figure 4). Variants affecting residues involved in the Gaq ligand
binding and/or residues interacting with the catalytic domain have been shown to destabilise
PLCB3 and disrupt its autoinhibition.3 We showed that the p.A878S variant results in a
hypomorphic allele which reduces the total level of PLCB3, leading to a loss of enzymatic
activity (figure 3, Supplementary file 4). Immunocytochemical quantification of PIP, levels
in patient’s fibroblasts showed a striking increase of PIP, when compared with controls
(figure 3C—d,i). In this experiment, we also observed punctate accumulations of PIP, in the
nucleus; the significance of this aggregation is unclear (figure 3C—f). PIP, is known to
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control many cell processes such as cell signalling, protein trafficking and particularly
cytoskeleton remodelling.#8 On activation by cell surface receptors, PLCB3 cleaves PIP; to
yield the signal molecules IP3 and DAG (figure 4). Specifically, IP3 mediates activation of
Ca%* and calmodulin, which in turn activates actin severing proteins such as cofilin and
gelosin, resulting in disorganisation of the F-actin cytoskeletal network (figure 4).4° PIP, is
also involved in the regulation of several actin regulatory proteins.>% PIP, accumulation
affects the morphology of our patient fibroblasts, which show thinner microfilaments and
shorter bundles with more punctuate appearance, suggestive of short F-actin bundles and
less packed microfilaments (figure 3D). Moreover, these fibroblasts displayed an enhanced
sensitivity to cytochalasin D compared with controls, also suggesting shorter actin filaments
(figure 3B—e—j).

Lowe syndrome is characterised by bilateral cataracts, intellectual disability and renal
Fanconi syndrome. Our patients show some shared clinical abnormalities with patients with
Lowe syndromesuch as short stature, intellectual disability and cloudy cornea. Though most
patients with Lowe syndrome display bilateral cataracts, there are a few cases with other
ocular abnormalities, including corneal opacity.>! Kidney dysfunction of the Fanconi type,
which is seen in Lowe syndrome, is usually slow and progressive.>! At present, patient V-1
does not display any renal dysfunction, but we cannot rule out the onset of this condition in
the future.

To the best of our knowledge, this is the first study to implicate PLCB3 in a new form of
SMDCD in humans. The p.A878S variant disrupts a vital regulatory region of PLCB3.
Moreover, we show that decreased PLCB3 protein levels alter the F-actin network due to
PIP, accumulation in affected fibroblasts. Therefore, we suggest a common pathway
involved in phospholipid metabolism, Ca2* homoeostasis and cytoskeleton organisation that
controls bone, brain and eye development. Further studies may elucidate the particular
molecular mechanism of phospholipid dysregulation in the pathogenicity of such disorders.
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Refer to Web version on PubMed Central for supplementary material.
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At two years old
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At birth

Pedigree of a consanguineous Emirati family with two affected children. (A) Pedigree
showing two first cousins with a new form of spondylometaphyseal dysplasia, intelectual
disability (ID) and corneal dystrophy (SMDCD). i, photo of index patient 1\V-1; ii, photo of
his cousin 1V-3. (B) Skeletal survey summary of patients with the PLCB3variant. B-a,
Pelvis: Patients (1V-1 and 1V-3) since birth display abnormal iliac bones of pelvis which are
square and short with medial projection (snail-like appearance). At 2 years of age, the iliac
wings are short and irregular with lace-like appearance. There is coxa valga. B-b and B-c,
Lateral and posterioranterior (AP) view of vertebrae: flat with abnormal shape of all lumbar
and thoracic vertebrae with very wide intervertebral spaces and short and tiny ribs. B-d,
Long bones of lower limbs: shortening of femur, tibia and fibula with widening and
coarsetrabeculation of metaphyses, and generalized osteoporosis were noticed since birth.
Note radiodense lines at the distal femur and tibia. B-e, Long bones of upper limbs: short
long bones with wide metaphyses and coarse trabeculation. B-f, Hands: shortening of all

metacarpal bones of the hands associated with osteoporosis.
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Figure2.
Molecular analysis and computational analysis of the p.A878S variant. (A) Results of whole

genome SNP mapping showing a single shared block of homozygosity (11p12.1-g13.1) in
the affected children. (B) The homozygous region of 11.081MB limited by the STR markers
D11S1313 and D11S1889 with segregation of all novel variants identified in PRPF19,
FEN1, INCENP and PLCB3 genes. Note that all variants were homozygous only in the
affected children. (C) Schematic representation of different PLCB3 domains. A zoomed
region from the proximal C-terminal domain (CTD) showing the p.A878S variant
highlighted in red and marked by an arrow; surrounded by mutated residues at positions 877
and 879 indicated in green. the primary Ga.q binding site in the proximal CTD is shown in
blue. (D) Sequence alignments of different residues within the Ha2’ helix region indicating
that residue A878, shown in red, is highly conserved in different species. (E) Molecular
model of the p.A878S variant in human PLCB3. p.A878S was mutated in the Gaq-PLCB3
structure (PDB ID 30HM). The side chain of S878 is shown in the meta rotomer
conformation, the only conformation in which the serine side chain does not sterically clash
with the catalytic core, nor with residues R760 and T758. the Ha.2’ helix is shown in cyan
and the PLCP3 catalytic core is shown in grey.
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Figure 3.
Loss of PLCBS3 activity causes accumulation of phosphatidylinositol 4,5 bisphosphate (PIP,)

and disorganisation of the actin cytoskeleton network. (A) Quantification of PLCB3 proteins
levels in control, and patient fibroblasts as well as transiently transfected COS-7 cells. (A-1).
Western blot showing the absence of endogenous expression of PLCB3 in COS-7 cells
(lanes 1-3). Lanes 4-9 illustrate exogenous expression of PLCB3 constructs. Mutant
p.A878S proteins (lanes 4-6) showed weak expression of PLCB3 when compared with
control (lanes 7-9). (A-11) PLCB3 protein levels estimated from the western blot results, t-
test with n=3 independent trials. (B) Morphological abnormalities in patient fibroblasts due
to PLCB3 deficiency. Lectin fibres are stained using fluorescently conjugated WGAS555, and
PLCB3 using anti-PLCB3 antibody (Abcam). Note the large size of patient fibroblasts (d—e)
when compared with control (i—j) and the weak expression of PLCB3 in patient cells (h).
Patient fibroblast (j) showing marked sensitivity to cytochalasin D treatment when compared
with control (). (c) Patient fibroblasts showing stringent increase in PIP; levels (f,h)
compared with passage-matched control fibroblasts (a,c). Nuclei are counterstained with
DAPI. (D) F-actin cytoskeleton network visualised using fluorescently labelled phalloidin
(D-1). Immunohistochemistry images showing different F-actin staining patterns, type (a)
cells have longer, more densely packed actin stress fibres (image D-1a), type (b) have fine
cables and at least two heavy distinct cables (image D-1b), type (c) have only fine stress
fibres (image D-Ic) and type (d) have no detectable stress fibres (image D-1d).32 (D-I1)
Phalloidin scoring quantified using XZ test, n=156 patient fibroblasts, 91 control fibroblasts.
Error bars are 1 SD. (D-111) Punctuate F-actin staining, as depicted on image (D-1P), was
quantified using XZ test, n=156 patient fibroblasts, 91 control fibroblasts.
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Figure 4.

Conformational change of PLCB3 on activation and phosphatidylinositol 4,5 bisphosphate
(PIP5) involvement in cytoskeleton organisation. Inactive PLCB3 in the left is in an
autoinhibited state. Ha2’ and the X-Y linker are bound to the catalytic core, while the distal
C-terminal domain (CTD) domain is interacting with the cell membrane (once the enzyme is
in the membrane) or the hydrophobic ridge of the catalytic core (once the enzyme in
cytosol). Upon ligands binding, PLCB3 is activated by Ga.q(Z), leading to PLCB3
conformational changes (2) through displacement of Ha2’ and recruitment of catalytic core
to cell membrane. This activation converts membrane lipid Ptdins(4,5)P5 (PIP5) to second
messengers diacylglycerol (DAG) and inositol 1,4,5 triphosphate (IP3) (3). IP3 releases and
increases the cytosolic concentration of calcium (Ca2*) in the endoplasmic reticulum (ER).
Ca?" release regulates the binding of myosin to actin filaments, and activates the
phosphorylation of the myosin light chain (MLC). Both 1Pz and DAG activate protein kinase
C (PKC) which in turn controls cell proliferation and survival (4). Cofilin phosphorylation is
driven by LIM-domain kinase (LIMK) and its dephosphorylation is mediated by the
slinghshot 1 (SSH1). in our study, the p.A878S variant causes loss of PLCB3 activity
leading to PIP, accumulation and resulting in disorganisation of the F-actin cytoskeletal
network. PIP5K, PIP, 5-phosphatase; PI3K, phosphoinositide 3-kinase; PIP3,

J Med Genet. Author manuscript; available in PMC 2021 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ben-Salem et al.

Page 18

PtdIns(3,4,5)P3; PI(4)P, phosphatidylinositol 4-phosphate; PI(5)P, phosphatidylinositol 5-
phosphate; PIPKI and PIPKII, phosphatidylinositol phosphate kinases | and 11, respectively;
PTEN, phosphatase and tensin homolog.
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Table 1

In silico prediction analyses of the six identified variants by WES

Genename SIFT

PolyPhen2  CADD (PHRED)

CELF1 0.42
PRPF19 0.22
FENI 0
INCENP 0.01
PLCB3 0.06
CETNZ2 1

0.022

0.954
0.023
0

0.323
18.06
28.4
26.3
18.49
5.746

Page 19

SIFT, 0 is deleterious, 1 is tolerated. PolyPhen2: 0 is benign, 0.15 is possibly damaging, 1 is damaging. CADD: 0 is benign, 10 is top 10% of
deleterious substitutions, 20 is top 1%.

PHRED, Phil’s Read Editor.
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