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Mutations in EXTL3 Cause
Neuro-immuno-skeletal Dysplasia Syndrome

Machteld M. Oud,1,26,* Paul Tuijnenburg,2,3,26 Maja Hempel,4,26 Naomi van Vlies,5 Zemin Ren,6

Sacha Ferdinandusse,5 Machiel H. Jansen,2,3 René Santer,7 Jessika Johannsen,7 Chiara Bacchelli,8

Marielle Alders,9 Rui Li,10,11 Rosalind Davies,8 Lucie Dupuis,12 Catherine M. Cale,13

Ronald J.A. Wanders,5 Steven T. Pals,6 Louise Ocaka,8 Chela James,8 Ingo Müller,14 Kai Lehmberg,14

Tim Strom,15,16 Hartmut Engels,17 Hywel J. Williams,8 Phil Beales,8 Ronald Roepman,1 Patricia Dias,18

Han G. Brunner,1 Jan-Maarten Cobben,19,20 Christine Hall,21 Taila Hartley,22 Polona Le Quesne Stabej,8

Roberto Mendoza-Londono,12 E. Graham Davies,8,13 Sérgio B. de Sousa,8,23,24 Davor Lessel,4,27

Heleen H. Arts,1,25,27 and Taco W. Kuijpers2,27,*

EXTL3 regulates the biosynthesis of heparan sulfate (HS), important for both skeletal development and hematopoiesis, through the

formation of HS proteoglycans (HSPGs). By whole-exome sequencing, we identified homozygous missense mutations c.1382C>T,

c.1537C>T, c.1970A>G, and c.2008T>G in EXTL3 in nine affected individuals from five unrelated families. Notably, we found the

identical homozygous missense mutation c.1382C>T (p.Pro461Leu) in four affected individuals from two unrelated families. Affected

individuals presented with variable skeletal abnormalities and neurodevelopmental defects. Severe combined immunodeficiency

(SCID) with a complete absence of T cells was observed in three families. EXTL3 was most abundant in hematopoietic stem cells

and early progenitor T cells, which is in line with a SCID phenotype at the level of early T cell development in the thymus. To provide

further support for the hypothesis that mutations in EXTL3 cause a neuro-immuno-skeletal dysplasia syndrome, and to gain insight

into the pathogenesis of the disorder, we analyzed the localization of EXTL3 in fibroblasts derived from affected individuals and

determined glycosaminoglycan concentrations in these cells as well as in urine and blood. We observed abnormal glycosaminoglycan

concentrations and increased concentrations of the non-sulfated chondroitin disaccharide D0a0 and the disaccharide D0a4 in serum

and urine of all analyzed affected individuals. In summary, we show that biallelic mutations in EXTL3 disturb glycosaminoglycan

synthesis and thus lead to a recognizable syndrome characterized by variable expression of skeletal, neurological, and immunological

abnormalities.
Introduction

A number of complex immunodeficiency syndromes

additionally include skeletal dysplasia as part of their vari-

able phenotype. For example, Schimke immuno-osseous

dysplasia (SIOD [MIM: 242900]) and cartilage-hair hypo-

plasia (CHH [MIM: 250250]) are (spondylo-epiphyseal-)

metaphyseal dysplasias that can also result in dispropor-

tionate short stature.1–3 Besides featuring skeletal dysplasia,
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ico de Medicina de Lisboa, 1640-035 Lisboa, Portugal; 19Department of Pediatr

Amsterdam, the Netherlands; 20Department of Clinical Genetics, St. George’s U

ology, Great Ormond Street Hospital, WC1N 3JH London, UK; 22Children’s Ho
23Medical Genetics Unit, Hospital Pediátrico, Centro Hospitalar e Universitário

versity of Beira Interior, 6200-506 Covilhã, Portugal; 25Department of Patholog
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CHH is further characterized by T cell immunodeficiency,

brittle hair, ligamentous laxity, hypoplastic anemia, and

sometimes neuronal dysplasia of the intestine, leading to

Hirschsprung disease.4 SIOD is commonly associated with

skeletal dysplasia, nephropathy, and T cell immunodefi-

ciency (GeneReviews, see Web Resources). Notably, both

CHH and SIOD are recessive disorders caused bymutations

in RMRP (MIM: 157660) and SMARCAL1 (MIM: 606622),

respectively,4,5 and affected individuals display both broad
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interfamilial and intrafamilial variability of the immuno-

logical abnormalities (GeneReviews and Ridanpää et al.4).

Here, we report on a neuro-immuno-skeletal disorder

caused by pathogenic mutations in EXTL3 (exostosin-like

glycosyltransferase 3 [MIM: 605744]), a gene not previously

associated with human disease. EXTL3 is a member of the

exostosin (EXT) family of glycosyltransferases, comprising

EXT1, EXT2, EXTL1, and EXTL2. These enzymes regulate

glycosylation, a process by which glycans are attached to

both proteins and lipids in the endoplasmic reticulum or

Golgi complex. EXTL3 and its family members are known

tobe involved in thebiosynthesis of the glycosaminoglycan

(GAG) heparan sulfate (HS) in a variety of species.6–11 EXT

familymembers exert aneffectonmanyphysiological activ-

ities by the covalent binding of HS chains to proteoglycans,

forming HS proteoglycans (HSPGs). HSPGs are a major

component of the extracellular matrix (ECM) in all organs

in the human body and are involved in numerous physio-

logical processes.12 Notably, there are three subfamilies of

HSPGs:membrane-spanningproteoglycans, glycophospha-

tidylinositol-anchored proteoglycans, and secreted ECM

proteoglycans,12 all of which have been implicated in skele-

togenesis and hematopoiesis.13,14

EXTL3 is a N-acetylglucosaminyltransferase (GlcNac

transferase) that exhibits GlcNac-TI activity by catalyzing

GlcNac binding to a GAG linkage region, thereby initiating

the biosynthesis of HS chains. EXTL2 shares GlcNac-TI ac-

tivity with EXTL3 but initiates HS chains on different core

proteins than EXTL3 by discriminating the amino acid se-

quences.9 EXTL1 is involved in the elongation of HS chains

by exhibiting GlcNAcT-II activity,9 whereas the EXT family

members EXT1 andEXT2 formaheterooligomeric complex

with GlcNAc and GlcA transferase activity essential for the

polymerization of HS. The crucial role of EXTL3 in general

organogenesis is exemplified by embryonic lethality of

mice homozygous for a null mutation.11 Regarding human

disorders, EXT1 (MIM: 608177) and EXT2 (MIM: 608210)

are associated with autosomal-dominant hereditary multi-

ple exostoses (MIM: 133700 and 133701, respectively).15

In addition, autosomal-recessive mutations in EXT2 lead

to seizures, scoliosis, and macrocephaly syndrome (MIM:

616682).16 EXTL3 mutations have not yet been connected

to any disease. In this report, we describe nine individuals

fromfive unrelated families affected by an autosomal-reces-

sive neuro-immuno-skeletal dysplasia syndrome caused by

biallelic missense mutations in EXTL3.
Material and Methods

Collection of Samples and Informed Consent
For all five families, DNA samples were extracted from blood ac-

cording to standard laboratory practice and used for whole-exome

sequencing (WES). Fibroblast lines obtained from skin biopsy

material of the affected individuals (A:II-1, B:II-1, B:II-2, C:II-1,

D:III-1, D:IV-1, and E:II-1) and three in-house control fibroblast

lines were used for GAG analysis and immunocytochemistry.

Heparinized peripheral-blood samples and urine were collected
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from healthy age-matched control individuals and from affected

individuals during routine diagnostic procedures. Urine collected

from affected individuals A:II-1, B:II-1, and B:II-2 and serum

collected from the blood of these individuals and parents B:I-1

and B:I-2 were used for GAG analysis. After identification of the

EXTL3mutations in family A, other genetic laboratories were con-

tacted via GeneMatcher and Matchmaker Exchange; this linked

our EXTL3 submission to PhenomeCentral, resulting in the ascer-

tainment of families B–E.17–19 All participants in this study gave

written informed consent, and all human material was collected

after approval by the local ethic committees (NL40332.078.12

for family A, PV3802 for family B, 1000029424 for family C,

09CM32 for family D, and 06/Q0508/16 for family E).
WES
Genomic DNA from the unaffected parents and affected individ-

uals II-1 (family A), II-1 and II-2 (family B), II-1 and her unaffected

parents (family C), III-1, III-2, and IV-1 (family D), and II-1, II-2,

and their unaffected parents (family E) were used for WES. WES

experiments were performed in different centers with slightly

different procedures that have essentially been described before

(family A,20–23 family B,24 family C,25,26 and families D and E27).

In brief, exome enrichment was performed with an Agilent

SureSelect Human All Exon 50 Mb Kit (V4 for families A, D,

andE;V5 for familiesB andC), and then sequencingwasperformed

on a SOLiD 5500xl System (Thermo Fisher Scientific; family A),

Illumina HiSeq 2500 (family B), or HiSeq 2000 (families C–E).

Read mapping and single-base-pair variant and indel calling were

performed with LifeScope Software v.2.1 (Life Technologies) for

familyA. For familiesB–E, readswere aligned to thehumangenome

assembly (UCSC Genome Browser hg19) with the Burrows-

Wheeler Aligner (v.0.5.87.5 for family B and v.0.7.7 for family C),

and detection of genetic variation was performed with SAMtools

(v.0.1.18), PINDEL (v.0.2.4t), and ExomeDepth (v.1.0.0). For family

C, indel realignment and base recalibration were performed with

Genome Analysis Toolkit (GATK) v.3.1.1. Duplicated reads were

removed by Picard v.1.108, and genetic variation was detected

with SAMtools (v.1.2) and BCFtools (v.1.2).28 Variant calling for

familiesD andE includedGATKbase quality score recalibration, in-

del realignment, and duplicate removal. SNP and indel discovery

and genotyping were performed with standard hard filtering

parameters or variant quality score. The variant annotation and

interpretation analyses were generated by Ingenuity Variant Anal-

ysis software (v.3.1.20140902, QIAGEN).

Copy-number variation (CNV) detection was performed on

WES data of each affected individual. For family A, the CoNIFER

computational pipeline29 was used as described previously.30 For

family C, FishingCNV software31 was used to call CNVs and

compare the read depth of these CNVs against the distribution

of reads in more than 50 control samples without related genetic

disorders (all samples were sequenced and aligned according

to the same protocol). In addition, the eXome-Hidden Markov

Model (XHMM) algorithm was applied for the detection of rare

CNVs.32–34 A SNP array was then performed in affected individuals

from family B as previously described.35
Bioinformatic Filtering
Variant annotation was performed with four independent

in-house annotation pipelines. To prioritize variants in the

sequencing data, we excluded variants that were non-genic, in-

tronic (except for canonical splice sites), or synonymous. Further,
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we excluded variants that were present in dbSNP 135 at a fre-

quency > 1% or > 1% in the in-house variant database (2,096

in-house-analyzed exomes for family A and ~3,000 exomes for

family C). For family C, variants with a minor allele frequency

(MAF)> 5% in 1000Genomes36 (October 2014), the NHLBI Grand

Opportunity (GO) Exome Sequencing Project (ESP) (v.0.0.30,

November 3, 2014), or Exome Aggregation Consortium (ExAC)

Browser (v.0.2, October 29, 2014) were excluded. Variants

excluded in families D and E had a MAF > 1% in the NHLBI GO

ESP and ExAC Browser. The NHLBI GO ESP contains data from

more than 200,000 individuals. At the time of this study, the

ExAC Browser included sequences of 60,706 unrelated individuals

from different ethnic backgrounds. We used a quality filter to

exclude variants with <5 reads or <20% variant reads. Candidate

variants were validated by Sanger sequencing, and segregation

analysis was conducted in all five families.
Immunophenotyping
Peripheral-blood mononuclear cells (PBMCs) were isolated by

standard density gradient centrifugation techniques with Lym-

phoprep (Nycomed). For immunophenotyping, PBMCs were

resuspended in phosphate buffered saline (PBS) containing 0.5%

(w/v) bovine serum albumin (BSA) and 0.01% sodium azide and

incubated with saturating concentrations of fluorescently labeled

conjugated monoclonal antibodies. Cells were analyzed with

a FACSCanto-II flow cytometer and FlowJo software. Samples

from the affected individuals were analyzed simultaneously with

PBMCs from healthy control individuals. The following conju-

gated monoclonal antibodies were used: CD4 PE-Cy7, CD8

PerCP-Cy5.5, CD20 PerCP-Cy5.5, CD27 APC, CD38 PE-Cy7,

CD45 APC-H7, and IgD PE from BD Biosciences; CD3 Alexa 700

and CD19 Alexa 700 from eBioscience; CD27 FITC from Sanquin;

CD45RA (2H4-RD1) PE from Beckman Coulter; IgM FITC and IgG

FITC from Dako; and IgA FITC from Miltenyi Biotec.

In order to analyze the in vitro activation of T and B cells, we re-

suspended the PBMCs in PBS at a concentration of 53 106 to 103

106 cells/mL and labeled them with 0.5 mM carboxyfluorescein

succinimidyl ester (CFSE) (Molecular Probes, Thermo Fisher Scien-

tific) in PBS for 10 min at 37�C under constant agitation. Cells

were washed and subsequently resuspended in Iscove’s modified

Dulbecco’s medium (IMDM) supplemented with 10% fetal calf

serum (FCS, BioWhittaker), antibiotics, and 3.57 3 10-4% (v/v)

b-mercaptoethanol (Merck). Labeled PBMCs containing a fixed

number of B cells (2 3 104 per well) were cultured in 96-well

flat-bottomed plates for 6 days at 37�C and stimulated with satu-

rating amounts of anti-IgM mAb (clone MH15, Sanquin), anti-

CD40 mAb (clone 14G7, Sanquin), and 20 ng/ml IL-21 (Invitro-

gen); 1 mg/mL CpG oligodeoxynucleotide 2006 (Invivogen) and

100 U/mL IL-2 (R&D Systems); or anti-CD3 (clone 1xE, Sanquin)

and anti-CD28 (clone 15E8, Sanquin). We assessed the prolifera-

tion of B and T cells by measuring CFSE dilution by flow

cytometry.

We assessed the secretion of IgG and IgM by mature B cells by

analyzing supernatants for secreted IgM and IgG with an in-house

ELISA assay using polyclonal rabbit anti-human IgM, IgG reagents,

and a serum protein calibrator. All reagents were from Dako, as

described previously.37,38
Validation of EXTL3 Antibody
We used a commercial antibody targeting EXTL3 (goat, AF2635,

R&D Systems) to detect the level of EXTL3 in different cell lines
The America
and human tissue. In order to ensure the specificity of the anti-

body, we knocked out EXTL3 in human embryonic kidney 293T

(HEK293T) cells by using the CRISPR/Cas9 technique. Three

different single guide RNAs (sgRNAs)—5’-CTTCTCTATAACGTCA

GTAC-3’, 5’-GGGACTGGCTTTCGGCCTAT-3’, and 5’-AGAAGCT

CGGGACCGCATCG-3’—were each inserted into a pLentiCRISPR

v.2 vector (52961, Addgene) as described by Sanjana et al.39 The

pLentiCRISP v.2 construct containing the EXTL3 sgRNA or the

empty vector was transfected into HEK293T cells with a Genius

DNA Transfection Reagent (Westburg) according to the manufac-

turer’s instructions. After transfection, we cultured the cells in

standard cell-culture medium containing 2.5 mg/mL puromycin

for 3 days to select only the transfected cells. Subsequently, we pre-

pared and analyzed the cell lysates by western blotting to test the

specificity of the EXTL3 antibody.
Analysis of EXTL3 in Lymphocytes and Thymus Tissue
We used western blotting to assess the level of EXTL3 in different

lymphocyte cell lines. Protein lysates were made from diffuse

large B cell lymphoma cell lines OCI-Ly1, OCI-Ly7, and U2932;

myeloma cell lines ANBL6 and RPMI-8226; leukemia-derived

T cell lines Jurkat, CCRF-CEM, and Molt4; T cell lymphoma cell

line SupT1; Burkitt lymphoma cell line Namalwa; lymphoblast

cell line Ramos; mobilized peripheral-blood CD34þ progenitor

cells; and CD4-CD8-, CD4þCD8þ, CD4-CD8þ, and CD4þCD8- cells

sorted from thymocytes. All cell lines were cultured in IMDM con-

taining 10% fetal bovine serum and 100 units/mL penicillin. Pro-

tein lysates were separated by 10% sodium dodecyl sulfate poly-

acrylamide gel electrophoresis and subsequently immunoblotted

according to a standard procedure. The immunoblots were incu-

bated in PBS containing 5% milk and 0.2% tween with antibodies

targeting human EXTL3 (goat, AF2635, R&D Systems) and b-actin

(clone AC-15, mouse, A5441, Sigma Aldrich). Primary antibodies

were detected by horseradish peroxidase (HRP)-conjugated sec-

ondary antibodies donkey-anti-goat (605-703-125, Rockland Im-

munochemicals) and rabbit-anti-mouse (P0161; Dako) and then

detected by Amersham ECL Western Blotting Detection Reagent

(GE Healthcare).

Paraffin-embedded thymus tissue for immunohistochemical

investigations was obtained from a neonate who had died from

asphyxia at birth and had a post-mortem examination unrelated

to this study. To ensure optimal staining of EXTL3, we treated

thymus tissue sections of 4 mm thickness with Tris ethylenediami-

netetraacetic acid (EDTA, pH 9) for 20 min at 121�C for antigen

retrieval. Sections were incubated overnight at 4�C with an anti-

body targeting human EXTL3 (goat, AF2635, R&D Systems).

Subsequently, the tissues were washed with PBS and incubated

with rabbit-anti-goat antibody (6160-01, Southern Biotech) for

30 min at room temperature. EXTL3 was detected by poly-HRP-

anti-rabbit IgG (DPVR110HRP, Immunologic) and then by Ultra

DAB (Immunologic).
Immunocytochemistry in Human Fibroblasts
The localization of EXTL3 was assessed in primary fibroblasts

derived from A:II-1, B:II-1, and B:II-2 and compared with that in

fibroblasts from two healthy control individuals. The fibroblasts

were cultured in Dulbecco’s modified Eagle’s medium with 20%

FCS on sterile coverslips for 72 hr and subsequently immuno-

stained. For this purpose, cells were washed in PBS and fixed in

2% paraformaldehyde in PBS for 20 min. In order to enable anti-

body binding, we incubated cells in 10 mM sodium citrate buffer
n Journal of Human Genetics 100, 281–296, February 2, 2017 283



Table 1. Overview of the Most Affected Organ Systems in All Affected Individuals

Abnormalities A:II-1 B:II-1 B:II-2 C:II-1 D:III-1 D:III-2 D:IV-1 E:II-1 E:II-2

Neurological NA þþþ þþþ þ þa – – NA NA

Immunological þþþ þþþ þþþ – – – – þþ þþ

Skeletal þþþ þ þ þþþ þþþ þþþ þþþ þþþ þþþ

The number of plus signs indicates the severity of the abnormality. NAmeans not assessed because of early death (A:II-1 at 6 weeks, E:II-1 at 6 months, and E:II-2 at
10 months).
aBorderline normal cognition.
for 30 min at 60�C. Cells were then permeabilized in 1% Triton

X-100 in PBS for 5 min and blocked for 30 min in 2% BSA in

PBS. We used primary antibodies targeting EXTL3 at 1:100 dilu-

tion (goat, AF2635, R&D Systems) and the Golgi marker GM130

at 1:250 dilution (mouse, 610822, BD Biosciences). Primary anti-

bodies were diluted in 2% BSA in PBS and incubated for 1 hr at

room temperature. After being washed with PBS, cells were incu-

bated with fluor-labeled secondary antibodies for 30 min. These

included donkey-anti-goat IgG Alexa Fluor 488 (1:400) and

donkey-anti-mouse IgG Alexa Fluor 568 (1:400) from Life Technol-

ogies. After cover glasses were washed in PBS, a drop of DAPI con-

taining Fluoromount-G (Southern Biotech) was added to the cells.

Cover glasses were placed on glass microscope slides. Microscopy

was conducted with a Zeiss Axio Imager Z2 fluorescence micro-

scope equipped with an ApoTome slider. Images were obtained

with ZEN 2012 software (Zeiss) and processed with Photoshop

CS4 (Adobe Systems) and freely available Fiji software.

Analysis of HS, Dermatan Sulfate, and Chondroitin

Sulfate
GAG concentrations were determined in serum, urine, and fibro-

blasts as described previously.40,41 In brief, we made homogenates

from fibroblasts by disrupting the cells in PBS with a Vibra-Cell

sonicator (Sonics & Materials). Protein concentrations were

measured in whole-cell lysates as described by Lowry et al.42 To

obtain GAG disaccharides, we enzymatically digested 50 mL serum,

50 mL urine, or 25 mg fibroblast protein in a mixture containing

100 mM NH4Ac (pH 7.0), 10 mM Ca(Ac)2, 2 mM DTT, 5 mIU

each of heparinase I, II, and III, and 50 mIU chondroitinase B or

50 mIU chondroitinase ABC in a final volume of 150 mL. After

2 hr of incubation at 30�C, 15 mL of 150 mM EDTA (pH 7.0) was

added along with 125 ng of the internal standard, 4UA-2S-

GlcNCOEt-6S (HD009, Iduron), and the reaction was stopped

and boiled for 5 min for protein denaturing. The reaction mixture

was centrifuged at 20,0003 g for 5 min at room temperature. Sub-

sequently, the supernatant was applied to an Amicon Ultra 30K

centrifugal filter (Millipore) and centrifuged at 14,000 3 g for

15 min at 25�C. The filtrate was stored at 20�C until analysis.

HS, dermatan sulfate (DS), and chondroitin sulfate (CS) levels

were quantified on a Waters Quattro Premier XE (tandem) mass

spectrometer (Waters Corporation) coupled to an Acquity UPLC

system (UPLC-MS/MS) with a Thermo Hypercarb HPLC column

(100 3 2.1 mm, 5 mm) and a mobile phase consisting of 10 mM

NH4HCO3 (pH 10). Disaccharides were eluted with an acetonitrile

gradient of 0%–20% for 2.5 min, held at 20% for the next 2.5 min,

and equilibrated for 2 min at 0% before the next injection; the

flow rate was 0.2 mL/min, and the total run time was 7.1 min.

All disaccharides were detected and quantified in multiple-

reaction-monitoring acquisition mode with the transitions m/z

378.1 > 175.1 for D0A0, 458.0 > 299.9 for D0a4, 378.0 > 175.0
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for D0a0, and 458.0 > 97.0 for D0a6 (according to the nomencla-

ture of Lawrence et al.43) and 472.0 > 97.0 for the 4UA-2S-

GlcNCOEt-6S internal standard. The concentration of each

disaccharide was calculated with a calibration curve for each of

the disaccharides.

All samples were digested and analyzed in duplicate. For each

subject, all serum and urine GAG levels were compared with those

of age-matched control individuals (n ¼ 4). The normal range for

each GAG was defined as the mean 5 2 SDs of the control

samples.
Results

Clinical Report

We report on nine affected individuals from five unrelated

families affected by neuro-immuno-skeletal dysplasia syn-

drome. Families A and B were consanguineous, suggesting

autosomal-recessive inheritance of the disorder (Figure 2A,

Table 1, and Tables S1 and S2). Family C was from a

geographically isolated district in Colombia (South Amer-

ica) and possibly had a distant degree of consanguinity.

Family D was the offspring of families who had lived for

several generations in two small neighboring Portuguese

villages. Family E was of Indian descent and had no history

of consanguinity.

All nine affected individuals presented with various skel-

etal dysplasias. In four families (A and C–E), X-rays re-

vealed severe platyspondyly leading to disproportionate

stature (Figure 1). Lumbar gibbus and kyphoscoliosis

were observed in families C and D, respectively. Three indi-

viduals (from families D and E) had cervical malformations

and a hypoplastic odontoid peg with cervical instability.

Short stature was also present in families A and B but ap-

peared to be the result of limb shortening. Metaphyseal ab-

normalities of the long bones were found in families A and

E, whereas families B–D showed epiphyseal abnormalities

(Figure 1). Brachydactyly was observed in affected individ-

uals from families A, B, and D. In addition to showing

skeletal abnormalities, all affected individuals in families

B and C had intellectual disability (ID). This could not be

assessed for individuals A:II-1, E:II-1, and E:II-2 because

of their early death at 7 weeks, 6 months, and 10 months

of age, respectively. Both siblings of family B were severely

disabled and unable to speak and are currently wheelchair

bound. Dysmorphic facial features were non-discriminat-

ingly mild but included coarse facial features, a prominent
y 2, 2017



Figure 1. Clinical Features of the Skeleton of Families A–E
(A) Lateral spine radiographs arranged chronologically. Most affected individuals show severe platyspondyly (red boxes) with progres-
sively severe kyphosis with increasing age (visualized for C:II-1, D:III-1, and D:IV-1); however, the affected siblings of family B do not
(green boxes). Affected individual C:II-1 shows an additional abnormality of absent ossification of the anterior parts of the vertebral
bodies in the upper lumbar region. Furthermore, wide intervertebral spaces are visible, and the vertebral bodies show some posterior
constriction giving a pear shape.
(B) Hand radiographs arranged chronologically. Up to the age of about 6 years, there is a delay in carpal bone ossification. The first meta-
carpals (arrowheads) and the secondmiddle phalanges (broad arrows) are short. The fifth middle phalanges are short or absent in A:II-1,
E:II-1, and E:II-2 (newborns). Affected individual B:II-2 has soft tissue preaxial polydactyly.
(C) The pelvic radiographs show a variable degree of sloping acetabula with shallow lateral notches, coxa valga, and small capital femoral
epiphyses. Elbow radiographs show dislocated radial heads with dysplastic radial heads.
nose, and full cheeks in almost all affected individuals

(Figure S1). A single palmar crease was also observed in

six of nine affected individuals. A striking phenotype pre-
The America
sent in three of the five families was T-cell-negative SCID.

Affected individuals from families A and B showed a lack

of T cells, whereas B cell numbers were normal (Figure 4).
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Family E showed idiopathic CD4þ lymphopenia and an ab-

solute lack of naive T cells (both CD4þCD45RAþ and CD8þ

CD45RAþ T cells were missing). In families B and E, a

typical skin rash prompted further evaluation of the blood

cells. Maternal T cells were excluded, and the oligoclonal

T cell reaction found in the presence of eosinophilia was

compatible with an Omenn-like presentation of SCID.1,2

Worth mentioning are also the liver cysts seen in affected

individuals from families A and E. Although the pheno-

types were widely variable and partly contrasting (e.g., se-

vere versus no ID, severe versus mild platyspondyly, and

epiphyseal versus metaphyseal changes), all major malfor-

mations and features occurred in three organ systems only:

the immune system, the skeleton, and the neurological

system. All together, we classify these five families as

having phenotypic variability of an EXTL3-related neuro-

immuno-skeletal dysplasia phenotype. The affected indi-

viduals from families A and E died in early infancy, whereas

the others are currently between 2 and 38 years of age.

Individual III-1 from family D died at 30 years of age

from a unknown cause. Table 1 gives an overview of the

most affected organ systems in all affected individuals.

Detailed case reports and clinical data for each affected

individual can be found in the Supplemental Note.

WES

Massive parallel sequencing of genomic DNA of nine

affected individuals from five unrelated families was per-

formed in four different centers (Figure 2A). WES data

were filtered according to a recessive disease model given

that families A and B showed consanguineous bonds and

families B, D, and E each had more than one affected indi-

vidual. The severity of the phenotype, especially in fam-

ilies A and E, suggests that the disease is caused by a rare

genetic mutation. We therefore prioritized homozygous

and compound-heterozygous variants, nonsense variants,

and variants with a phyloP score > 2.7 given that the ma-

jority of annotated variants in the Human Gene Mutation

Database have such scores.45 After application of these

rules in family A, only 2 of 37 candidate variants segre-

gated with the disease in the family (Table 2 and Table

S3). These two mutations were homozygous missense mu-

tations in EXTL3 (c.1537C>T [p.Arg513Cys] [GenBank:

NM_001440.3]) and CHST9 (MIM: 610191; c.1133A>G

[p.Asn378Ser] [GenBank: NM_031422]) (Figure 2B). Left

with two candidate genes, we made use of GeneMatcher,

a web-based tool for researchers and clinicians working

on identical genes.17 A match was found in four indepen-

dent families from different centers. WES data from these

families revealed likely pathogenic homozygous missense

mutations in EXTL3. Data from these families also revealed

one or more genes carrying biallelic variants that segre-

gated with the disease; however, in each family the

variant in EXTL3 was the most likely candidate given the

position and predicted impact of the variant together

with the segregation analysis (Table 2 and Tables S3–S7).

In total, we found four homozygous missense mutations:
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c.1382C>T (p.Pro461Leu), c.1537C>T (p.Arg513Cys),

c.1970A>G (p.Asn657Ser), and c.2008T>G (p.Tyr670Asp).

Variant analysis in the ExAC Browser showed that homo-

zygous non-synonymous alterations in coding regions of

EXTL3 are not tolerated. Only one such alteration was pre-

sent (c.1324G>C [p.Val442Leu]), and it is predicted to be

tolerated by SIFT prediction software (analysis performed

in October 2016). Furthermore, variants p.Arg513Cys

and p.Tyr670Asp were both absent from the ExAC Browser.

The other two variants, p.Pro461Leu and p.Asn657Ser,

were present only in a heterozygous state with detected

MAFs of 1.6 3 10-5 and 5.8 3 10-5, respectively. CNV anal-

ysis, including the SNP array in family B, did not reveal any

likely pathogenic alterations (data not shown).

All together, we found homozygosity for four missense

mutations in EXTL3 in five unrelated families as a cause

of a recessive form of neuro-immuno-skeletal dysplasia.

Validation of EXTL3 Antibody

In order to validate the specificity of the antibody targeting

EXTL3, we made use of CRISPR/Cas9 techniques to knock

out EXTL3 in HEK293T cells and study the protein lysate

on western blotting. A band of approximately 130 kDa

was clearly visible in lanes 1, 2, and 4, corresponding to

cell lysates from HEK293T cells transfected with sgRNA 1,

sgRNA 2, and the empty vector pLentiCRISP v.2, respec-

tively. The absence of a band in lane 3 corresponding to

cell lysates from HEK293T cells transfected with sgRNA 3

validates the specificity of the antibody targeting EXTL3

(goat, AF2635, R&D Systems) (Figure 3D).

EXTL3 Is Present during Early T Cell Development

Investigation of immune cells detected a complete or

nearly complete absence of T cells but normal counts of

B and natural killer (NK) cells in affected individuals

from three families (A, B, and E; Table 3). Only a limited

number of gene defects are known to result in T-negative

SCID.1,2 The disease is most often caused by a lack of

signaling of the T cell receptor to propagate the develop-

ment of thymocytes toward the single CD4þ and CD8þ

T cell stage.46 There is no published information about

the actual level of EXTL3 in T cells. To elucidate the disease

mechanism underlying the T cell deficiency seen in three

of these five families, we studied the levels of EXTL3 in

both T and B lymphocytes of normal control samples.

EXTL3 was not observed by western blotting in circulating

T or B lymphocyte cell types (Figure 3A). After strong acti-

vation by a combination of CD3 and CD28 during culture

for 6 days into T cell blasts (CD4þCD27- or CD8þCD27-),

low levels of EXTL3 were detected (Figure 3A). It was far

less, if any at all, for activated B cells differentiating for

6 days into plasmablasts (CD38þCD138þ) (Figure 3A).

These findings suggest that the effect of the selective

T cell defect that we observed in EXTL3 deficiency could

depend on the early protein levels during hemato- and/

or lymphopoietic development before the circulating stage

in peripheral blood. Indeed, EXTL3 was demonstrated at
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Figure 2. Four Homozygous Missense Mutations in EXTL3 in Five Unrelated Families
(A) Pedigrees of five affected families. All affected individuals carry homozygous missense mutations in EXTL3 (GenBank: NM_
001440.3). In family A, II-1 is homozygous for c.1537C>T (M1). In family B, II-1 and II-2 are homozygous for c.2008T>G (M2). In fam-
ilies C and D, c.1382C>T segregates with disease. In family E, c.1970A>G (M4) segregates with disease.
(B) Schematic overview of EXTL3 and the corresponding protein (GenBank: NP_001431) shows the position of the missense mutations
and protein changes. All four mutations are in exon 3. EXTL3 consists of two annotated domains: a transmembrane domain (amino
acids 29–51) and a coiled-coil domain (amino acids 86–148). In addition, there are two predicted Pfam domains: a conserved EXT
domain (amino acids 190–500) and a glycosyl transferase family 64 domain (amino acids 663–904) conserved between enzymes that
catalyze the transfer reaction of N-acetylglucosamine and N-acetylgalactosamine.44
the protein level in purified CD34þ hematopoietic stem

cells (HSCs) (Figure 3B), as well as in the immature

(leukemic) T cell lines (Figure 3A). As was expected from

the analysis of T and B cell subsets from blood or upon

in vitro activation, none of the more mature T or B cell

lines or any additional hematopoietic cell lines tested
The America
(including Jurkat cells, Ramos cells, Epstein-Barr virus B

cell blasts, KG1a cells, HL-60 cells, and U937 cells) demon-

strated any EXTL3 at the protein level (Figure 3A).

To assess thymic tissue from neonates for the level

of EXTL3, we fractionated the thymocytes into early

double-negative, double-positive, and late single-positive
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Table 2. Causative EXTL3 Mutations Detected by WES in the Five Families

Family Chromosome hg19 Position EXTL3a Variant
Amino Acid
Change

ExAC Browser
Frequency

PhyloP
Score

SIFT
Score

PolyPhen-2
Score

A 8 g.28575113 c.1537C>T p.Arg513Cys NP 6.238 0 1

B 8 g.28575584 c.2008T>G p.Tyr670Asp NP 7.984 0 1

C and D 8 g.28574958 c.1382C>T p.Pro461Leu 1.65 3 10-5 7.727 0 1

E 8 g.28575546 c.1970A>G p.Asn657Ser 5.80 3 10-5 9.206 0 1

NP means not present in the database.
aGenBank: NM_001440.3.
thymocytes. EXTL3 was observed in all fractions,

including the single-positive CD4þ or CD8þ thymocytes

(Figure 3B).

Upon immunohistochemistry staining of thymus tissue

from a normal neonate obtained at post-mortem examina-

tion (cause of death: asphyxia), EXTL3 showed moderate

localization throughout the thymus in both the cortical

and extramedullary niches (Figure 3C). These findings sug-

gest that the level of EXTL3 is downregulated when T cells

enter the circulation.

By determining the immunophenotype of circulating B

and Tcells in families A and B, we confirmed the Tcell selec-

tive effect in theEXTL3-mutated individualswitha so-called

T-negative SCID phenotype. Skewing of the distribution of

the T cell memory subset toward a highly differentiated

phenotype was observed in individual B:II-1, but not in

the transplanted sibling, B:II-2 (Figure 4A). Upon stimula-

tion with anti-CD3 and anti-CD28, the proliferative

response of both CD4þ and CD8þ T cells in individual B:II-

1 was impaired in comparisonwith that of the transplanted

sibling (B:II-2) and healthy control individuals (Figure 4C).

Furthermore, the T cells in individual B:II-1 were unable to

induce B cell proliferation (Figure 4C).

To exclude a functional B cell defect due to the early lackof

EXTL3 at the HSC and common lymphoid progenitor (CLP)

stages within the bone marrow, we generated plasmablasts

and tested antibody release into the supernatant upon stim-

ulation with CpG and IL-2 in families A and B. The distribu-

tions of memory B cell subsets were normal for their age

(Figure 4A). Functionally, these data showed normal B cell

activation and plasmablast formation (low-normal for age)

with IgM and IgG release in individual A:II-1 (Figures 4B

and 4D–4F). The low in vitro IgG production in individual

B:II-2 can be ascribed to the fact that she had been trans-

plantedonly1yearearlierwitha fewcirculatingdonormem-

ory B cells at this stage, whereas the older sibling (B:II-1)

showed 5% CD27þ memory B cells, plasmablast formation,

and production of IgG and IgM (Figures 4B and 4D–4F).

On the other hand, in one of the two families affected

by the p.Pro461Leu variant and not prone to infections

(family C), normal lymphocyte counts were found in

initial white blood cell differentials. We confirmed that

the lymphocyte numbers, maturation, subset distribution

(naive, central-memory, and effector-memory T cells;

naive, non-switched, and switched memory B cells; and
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NK cells), and proliferative capacity were completely

normal (Figure S2).

Together, these immunological data indicate that a

severe T cell defect is most apparent, although variable,

whereas the other hematopoietic cell lineages seem to

develop normally.

EXTL3 Mislocalizes in Fibroblasts Derived from Affected

Individuals

In order to determine the effects of the missense variants

identified herein, we compared EXTL3 localization in fi-

broblasts derived from A:II-1, B:II-1, and B:II-2 with that

in cells from two unaffected control individuals by immu-

nofluorescence microscopy. Overlap between the EXTL3

signal and that of GM130, a Golgi marker, indicates that

EXTL3 localized to the Golgi complex in control fibro-

blasts. In contrast to the control cell lines, fibroblasts

derived from individual A:II-1 did not show any EXTL3

in the Golgi complex (Figure 5), further supporting the

causality of EXTL3 mutations in this individual. However,

we could detect EXTL3 in the Golgi complex in fibroblasts

from affected individuals in family B. We suspect that

the p.Arg513Cys variant, which is located near the EXT

domain (Figure 2B), causes degradation of EXTL3 and leads

to its absence from theGolgi complex in cells from individ-

ual A:II-1. On the other hand, we speculate that the

p.Tyr670Asp variant detected in family B does not affect

EXTL3 localization but rather disrupts its GlcNAc trans-

ferase activity, given that this variant lies in the glycosyl

transferase family 64 region of the protein (Figure 2B).

HS Levels Are Altered in Material Derived from Affected

Individuals

We then determined whether the identified mutations in

affected individuals A:II-1, B:II-1, B:II-2, C:II-1, D:IV-1,

and E:II-1 alter GAG synthesis, given that EXTL3 is known

to be essential for HS biosynthesis.9 GAG concentrations

were measured in serum and urine of A:II-1, B:II-1, and

B:II-2 and compared with those in age-matched control in-

dividuals (Figures 6B and 6C). In addition, the GAG con-

centrations were measured in fibroblasts from all families.

Because the levels of most disaccharides were below the

limit of quantification in several samples, we present

only the results for the most abundant disaccharides for

each GAG: D0A0 for HS, D0a4 for DS, and D0a6 and
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Table 3. Lymphocyte Counts in Individuals with EXTL3 Mutations and Pediatric Control Individuals

Individual Age
CD3þ T Cell
(per mL)a

CD3þCD4þ

T Cells
(per mL)

CD3þCD8þ

T Cells
(per mL)

CD19þ

B Cells
(per mL)

CD56þ NK
Cells (per mL)

IgG
(g/L)

IgA
(g/L)

IgM
(g/L)

A:II-1 NA 0 0 0 1436 279 1.0 <0.1 0.3

B:II-1 7 years 367 (25%) 157 (8%) 210 (11%) 656 (34%) 262 (13%) 5.65 0.39 0.24

8 years 488 (25%) 176 (9%) 293 (15%) 819 (42%) 585 (30%) 4.52 0.29 <0.2

B:II-2b 3 months 2442 (51%) 2442 (51%) 0 1436 (30%) 575 (12%) 12.9 0.2 2.5

C:II-1 12 years 819 (44%) 348 (19%) 221 (12%) 557 (30%) 453 (25%) NA NA NA

D:III-1 NA NA NA NA NA NA NA NA NA

D:III-2 NA NA NA NA NA NA NA NA NA

D:IV-1 12 years 600 (36%) 382 (23%) 206 (12%) 538 (32%) 513 (31%) NA NA NA

E:II-1c 2.5 months 1800 (40%) 500 (11%) 1310 (25%) 2030 (45%) 360 (8%) <1.6 <0.4 0.5

E:II-2 9 months 10 (0.2%) 0 0 1950 (69%) 760 (27%) 4.7 <0.06 0.11

Pediatric control
individuals

<2 years 700–1,500 400–900 400–1,100 300–1,500 50–400 5–10 0.7–1.5 0.3–1.2

Parentheses show the percentage of the lymphocyte subtype within the total lymphocyte count. NA means no data available.
aAll values were obtained before hematopoietic stem cell transplantation (HSCT).
bIgG before administration of intravenous immunoglobulins and before HSCT. Ig subclasses (g/L): IgG1, 11.9; IgG2, 1.69; IgG3, 0.57; IgG4, 0.19.
cAlready developed Omenn syndrome.
D0a0 for CS. The concentrations of these disaccharides

strongly correlate with total GAG concentrations.40

HS concentrations in fibroblasts of all affected individ-

uals except C:II-1 were markedly lower than those in con-

trol fibroblasts. For the affected individuals in family B, the

HS concentrations were also reduced in serum and urine,

whereas both parents in family B had serum HS concentra-

tions within the normal range. Surprisingly, for individual

A:II-1, HS concentrations were normal in serum and urine.

DS concentrations, measured by the disaccharide D0a4,

showed more variable results. They were within the normal

range infibroblasts fromfamiliesBandD, reduced infamilies

A and E, and increased in family C. In serum and urine, they

were elevated in all three affected individuals studied (A:II-1,

B:II-1, and B:II-2). TheDS concentrationwas also elevated in

the serum of the father in family B (B:I-1) andwas below the

limit of detection in the serum of the mother (B:I-2).

The CS concentrations in urine and serum showed an in-

crease in the non-sulfated CS disaccharide D0a0. The other

CS disaccharide, D0a6, was elevated only in the urine and

serum of individual B:II-2, whereas this disaccharide was in

the normal range in the samples fromboth A:II-1 and B:II-1.

In summary, although the findings differ among affected

individuals and among the biological materials investi-

gated, the results show abnormal glycosylation patterns

in the affected individuals with generally lower HS and

elevated DS and CS concentrations.
Discussion

In this study, we identified homozygous missense muta-

tions in EXTL3 in nine neuro-immuno-skeletal dysplasia
The America
individuals with a variable phenotype from five unrelated

families. EXTL3 and the other four EXT family members

are involved in the biosynthesis of HS.9,47 Specifically,

EXTL3 regulates the initiation of HS chain formation by

enzymatically catalyzing GlcNac binding to the GAG link-

age region of a specific protein.9 This process is crucial in

early development, given that complete Extl3 knockdown

in mice is lethal around 9 days postcoitum.11 Zebrafish

with the mutant tm70g allele in extl3 (previously boxer)

have been reported to have penetrant pectoral fin and

jaw phenotypes and lack swim bladders, which can be

completely rescued with wild-type extl3.48 This phenotype

could turn out to be comparable to the human one.

Because the affected individuals reported in the current

study survived past the neonatal period, we expect that ho-

mozygosity for the variants (p.Pro461Leu, p.Arg513Cys,

p.Asn657Ser, and p.Tyr670Asp) leads to diminished

EXTL3 activity. The mutations probably have different

effects on EXTL3 function. This is supported by the immu-

nofluorescence data (Figure 5), which showed that EXTL3

was absent from the Golgi complex only in fibroblasts

derived from individual A:II-1, whereas it was still detect-

able in fibroblasts derived from siblings B:II-1 and B:II-2.

The localization defect in A:II-1 could be explained by

EXTL3 degradation due to the p.Arg513Cys variant in

this family, whereas the variant in family B presumably af-

fects the enzymatic function of EXTL3 without disrupting

its localization to the Golgi complex. The latter specula-

tion is based on the presence of the p.Tyr670Asp variant

in the glycosyl transferase family 64 domain of EXTL3

(Figure 2B). The pathophysiological effects of the EXTL3

variants identified in families C and D are clearly different

from those in families A, B, and E; further functional
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Figure 3. EXTL3 Levels in T and B Lymphocyte Cell Lines
(A) EXTL3 was absent in all B cell lymphoma cells, myeloid cells,
or circulating B and T lymphocyte cell lines. However, strong
T cell stimulation seemed to induce low levels of EXTL3.
(B) Purified CD34þ hematopoietic stem cells and thymocyte
cells were positive for EXTL3. This was true for early double-
negative, double-positive, and late single-positive thymocyte
cells.
(C) Immunohistochemistry staining of normal neonate tissue for
localization of EXTL3 shows moderate localization throughout
the thymus.
(D) Validation of EXTL3 antibody. The EXTL3 antibody shows
a band for cells transfected with sgRNAs 1 and 2 and the empty
vector, indicating the presence of EXTL3 in the cell lysate. Upon
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reconstitution assays should formally prove the effects on

functional activity. The p.Pro461Leu variant detected in

families C and D is located within the EXT domain. This

domain is shared among the EXT family members and ap-

pears to be associated with skeletal phenotypes,49 whereas

the severe immunological phenotype seems to be associ-

ated with improper GAG modifications that rely on intact

function of EXTL3. It remains unclear which proteins,

either cellular or extracellular,50 will be most affected

by the perturbed GAG production in individuals with

EXTL3 variants.

All four described EXTL3 variants show an effect on GAG

concentrations, whereas all HS concentrations are gener-

ally lower and both DS and CS concentrations are elevated.

This supports the hypothesis that improper function of

EXTL3 leads to unbalanced GAG synthesis and results in

less HS andmore DS and CS. The only unexpected findings

were normal HS concentrations in the urine and serum of

individual A:II-1, who did have markedly reduced HS con-

centrations in fibroblasts, and normal HS concentrations

in the urine and serum of affected individual C:II-1. At

the moment, we cannot explain these results, and they

require further investigation.

Despite the common neuro-immuno-skeletal dysplasia

phenotype of the affected individuals, the presence or

absence of the concomitant SCID phenotype clearly sug-

gests phenotypic variability (with an immense impact on

survival) between the reported families. The skeletal

phenotype is mainly spondyloepy(meta)physeal dysplasia,

overlapping the growing clinical spectrum of other link-

eropathies (e.g., associated malformations, dislocations,

etc.). Linkeropathies are associated with a short trunk or

short stature resulting from spinal malformations and pla-

tyspondyly, as well as joint laxity, dislocations, and osteo-

porosis. Furthermore, extra-skeletal features such as ID,

facial dysmorphisms, and congenital anomalies are com-

mon in linkeropathies and are also present in the affected

individuals described here. Motor development appears to

be seriously affected by the EXTL3-related neuro-skeletal

features in most of the reported affected individuals

(Table 1 and Table S1). ID appears not to be a constant

feature. Whether these phenotypic differences are due to

the different positions of the mutations in the gene or

caused by other unknown modifiers remains unclear.

That said, it is worth noting that variable penetrance of a

T cell immunodeficiency, as observed in the five presented

families, has previously been reported in SIOD and CHH

(GeneReviews and Ridanpää et al.4).

With respect to the SCID phenotype in three families,

we have demonstrated that the EXTL3 defect is at the

level of early T cell development in the thymus. According

to current models of hematopoiesis, lymphoid-primed

multi-potent progenitors (Lin-Sca-1þc-KitþCD34þFlt3hi)
transfection with sgRNA 3, an EXTL3 knockout cell line was
obtained; no band was visible, indicating the specificity of the
antibody.
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Figure 4. Immunophenotype and In Vitro Proliferation, Plasmablast Formation, and Immunoglobulin Production
Data are shown for individuals A:II-1, B:II-1, and B:II-2 and a healthy adult control individual.
(A) T cell subsets gated on CD3þCD4þ or CD3þCD8þ lymphocytes and B cell subsets gated on CD19þCD20þ lymphocytes. Numbers
indicate percentages in the corresponding gates.
(B) CFSE-labeled PBMCs were cultured with either medium or CpG and IL-2 and were gated on CD19þCD20þ/- lymphocytes. Gates were
set for either CD27bright (left) or CFSEþ/- and CD38þ/- (right) B cells for analysis of cell division and plasmablast formation.

(legend continued on next page)
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Figure 5. Localization of EXTL3 to the Golgi Complex Is Lost in p.Arg513Cys Mutated Cells
The localization of EXTL3 in fibroblasts derived from affected individuals is compared with that of two healthy control individuals. The
cells were stained for EXTL3 (green), Golgi marker GM130 (red), and DAPI for the cell nucleus (blue). The localization of EXTL3 to the
Golgi complex seen in control fibroblasts was lost in cells derived from affected individual A:II-1, but not in fibroblast cell lines from
affected siblings B:II-1 and B:II-2. Scale bars represent 10 mm.
and common myeloid progenitors (Lin-Sca-1þc-Kitþ

CD34þCD41hi) establish an early branch point for sepa-

rate lineage commitment from hematopoietic stem cells.

Although the common lymphoid progenitor compart-

ment seemed to be involved, our further exploration of

this cellular complexity in immunological development

suggested that EXTL3 plays an important role at the
(C) CFSE-labeled PBMCs were cultured with either medium or anti-C
lymphocytes and CD19þCD20þ/- B lymphocytes for analysis of direct
means not determined.
(D and E) Levels of IgG and IgM were determined by ELISA in the sup
combination of anti-IgM, anti-CD40, and IL-21. Error bars indicate S
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thymic stage of T cell development. It has been described

that HSPGs influence hematopoietic progenitor cell devel-

opment,13,14 in keeping with our finding that EXTL3 was

most abundant in hematopoietic stem cells and early pro-

genitor cells.

Hematopoietic stem cell transplantation (HSCT) in one

of the EXTL3-deficient SCID individuals resulted in
D3 and anti-CD28 and were gated on CD3þCD4þ or CD3þCD8þ T
(T cell) or indirect (B cell) proliferation upon TCR stimulation. ND

ernatants after 6 days of culture with medium, CpG and IL-2, or a
EM (n ¼ 3).
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Figure 6. Mutations in EXTL3 Affect Glycosaminoglycan Concentrations
GAG concentrations in urine, serum, and fibroblasts from affected individuals and age-matched control samples. Concentrations of
D0A0 for heparan sulfate (HS), D0a4 for dermatan sulfate (DS), and D0a6 (sulfated) and D0a0 (non-sulfated) for chondroitin sulfate
(CS) are shown. Error bars indicate SD.
(A) GAG concentrations in fibroblasts. HS concentrations were reduced in fibroblasts from all affected individuals except C:II-1. DS con-
centrations were within the normal range for the affected family members of family B and D:IV-1, increased in C:II-1, and reduced in
A:II-1 and E:II-1.
(B) GAG concentration in the serum from affected individuals and both parents of family B. HS concentrations were normal in affected
individual A:II-1 and in both parents of family B (B:I-1 and B:I-2) but were decreased in the siblings of family B (B:II-1 and B:II-2). DS
concentrations were elevated in all affected family members of families A and B, as well as in parent B:I-1. The non-sulfated CS concen-
tration was elevated in individuals B:II-1 and B:II-2, and the sulfated CS concentration was markedly increased in B:II-2.
(C) GAG concentrations in urine. HS concentrations for A:II-1 were normal but were decreased in both B:II-1 and B:II-2. DS was elevated
in all three affected individuals. The non-sulfated CS concentration was elevated in all affected individuals, whereas D0a6 was elevated
only in B:II-2.
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complete recovery of normal T cell development without

affecting either the non-hematopoietic defects or the

abnormal GAG findings in blood and urine samples.

In summary, we have presented nine individuals

affected by a neuro-skeletal dysplasia phenotype in five in-

dependent families. The immunological features are vari-

able—three of five families presented with a severe T cell

immunodeficiency caused by a lack of CD4þ and CD8þ

T cells. WES analysis revealed that all affected individuals

harbored mutations in EXTL3. A remedy for this disorder

is not available, but the T-cell-negative (S)CID phenotype

seen in five of the nine affected individuals presented

here indicates that preventive measures should be taken

against infections and that a HSCT procedure could cure

the severe T cell defect in these individuals.
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Supplemental Note: Case Reports 

Case report family A 

Individual II-1 from family A was born at 37 weeks with an APGAR score of 9/9. Shortly after 

birth, she developed tachypnea with an increasing need for oxygen. At 20 weeks gestation a 

fetal ultrasound showed skeletal abnormalities, kidney and liver cysts. After birth, the skeletal 

abnormalities included short limbs, platyspondyly and brachydactyly (Figure 1). The girl had 

horseshoe-shaped kidneys with hyperechoic small-sized cysts and progressive renal 

insufficiency. Her liver also contained some moderately sized cysts, but liver function was 

normal. Brain abnormalities were detected by MRI including a hypoplastic anterior part of the 

corpus callosum, ventriculomegaly, and several small parenchymal hemorrhages. Erythrocytes, 

white blood cell counts and platelet number were normal. Because of cytomegalovirus (CMV) 

pneumonitis, her white blood cells were subtyped. Upon immunophenotyping, the child was 

found to have no circulating T cells, whereas B and NK cell numbers were normal (Figure 4A). 

The girl died at age 7 weeks due to renal insufficiency. 

 

Case report family B 

The first child of family B (B:II-1, Figure 1, Table S1) was born at term after an uncomplicated 

pregnancy with low birth weight and birth length but normal occipitofrontal head circumference 

(OFC) and with contractures in both elbows. He developed seizures in the neonatal period and 

West syndrome at age of six months which both responded well to anticonvulsive therapy. 

Severe global developmental delay and microcephaly became evident at age of 6 months. The 

further course of disease was characterized by very slow development, severe muscular 

hypertonia and progressive microcephaly. Extensive clinical and metabolic work up gave normal 

results except a mildly elevated heparan sulfate concentration in plasma. The X-ray at age of 23 



months displayed a delayed ossification and features of spondyloepiphyseal dysplasia (detailed 

description in Table S1). At the last examination the 8 years and 3 months old boy was affected 

by profound global developmental delay, stereotypic movements, severe muscular truncal 

hypotonia, and hypertonia in limbs. He was not able to walk, sit, crawl, speak or to get in social 

interaction. He was overweight (+2.1SD) with a disproportionate short stature (-2.0SD) but 

surprisingly normal OFC (+1.0SD). Facial dysmorphism included coarse facial features, long 

face, deep set eyes, long nose, bulbous nasal tip, long un-modulated philtrum, full cheeks, open 

mouth appearance and salivation. His neck was short, his chest broad. He had short upper and 

lower limbs, dimples and contractures of both elbows. His hands and feet were short and puffy, 

he had brachydactyly and clinodactyly of digit V.  MRI of the brain, ECG, EEG, ophthalmological 

examination as well as extensive laboratory and metabolic analyses gave normal results, 

ultrasound of the abdomen revealed increased echogenicity of liver. X-ray revealed deceleration 

of bone age and the previously described features of spondyloepiphyseal dysplasia (Figure 1). 

SNP-array was done with unrevealing results.  

The boy has experienced frequent viral upper airway infections and two pneumonias that 

required admission. He displayed moderate T cell lymphopenia affecting both CD4+ and CD8+ T 

cells, while B and NK cell count were normal. Immunoglobulins were moderately decreased, with 

proportionate reduction of IgG subclasses. Response to the vaccines was generally adequate, 

however no response to a pertussis vaccine could be detected. He did not display any features 

of autoimmunity. 

The second child of family B (B:II-2), a girl, was born at term after an uncomplicated pregnancy 

with normal measure. Microstomia, preaxial polydactyly of the left hand and postaxial 

polydactyly on right foot were noticed directly after birth. Polydactyly was interpreted to be 

familial as the mother and several other maternal family members were similarly affected. At the 

age of three weeks microcephaly, massive eosinophila in the blood cell differentiation and 



erythrodermia with scaling of skin was observed. At three months of age, an analysis of 

lymphocyte subsets revealed absent CD8+ T-cells with abundant CD4+ T-cells, normal B cell 

count and elevated NK cell count. Whether the CD4+ T cells were maternal was not tested. 

Eosinophils and IgE were elevated. The diagnosis of SCID with skin involvement was 

established.  ZAP-70 gene analysis gave inconspicuous results. IgG and IgM were above the 

normal range before IVIG administration. An allogeneic stem cell transplantation from a matched 

unrelated donor following conditioning with treosulfan, fludarabine and alemtuzumab was 

performed at the age of 20 weeks. Engraftment was prompt and donor chimerism remains >80% 

with >90% in T cells two years after HSCT. A transient GvHD I° of the skin occurred, without any 

further severe transplant related complications.  

In addition to the immunological features severe developmental delay, truncal muscular 

hypotonia and hypertonia in limbs with contractures in elbows were evident at age of 12 weeks. 

At the age of 20 weeks seizures and nystagmus occurred. At 1 year and 5 months the girl was 

affected by severe developmental delay and generalized muscular hypotonia. She was unable to 

walk, sit, crawl, speak or to get in social interaction. Facial dysmorphism consisted in 

microcephaly (OFC -3,3SD), round face, up-slanting palpebral fissures, prominent nose with 

broad nasal tip, full cheeks, and small mouth. In addition, she had a short neck, dimples and 

contractures of both elbows, small and puffy hands, brachydactyly, hexadactyly on the left hand, 

hexadactyly on the right foot and generalized hypertrichiosis.   

MRI of the brain at four months of life revealed multiple kinking of the ACI, but the MRI at 1 year 

and 11 months was normal. Echocardiography at five months showed hypsarrhythmia. ECG at 

five months discovered a small ASD with left/right shunt, aneurysm of atrial septum and discrete 

dilatation of left atrium, which have been resolved at 1 year and 11 months. X-Ray displayed 

dissociated skeletal age and features of spondyloepiphyseal dysplasia (Figure 1A). Ultrasound 



of abdomen showed a prominent uterus but normal liver. Most recently measured immunological 

parameters were normal.   

 

Case report family C 

The affected individual in family C was born after uncomplicated pregnancy at 40 weeks 

gestation. She developed hyperbilirubinemia and transient hypoglycemia which resolved. She 

was evaluated in the neonatal period because of facial dysmorphism like full lips, large tongue, 

bifid uvula and coarse facial features and significant lumbar gibbus deformity. She was tested for 

storage disorder but repeated measurements of urine mucopolysaccharides and 

oligosaccharides were negative. Additional testing included a g-banded Karyotype, transferrin 

isoelectric focusing to rule out carbohydrate deficient glycoprotein syndrome and full metabolic 

work-up including plasma amino acids, urine organic acids and acylcarnitine profile and targeted 

sequencing of the FGFR3 gene, all of which were normal. She had an echocardiogram at 2 

years of age that showed a patent foramen ovale (PFO) and a cleft of the anterior leaflet of the 

mitral valve. Renal ultrasound was normal. Because of ongoing concern for a storage disorder 

lysosomal enzyme activity testing was done in fibroblasts and in white blood cells and were 

normal. She has a history of repeated upper airway infections particularly in the first 5 years of 

life. Complete blood counts have shown fluctuating numbers of white blood cells with normal 

neutrophil numbers but multiple instances of mild lymphopenia (lowest value 0.45 x109 

lymphocytes/L, normal values between 1.5 and 7 x109 lymphocytes/L).  At 1 year of age she 

underwent decompression at the level of the foramen magnum due to craniocervical stenosis. 

She required bracing form age 4 years until last evaluation at 12 when she underwent posterior 

spinal fusion with decompression, followed by anterior spinal fusion with tibial strut graft. 

 



Case report family D 

Individual IV-1 from family D presented prenatally with omphalocele detected at the 12 weeks 

gestation ultrasound and with hepatic cysts and right lung sequestration suspicion at 26 weeks. 

She was born at 37 weeks (elective cesarian section) with an APGAR score of 9/10 and birth 

weight of 3210g. Postnatal period was complicated by neonatal hyperbilirubinemia and surgery 

of omphalocele at the second day of life. She had muscular hypotonia and mild motor 

development delay, and normal cognition with presently mild learning difficulties.  Her stature 

was short and due to failure to thrive she was fed by nasogastric tube for several months. She 

developed a spondyloepimetaphyseal dysplasia characterized by cervical instability associated 

with C1 malformation and spinal cord compression which required surgical intervention at 2 

years of age; severe platyspondyly and vertebral body anomalies leading to progressive 

kyphoscoliosis and spinal surgery was required: T3-L4 arthrodesis at 11 years of age; pectus 

excavatum and rib deformity; coxa valga; smal upper femoral epiphyses; and radial deformity 

with head subluxation; and progressive deformity of the pelvis. At last examination at 12 years of 

age she had coarse facial features, strabismus and excess skin in palmar and plantar regions. 

The hepatic follow up revealed 7 non progressive liver cysts, normal liver function, and the 

hypothesis of biliary hamartomas was raised. She required cardiac follow-up due to 

interauricular communication with interauricular septum aneurysm (surgically corrected) and 

moderate mitral insufficiency. 

Enzymatic studies excluded gangliosidoses GM1 and GM2 and mucopolysaccharidoses IVA, VI 

and VII. Urinary oligosaccharides and mucopolysaccharides electrophoresis was normal and 

total urine glycosaminoglycan measurements at 6 months of age was 15 mg/mmol creatinine 

(reference value is 11-35). 

Individual III-1 from family D, a cousin of individual D:IV-1, was born at term after an uneventful 

pregnancy. Skeletal and craniofacial anomalies were detected from the neonatal period on. They 



evolved to a spondyloepimetaphyseal dysplasia, characterized by cervical spine malformation 

with instability and odontoide peg malformation; severe platyspondyly and severe 

kyphoscoliosis; pectus excavatum; radial deformity; progressive deformity of the pelvis, coxa 

valga and flat epiphyses at the upper femora and to a lesser extent the knees; brachydactyly 

bilateral second metacarpals; pseudoepiphyses. Kyphosis required repeated surgical 

interventions at the age of 10 years. The boy had borderline level of cognition. Several metabolic 

studies were performed and gave normal results: enzymatic studies excluded gangliosidoses 

GM1 and GM2 and mucopolysaccharidoses IVA, VI and VII; urinary oligosaccharides and 

mucopolysaccharides electrophoresis; total urine glycosaminoglycan measurements at 10 years 

of age was 12 mg/mmol creatinine (reference value is 4-11). He was lost for follow-up after 22 

years of age and died at the age of 30 years of unknown reason.  

For individual III-2 from family D, a cousin of individual D:III-1 and D:IV-1 were only limited 

information available. She is a 38 year-old female with similar skeletal features than the other 

two cousins but apparently less severe. She had a normal neurodevelopment. Several metabolic 

studies were performed and gave normal results: very long chain fatty acids, urine 

glycosaminoglycan measurements: 2 mg/mmol creatinine (reference value if 1-5). 

 

Case report family E 

Individual E:II-1 was the first child of non consanguineous parents of Indian origin. Born at 38 

weeks gestation, he was noted to be dysmorphic with truncal hypotonia but a specific diagnosis 

was not made. He suffered from omphalitis caused by Staphylococcus aureus at eight days of 

age. Following this he developed a widespread eczematoid rash which improved with topical 

corticosteroids. He suffered some self limiting episodes of cyanosis. At two months of age he 

had a respiratory arrest associated with septicemia caused by S. aureus requiring ventilation 



and inotropic support on the intensive care unit. He was found to have small dysplastic kidneys 

with impaired renal function and an immunodeficiency was suspected. Immunological testing 

showed low T cell count with an oligoclonal pattern of V beta families and an absence of naïve T 

cells and TRECs. Natural killer and B cell numbers were normal. His skin rash was considered 

to be Omenn syndrome. By this stage he had multiple joint contractures in limbs, he 

demonstrated abnormal limb movements and myoclonic jerks interpreted as seizures. He was 

also found to have hypothyroidism with an elevated TSH. In the further course of disease he 

suffered from frequent episodes of apnoea probably associated with poor clearance of 

secretions. He required several admissions to intensive care for ventilator support became 

oxygen dependent. He showed very poor development and head growth. In conjunction with the 

family it was considered inappropriate to perform a haemopoietic stem cell transplant (HSCT) 

given the severity of the non-immunological problems. He died at 6 months of age from 

respiratory failure. 

Individual E:II-2, the brother of individual E:II-1. Born was born at 37 weeks gestation with a  

birthweight of 2.520 kg and an Apgar score of 6/10. He was noted to have very similar 

dysmorphic features to his brother at birth as well as truncal hypotonia. The size of his kidneys 

was within the normal range and though echo bright they were not considered to be significantly 

dysplastic on ultrasound examination. Early immunology testing confirmed an absence of T cells 

with normal B and NK counts resulting in an immunoglobulin treatment and antibiotic 

prophylaxis. He suffered from recurrent apnoeas and poor secretion clearance and developed 

an oxygen dependence. He showed very poor development, he suffered from seizures and had 

an evidence of a bulbar palsy. At 6 months he developed an Omenn type skin rash associated 

with the appearance of circulating T cells with a memory phenotype and a restricted oligoclonal 

repertoire. As in his brother’s case, HSCT was considered inappropriate. He died at 10 months 

of age of respiratory failure. 



Supplemental Figures 

 

Figure S1. Mild dysmorphic facial features in EXTL3 affected individuals. The nine affected 
individuals displayed mild dysmorphic facial features, including a coarse face, full cheeks, 
depressed nasal bridge, and a broad nasal tip. For affected individuals A:II-1 and D:III-2 there is 
no permission to publish photographs, and for affected individuals D:III-1, E:II-1 and E:II-2 no 
photographs were available.  



 

 

Figure S2. Normal B and T cell phenotype in affected individual C:II-1. Data are shown for 
affected individual C:II-1 and a healthy parent as the control. Same gating strategy used as 
described for Figure 4. (A) T and B cell subsets. (B) CFSE-labeled PBMCs were cultured with 
medium or CpG/IL-2. (C) CFSE-labeled PBMCs were cultured with either medium or anti-
CD3/anti-CD28. (D, E) Levels of IgG and IgM in the supernatants after 6 days of culture with 
either medium, CpG/IL-2 or anti-IgM/anti-CD40/IL-21, ND not determined. Error bars indicate 
SEM (N=3).  

 



Family A Family B Family B Family C Family D Family D Family D Family E Family E

Individual II-1 II-1 II-2 II-1 III-1 III-2 IV-1 II-1 II-2

Gender female male female female male female female male male

Age at last examination 7 weeks 8 years 1.5 years 12 years 24 years 25 years 12 years 5 months 8 months

Ethnicity Turkish Turkish Turkish Colombian (Hispanic) Portuguese Portuguese Portuguese Indian Indian

Consanguinity of parents yes yes yes possibly possibly possibly possibly no no

Outcome deceased at 7 wks alive alive alive deceased at 30 yrs alive alive deceased at 6 mo deceased at 10 mo

Weight (kg/SD) 2.3/ <-2.5 43.3/ +2.1 9.53/ -1.64 41/ -0.1 26 at 10 yrs n.d. 24,6 at 11 yrs 3.5 at 15 wks 6.14 at 4 mo

Length (cm/SD 42/ <-2.5 120/ -2.0 80/ -1.67 141/ -1 125/ -2 at 10 yrs n.d. 109 at 11 yrs nd at 15 wks n.d.

Occipitofrontal circumference
(OFC) (cm/SD)

33/ -2.0 54.3/ +1.0 44/ -3.73 54/ +1 55/ >2 at 10 yrs n.d. 35.5 at 15 wks 42.6 at 7 mo

Intellectual disability n.d. severe severe mild
normal/borderline 

cognition
no no (learning difficulties) n.d. n.d.

Seizures n.d. + + no n.d. n.d. no + +

Dysmorphism/ anomalies
coarse face,  

hypertelorism, single 
palmar crease

coarse face, broad nasal 
tip, single palmar crease

coarse face, broad nasal 
tip, single palmar crease 

coarse face, full cheeks, 
significant thoraco-

lumbar gibbus
n.d. n.d.

coarse face, broad nasal 
tip, single palmar crease

coarse face, 
hyperteleorism, 
prominent nose, 

abnormal palmar crease 

single palmar crease

short stature
disproportionate short 

stature, short limbs

disproportion with 
normal stature and short 

trunk

disproportionate short 
stature

disproportionate short 
stature, milder than 

cousins

disproportionate short 
stature

osteopenia with hairline 
fractures of tibia and 

femur

Normal for age 
(<1 month old)

Long bones
metaphyseal
abnormalities

dislocated and dysplastic 
radial head, small capital 

femoral epiphyses

delayed ossification of 
radial epiphysis and 
femoral epiphysis

coxa valga with small 
femoral heads and small 

greater trochantheric 
epiphyses

 radial head dislocation, 
progressive deformity, 

flat epyphyses

 radial head luxation, 
progressive deformity, 

flat epyphyses

dislocated and dysplastic 
radial head, small capital 

femoral epiphyses

metaphyseal 
dysplasia

not significant

Hands/feet

brachydactyly, absent V 
middle phalanx and 
delayed carpal bone 

ossification

delayed ossification and 
short carpal bones, short 

middle and distal 
phalanx and cone-

shaped epiphyses at 
middle phalanx II-IV, 

brachydactyly, 
clinodactyly

delayed carpal bone 
ossification, shorter 

middle and distal 
phalanges,  

brachydactyly, 
clinodactyly, polydactyly 

(familial)

short and prominent tufts 
of the distal phalanges in 

the medio-lateral 
dimension

mild brachydactyly, 
2nd  metacarpal

pseudoepyphysis,
delayed carpal bone age

short middle 
phalanx V

mild brachydactyly, 
delayed carpal bone 

ossification

absent V middle phalanx 
ossification

short 1st metacarpal and 
phalanges, absent V 

middle phalanx 
ossification

S i d ib
severe possible mild possible mild

severe platyspondyly,
 dextroconvex scoliosis

of cervical spine,
thoracolumbar

severe platyspondyly, 
complex cervical 
lf ti t

severe
severe platyspondyly, 
cervical malformation, severe severe

Measurements

Neurological findings

Skeletal findings

Spine and ribs
severe 

platyspondyly
possible mild 
platyspondyly

possible mild 
platyspondyly

thoracolumbar
kyphosis, mild pectus

excavatum, with
bulbous anterior 

rib ends

malformation, pectus 
exacvatum with rib 

deformity

severe 
platyspondyly

cervical malformation,  
pectus exacvatum with 

rib deformity

severe 
platyspondyly

severe 
platyspondyly

Pelvis n.d.

sloping acetabular roof 
with shallow lateral 

notches, coxa valga, 
small capital femoral 

epiphyses

n.d. n.d.

sloping acetabular roof 
with shallow lateral 

notches, coxa valga, 
small capital femoral 

epiphyses

n.d. n.d.

sloping acetabular roof 
with shallow lateral 

notches, coxa valga, 
small capital femoral 

epiphyses

n.d.

T cells T-neg SCID T-neg SCID  T-neg SCID normal n.d. n.d. n.d.
Omenn picture with 

confirmed oligoclonal T 
cell expansions

absent T cells, from 5-6 
months oligoclonal T cell 

expansions with mild 
O f tB cells normal normal normal normal n.d. n.d. n.d. normal normal

Leukopenia - + -
several instances of 

lymphopenia
- - - - -

Eosinophilia - - + - - - - + +

Allogeneic HSCT - - + at 20 wk of age - - - - - -

Heart abnormalities - - not significant not significant - -
moderate mitral 

insufficiency
- -

Other
liver cysts, 

horseshoe kidney

perivascular calcification 
in 

basal ganglia 

paraplegia - lesion at 
spinal surgery

liver cysts, omphalocele
no corticomedullary 
distinction in kidneys

Homozygous mutation
EXTL3 c.1537C>T;

p.R513C
EXTL3 c.2008T>G;

p.Y670D
EXTL3 c.2008T>G;

p.Y670D
EXTL3 c.1382C>T; 

p.P461L
EXTL3 c.1382C>T; 

p.P461L
EXTL3 c.1382C>T; 

p.P461L
EXTL3 c.1382C>T; 

p.P461L
EXTL3 c.1970A>G;

p.N657S
EXTL3 c.1970A>G;

p.N657S

n.d. means no data

Table S1. Overview clinical features of all nine affected individuals

Immunological findings

Other findings



Case Infections Infectious complication Immunization
Allergy / 

Autoimmunity
HSCT (date) 

Death 
 

A:II-1 CMV disease Respiratory failure None No - Yes (2mo) 

B:II-1 
Pneumonia 2x (X-ray 

proven) 
Enteritis (no pathogen) 

- 

Yes 
Incl. MMR: 

rubella IgG+ 
mumps IgG+ 
measles none 

No allergy; 
Omenn like 
syndrome a 

- Alive 

B:II-2 Pneumonia at 3 months - 
not before 

HSCT 
None 

Yes 
(2014) 

Alive 

C:II-1 - - 
Yes 

incl MMR 
None - Alive 

D:III-1 - - 
Yes 

incl MMR 
None - Alive 

D:III-2 - - 
Yes 

incl MMR 
None - Alive 

D:IV-1 - - 
Yes 

incl MMR 
None - Alive 

E:II-1 

Omphalitis 
at 1st week  Septicemia 
at  2 months (both S. 

aureus) 

Respiratory failure No 
No allergy; 
Omenn like 
syndrome 

- Yes (6mo) 

E:II-2 - b Respiratory failure No 
No allergy; 
Omenn like 
syndrome 

- Yes (10mo) 

Table S2. Clinical features related to immunity in the EXTL3-mutated individuals. 

a In B:II-2, E:II-1, E:II-2, erythroderma at the age of 1, 4 and 6 months was diagnosed with a concomitant oligoclonal expansion 
(maternal cells have been excluded in all three). The erythroderma and clinical deterioration was most of immunological origin with a 
concomitant eosinophilia of 20-30% (>1500/µl). 

b Prophylactic antibiotics and IgG suppletion was shortly after birth initiated when the diagnosis of a SCID-related PID syndrome was 
confirmed in E:II-2. 



 

Chr 
HG19  

position 
Gene 
name 

Gene ID Variant 
Amino acid 

change 
PhyloP 

Grantham
score 

ExAC 
frequency

chr8 g.28575113 EXTL3 NM_001440 c.1537C>T p.Arg513Cys 6.238 180 NP 

chr15 g.44949329 SPG11 NM_025137 c.833T>A p.Asn278Ile -0.137 149 2.00E-04 

chr18 g.24496422 CHST9 NM_031422 c.1133A>G p.Asn378Ser 5.264 46 3.40E-04 

chr6 g.31106501 PSORS1C1 NM_014068 c.118insC p.His40Profs*3 -1.310 1000 1.45E-01 

chr6 g.31106501 PSORS1C1 NM_014068 c.118delC p.His40Thrfs*25 -1.310 1000 1.16E-01 

chr8 g.110425735 PKHD1L1 NM_177531 c.2321C>A p.Thr774Asn -0.135 65 NP 

chr8 g.110492250 PKHD1L1 NM_177531 c.9209C>T p.Pro3070Leu 4.438 98 NP 

chr10 g.5781967 FAM208B NM_017782 c.1834A>C p.Thr612Pro 0.209 38 2.20E-03 

chr10 g.5788833 FAM208B NM_017782 c.3449C>G p.Ser1150Cys 1.175 112 2.15E-03 

chr11 g.62285208 AHNAK NM_001620 c.16681T>G p.Leu5561Val -0.216 32 4.86E-04 

chr11 g.62294937 AHNAK NM_001620 c.6952G>A p.Asp2318Asn 4.958 23 NP 

chr16 g.68225292 NFATC3 NM_173165 c.2720C>T p.Ser907Leu 4.016 145 9.06E-05 

chr16 g.68260321 NFATC3 NM_173165 c.3175G>T p.Ala1059Ser -0.851 99 3.49E-04 
Table S3. Homozygous and compound heterozygous variants detected by whole-exome sequencing in family A that 
segregate with the disease. NP means not present in database 

 

  



Chr 
HG19  
position 

Gene 
name 

Gene ID Variant 
Amino acid 
change 

PhyloP
SIFT 
score

ExAC 
frequency

chr5 g.73144828 ARHGEF28 NM_001080479 c.1663C>T p.Arg555Cys 5.741 0.05 3.41E-04 
chr8 g.28575584 EXTL3 NM_001440 c.2008T>G p.Tyr670Asp 7.984 0 NP 

Table S4. Homozygous variants shared by affected siblings in family B detected by whole-exome sequencing that segregate 
with the disease. NP means not present in database 

 

Chr 
HG19  

position 
Gene 
name 

Gene ID Variant 
Amino acid

change 
PhyloP SIFT 

Polyphen-
2 score 

ExAC 
frequency

chr1 g.36638146 MAP7D1 NM_001286365 c.542G>A p.Arg181Gln 3.743 0.01 0.927 7.10E-03 

chr3 g.38149902 DLEC1 NM_007335 c.3025G>A p.Gly1009Arg 5.330 0.06 0.999 6.05E-05 

chr3 g.38149943 DLEC1 NM_007335 c.3066A>T p.Lys1022Asn -0.163 0.5 0.014 5.80E-03 

chr8 g.28574958 EXTL3 NM_001440 c.1382C>T p.Pro461Leu 7.728 0 1 1.65E-05 

chr15 g.43017376 CDAN1 NM_138477 c.3524G>A p.Cys1175Tyr 0.679 0.25 0.003 7.00E-04 

chr15 g.43028677 CDAN1 NM_138477 c.392G>A p.Arg131His 2.534 0.03 0.871 n.p. 

chr18 g.33795696 MOCOS NM_017947 c.1553A>G p.Asp518Gly -0.021 0.33 0.013 n.p. 

chr18 g.33840056 MOCOS NM_017947 c.2327G>A p.Arg776His 6.685 0 1 5.77E-05 

chr18 g.65181049 DSEL NM_032160 c.827A>G p.Asn276Ser 4.055 0.4 0.004 1.37E-02 
Table S5. Homozygous and compound heterozygous variants detected by whole-exome sequencing in family C that 
segregate with the disease. n.p. means not present in database 

  



Chr 
HG19  

position 
Gene 
name 

Gene ID Variant 
Amino acid

change 
PhyloP

SIFT 
score 

Polyphen-2
score 

ExAC 
frequency

chr8 g.27151632 TRIM35 NM_171982 c.727A>T p.Met243Leu -0.050 0.29 0 5.10E-03 

chr8 g.27462662 CLU NM_001831 c.698C>T p.Thr203Ile 1.742 0.37 0.017 1.67E-03 

chr8 g.28574958 EXTL3 NM_001440 c.1382C>T p.Pro461Leu 7.727 0 1 1.65E-05 
Table S6. Homozygous variants shared by affected siblings in family D detected by whole-exome sequencing that segregate 
with the disease.  

 

Chr 
HG19  

position 
Gene 
name 

Gene ID Variant 
Amino acid 

change 
PhyloP

SIFT 
score

Polyphen-2 
score 

ExAC 
frequency

chr1 g.228336425 GUK1 NM_1242840 c.598G>A p.Gly200Arg 0.222 0.02 0 1.70E-03 

chr8 g.28575546 EXTL3 NM_001440 c.1970A>G p.Asn657Ser 9.206 0 0 5.80E-05 

chr8 g.68092107 CSPP1 NM_024790 c.3151G>A p.Asp1051Asn 1.191 0.16 0.474 4.15E-05 

chr1 g.201618182 NAV1 NM_020443 c.386G>A p.Gly129Asp 1.249 0.01 0.215 3.43E-05 

chr1 g.201779219 NAV1 NM_020443 c.4547C>T p.Ser1516Leu 1.115 0.28 0 6.60E-05 

chr6 g.90382388 MDN1 NM_014611 c.13508A>G p.Asp4503Gly 3.367 n.a. 0.276 1.57E-04 

chr6 g.90453354 MDN1 NM_014611 c.4258A>G p.Met1420Val 6.159 n.a. 0.688 2.24E-03 
Table S7. Homozygous and compound heterozygous variants shared by affected siblings in family E detected by whole-
exome sequencing that segregate with the disease.  
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