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Abstract

Defects in the biosynthesis and/or function of primary cilia cause a spectrum of disorders 

collectively referred to as ciliopathies. A subset of these disorders is distinguished by profound 

abnormalities of the skeleton that include a long narrow chest with markedly short ribs, extremely 

short limbs, and polydactyly. These include the perinatal lethal short-rib polydactyly syndromes 

(SRPS) and the less severe asphyxiating thoracic dystrophy (ATD), Ellis van Creveld (EVC) 

syndrome and cranioectodermal dysplasia (CED) phenotypes. To identify new genes and define 

the spectrum of mutations in the skeletal ciliopathies, we analyzed 152 unrelated families with 
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SRPS, ATD and EVC. Causal variants were discovered in 14 genes in 120 families, including one 

newly associated gene and two genes previously associated with other ciliopathies. These three 

genes encode components of three different ciliary complexes; FUZ which encodes a planar cell 

polarity complex molecule; TRAF3IP1 which encodes an anterograde ciliary transport protein; 

and LBR which encodes a nuclear membrane protein with sterol reductase activity. The results 

established the molecular basis of SRPS type IV, in which mutations were identified in four 

different ciliary genes. The data provide systematic insight regarding the genotypes associated 

with a large cohort of these genetically heterogeneous phenotypes and identified new ciliary 

components required for normal skeletal development.
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1 INTRODUCTION

Cilia are microtubule-based organelles that project from the surfaces of almost all cell types 

and function as receptors for chemosensory, mechanosensory and osmoregulatory signaling 

(Anderson, et al., 2008). Cilia have conventionally been categorized as motile or primary 

(non-motile) based on their axonemal structures. Most motile cilia have a 9+2 structure of 

microtubule doublets while primary cilia generally lack the two central microtubules and 

therefore have a 9+0 microtubule arrangement. Cilia are generally absent from dividing cells 

but when they exit the cell cycle a single primary cilium is assembled from the axonemal 

substructure at the basal body, which anchors the cilium within the cytoplasm (Fliegauf, et 

al., 2008).

Ciliary proteins are selectively transported into the cilium by intraflagellar transport (IFT), a 

highly evolutionarily conserved process that serves to transport both structural and signaling 

components along the ciliary axoneme. Anterograde transport by the IFT-B complex moves 

cargo from the cytoplasm to the ciliary tip using kinesin motors (Scholey, 2008). The IFT-B 

anterograde complex consists of 9 core components (IFT22, IFT25, IFT27, IFT46, IFT52, 

IFT70, IFT74, IFT81, and IFT88) and several peripheral subunits (IFT20, IFT54, IFT57, 

IFT80, IFT172, IFT38 and IFT56) (Taschner, et al., 2012; Taschner, et al., 2016). In 

Caenorhabditis elegans, IFT-B subunit mutations primarily block assembly of cilia, leading 

to cells with truncated or absent cilia (Pan, et al., 2006). Cargo may be unloaded along the 

cilium and at the tip, and molecules are conveyed back to the cytoplasm by retrograde 

transport using the IFT-A complex, which is catalyzed by the dynein 2 complex molecular 

motor (Ishikawa and Marshall, 2011; Taschner, et al., 2012). The IFT-A complex consists of 

6 primary components (IFT43, WDR35, IFT122, TTC21B, IFT140, and WDR19) and other 

ancillary proteins. Knockout or knockdown of IFT-A proteins primarily results in 

architecturally abnormal cilia with prominent bulges due to accumulation of IFT particles at 

the tip (Merrill, et al., 2009).

Defects in the biosynthesis and/or function of primary cilia cause a spectrum of disorders 

collectively referred to as ciliopathies (Badano, et al., 2006; Waters and Beales, 2011). A 
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subset of these disorders have profound abnormalities of the skeleton and present with a 

characteristic set of phenotypic features that include long narrow chests with markedly short 

ribs, short limbs and polydactyly. The skeletal ciliopathies are clinically, radiographically 

and genetically heterogeneous diseases that include the non-lethal phenotypes Ellis-van 

Creveld syndrome (EVC MIM# 225500) and cranioectodermal dysplasia (CED, also known 

as Sensenbrenner syndrome MIM# 218330), the more severe asphyxiating thoracic 

dystrophy (ATD, also known as Jeune syndrome MIM# 208500) phenotype that is lethal in a 

up to half of the cases, especially those with dynein-2 complex mutations (Baujat, et al., 

2013; Tuysuz, et al., 2009), and the perinatal lethal short rib-polydactyly syndromes (SRPS) 

(Huber and Cormier-Daire, 2012). Based on distinctive radiographic findings, the SRPS 

have been classified into four subtypes: SRPS type I (Saldino-Noonan Syndrome MIM# 

263530), SRPS type II (Majewski Syndrome MIM# 263520), SRPS type III (Verma–

Naumoff Syndrome MIM# 263510) and SRPS type IV (Beemer–Langer Syndrome MIM# 

269860). Each skeletal ciliopathy can also manifest concomitant abnormalities in the 

craniofacial, nervous, cardiac, gastrointestinal, and genitourinary systems. All forms of the 

skeletal ciliopathies are thought to be inherited in an autosomal recessive pattern.

To date mutations in 23 genes have been found in cases of lethal and/or non-lethal skeletal 

ciliopathies (Mitchison and Valente, 2017). In the dynein 2 motor complex, DYNC2H1, 

encoding the dynein motor heavy chain (Dagoneau, et al., 2009; Merrill, et al., 2009) is the 

major locus and mutations in four additional genes, encoding the light intermediate chain 

(DYNC2LI1 (Taylor, et al., 2015)), intermediate chains (WDR34 (Huber, et al., 2013; 

Schmidts, et al., 2013c), WDR60 (McInerney-Leo, et al., 2013)) and light chain 

(TCTEX1D2 (Schmidts, et al., 2015)), have also been reported. Mutations in all six of the 

genes encoding retrograde transport (IFT-A) components (IFT43 (Arts, et al., 2011), 

WDR19 (Bredrup, et al., 2011), IFT122 (Walczak-Sztulpa, et al., 2010), TTC21B (Davis, et 

al., 2011), WDR35 (Mill, et al., 2011) and IFT140 (Perrault, et al., 2012; Schmidts, et al., 

2013b)) have also been characterized in these disorders. By contrast, mutations in only a 

subset of the genes encoding IFT-B complex members, IFT80 (Cavalcanti, et al., 2011), 

IFT172 (Halbritter, et al., 2013), IFT52 (Zhang, et al., 2016) and IFT81 (Duran, et al., 2016), 

have been identified among the skeletal ciliopathies. In addition, mutations in two genes 

(EVC (Ruiz-Perez, et al., 2000), EVC2 (Galdzicka, et al., 2002)) that encode basal body 

proteins, the NEK1 kinase gene (Thiel, et al., 2011) and the gene encoding its interacting 

protein C21ORF2 (McInerney-Leo, et al., 2017; Wheway, et al., 2015), the ICK MAP-like 

kinase gene (Taylor, et al., 2016), the INTU planar cell polarity (PCP) gene (Toriyama, et al., 

2016), the KIAA0586 (Alby, et al., 2015) centrosomal protein gene and the CEP120 core 

centriolar protein gene (Shaheen, et al., 2015) have also been reported. Mutations in several 

of these genes, including the latter five genes, are rare causes of skeletal ciliopathies, each 

having been observed in only one or a few families. Allelic heterogeneity in a number of the 

genes results in phenotypes along a spectrum of skeletal severity ranging from CED to 

SRPS.

To identify new genes and define the spectrum of mutations that can produce the skeletal 

ciliopathies, we analyzed 152 unrelated families with SRPS, ATD and EVC from the 

International Skeletal Dysplasia Registry (ISDR). Causal variants were discovered in 14 

genes in 120 families, including one newly associated gene and two genes previously 
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associated with other ciliopathies. These three genes encode components of three different 

ciliary complexes; FUZ which encodes a planar cell polarity complex molecule; TRAF3IP1 
which encodes an anterograde ciliary transport protein; and LBR which encodes a nuclear 

membrane protein with sterol reductase activity. In addition, a wider phenotypic spectrum 

was characterized for several of the skeletal ciliopathy genes. Finally, the results established 

the molecular basis of SRPS type IV, in which we identified mutations in four different 

ciliary genes. The data have provided systematic insight regarding the genotypes associated 

with a large cohort of these highly genetically heterogeneous phenotypes and identified new 

ciliary components required for normal skeletal development.

2 MATERIALS AND METHODS

2.1 Sample selection and clinical categorization

The study was carried out under approved University of California at Los Angeles human 

subjects protocol 14–000177 and written informed consent was obtained from all subjects 

and/or their parents as appropriate. All cases were selected from the International Skeletal 

Dysplasia Registry (ISDR) archive. The diagnosis of each phenotype was primarily 

radiographic (Supp. Figures S1–4), but clinical data were integrated when available, 

according to the following criteria:

SRPS type I.—The most severe of the SRPS phenotypes with extreme micromelia and 

very short, poorly mineralized long bones. The chest was very small, with very short ribs 

and hypoplastic scapulae. Polydactyly occurred in most cases, usually involving multiple 

limbs, and there was poor mineralization of the hands. Multiple organ system anomalies and 

hydrops were common.

SRPS type III.—Similar to but less severe than SRPS type I with small chests and short 

limbs. Radiographs showed short, horizontal ribs and long bones with lateral metaphyseal 

spikes. Distal extremities were short and poorly mineralized, especially the carpal and distal 

phalangeal bones. Polydactyly was a variable feature. Small iliac bones with a trident pelvis 

and poorly formed scapulae were common as were multiple craniofacial anomalies.

SRPS type II.—Similar to SRPS type III but with smooth ends of the long bones. Common 

findings included small rounded ilia and rhizomelia with thin or absent fibulae. Femurs were 

typically rounded at both ends. Rounded tibiae were present in some cases but were not a 

consistent finding. Polydactyly was universally present.

SRPS type IV.—Findings similar to SRPS type II in that all long bones were short with 

smooth ends (Yang, et al., 1991). Bending of the long bones, and especially the radii and 

ulnae, was common and fibulae were thin. Ilia were small. Polydactyly was absent.

ATD.—Affected individuals had long, narrow chests, moderately short ribs, handlebar 

clavicles, trident acetabulae and short extremities. Brachydactyly was typically present with 

polydactyly as a variable feature. The ends of the long bones had metaphyseal abnormalities 

that were either smooth or had lateral spikes. The overall skeletal findings were somewhat 

similar to all types of SRPS but with less severe skeletal involvement, adjusted for 
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gestational age. For the approximately 50% of individuals who survived, pulmonary 

compromise, cystic livers and cystic kidneys could occur.

EVC.—Characteristic radiographic findings included shortened ribs (less severe than ATD 

and SRPS), short, heavy tubular bones and bowed humeri. The pelvis was abnormal with 

medial and lateral protrusions of the acetabulum. In the postnatal period there was 

accelerated ossification of the capital femoral epiphyses with hypoplasia of the proximal 

tibiae. Brachydactyly with cone shaped epiphyses and polydactyly were seen.

2.2 Exome sequencing and variant filtering

Genomic DNA was isolated from peripheral blood and/or cultured fibroblasts or 

chondrocytes of all probands and available parents and siblings using standard procedures. 

Library construction and exome sequencing of DNA from each proband was carried out at 

the University of Washington Center for Mendelian Genomics. The exome sequencing 

libraries were prepared with the NimbleGen SeqCap EZ Exome Library v2.0 kit and 

sequenced on the Illumina GAIIx platform with paired-end 50 base pair reads. Reads were 

mapped to the human reference genome (NCBI build 37) with BWA 0.5.9 (Li and Durbin, 

2010) and variants called using the Genome Analysis Toolkit version 3.4 following their best 

practices recommendations (McKenna, et al., 2010). De-multiplexing, sequence alignment, 

variant calling and annotation were performed as described previously (Taylor, et al., 2015; 

Zhang, et al., 2016). Variants were filtered for good quality (covered by ≥10 independent 

reads) with a minor allele frequency (MAF) <0.005 in the ExAC database (v0.3) (Lek, et al., 

2015). Copy number variant analysis was performed by ReCapSeg (McKenna, et al., 2010) 

and CoNIFER v0.2.2 (Krumm, et al., 2012) with the exome sequencing data. All variants 

have been submitted to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).

Since these disorders are recessively inherited, samples were initially assessed for compound 

heterozygosity or homozygosity for mutations in known SRPS genes. Cases heterozygous 

for single mutations in known SRPS genes were also identified. For these cases we 

specifically checked coverage for each exon in the identified skeletal ciliopathy genes to 

exclude the possibility of low coverage leading to missing a second mutation. Sanger 

sequence analysis was used to validate all variants of interest and to assess appropriate 

segregation within each family whenever possible. All primer sequences are available upon 

request. Sequence trace files were aligned and analyzed using Sequencher version 4.6 

(Genecodes).

3 RESULTS

3.1 Phenotypic assignment and exome sequence analysis

For each affected individual, clinical and radiographic data were reviewed by three 

independent investigators. Radiographic criteria (Supp. Figures S1–4) and noted above 

based on previously published descriptions were employed to differentiate EVC, ATD and 

SRPS, and the SRPS cases were then further categorized into subtypes (Bonafe, et al., 

2015). Visceral abnormalities were observed in a large number of affected individuals, but 

were not generally used to distinguish among the phenotypes.
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Exome sequencing was carried out for 152 affected individuals, consisting of 66 individuals 

with ATD, 4 with EVC and 82 with lethal phenotypes in the SRPS spectrum. Exome 

sequencing generated an average of 75X coverage across all samples, with on average 93% 

of all targeted regions being covered by at least 10X reads and 85% by 20X reads (Supp. 

Table S1). These data were then filtered to exclude those with a minor allele frequency 

(MAF) > 0.005 in the Exome Aggregation Consortium (ExAC; http://

exac.broadinstitute.org/).

Each family was analyzed under an autosomal recessive model of inheritance. Variants were 

predicted to be pathogenic based on meeting one or more of the following criteria: 1) was a 

nonsense, frameshift or splice junction consensus sequence variant in a gene known to 

underlie a skeletal ciliopathy; 2) was observed among multiple families in our cohort or 

among published cases; 3) segregated according the recessive inheritance model; 4) altered 

either highly evolutionarily conserved amino acid residue (s) or conserved functional protein 

domains; 5) met computational predictions of functional impact using GERP++, PolyPhen2 

and CADD (Adzhubei, et al., 2010; Davydov, et al., 2010; Kircher, et al., 2014). All 

predicted pathogenic variants were confirmed by Sanger sequence analysis of amplified 

genomic DNA. We identified homozygosity or compound heterozygosity for predicted 

pathogenic mutations in 14 genes in 120 (79%) of the 152 families studied (Supp. Table S2).

3.2 New loci for the skeletal ciliopathies

We identified a case of SRPS (ISDR reference number R11–569) due to homozygosity for a 

frameshift deletion mutation in FUZ (Supp. Figure S5). FUZ is a component of a newly 

identified planar cell polarity regulatory module, formed by Inturned (encoded by INTU), 

Fuzzy (FUZ) and WDPCP, which governs ciliogenesis in vertebrates (Gray, et al., 2009; 

Park, et al., 2006). The FUZ mutation (c.98_111+9del) is predicted to lead to the deletion of 

five amino acids as well as the splice donor for exon 1, likely to represent a loss-of-function 

mutation. The phenotype, which was initially identified by prenatal ultrasound, was most 

similar to SRPS type II but with extreme polydactyly of all four limbs (Fig. 1). A 

hypoplastic left ventricle, ventricular septal defect, hypoplastic kidneys, midline facial cleft, 

thickened nuchal fold and dilated third ventricle were also noted. The phenotype was similar 

to Fuz knockout mice, which had severe developmental abnormalities that included a 

malformed sternum, ribs and long bones, polydactyly, and incompletely penetrant rostral 

neural tube closure defects (Gray, et al., 2009). Although dominant mutations in FUZ have 

been reported to cause isolated neural tube defects (Seo, et al., 2015), the SRPS carrier 

parents had no reported abnormalities.

Compound heterozygosity for mutations in TRAF3IP1 was discovered in two cases, one 

with SRPS type II and one with a lethal form of ATD (Supp. Figure S5). TRAF3IP1 is an 

anterograde ciliary transport protein. Both affected individuals each carried a TRAF3IP1 
splice acceptor mutation, one predicting use of an alternative splice acceptor and the other 

predicting exon skipping and a frameshift, together with a damaging missense change. The 

SRPS type II case (R12–284A; c.988–1G>C; c.169G>A, p.Glu57Lys) was identified by 

prenatal ultrasound at 23 weeks gestation. In addition to severe micromelia and polydactyly 

of all limbs, ultrasound examination revealed enlarged, echogenic kidneys, mild 
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oligohydramnios, generalized skin edema and a thickened nuchal fold. The brain showed an 

enlarged cisterna magna and ventriculomegaly. The heart was reported as structurally normal 

but with a pericardial effusion. The infant was delivered at term and died in the immediate 

perinatal period. The radiographic phenotype was typical for SRPS type II with smooth ends 

of the long bones and polydactyly of all limbs (Fig. 1).

The individual with ATD (R08–553A; c.1368–1delG; c.1358C>G, p.Ser453Cys) was 

delivered by emergency caesarian section at 26 weeks gestation due to preterm labor and 

breech footling presentation. At birth she exhibited respiratory distress and was ventilated. 

Hydrocephalus and a grade IV intraventricular hemorrhage were identified, requiring 

placement of a shunt. A bell-shaped thorax, micromelia of all long bones and brachydactyly 

were noted. Radiographs were diagnostic for ATD and showed a narrow chest and handlebar 

clavicles, a mild lateral slope of the proximal humeri, flat acetabulae, spurring of the sciatic 

notch, short metacarpals and phalanges, and a normal spine (Fig. 1). The infant died 5 

months after birth. TRAF3IP1 missense mutations have been reported in nephronophthisis 

with extrarenal abnormalities [MIM# 616629] (Bizet, et al., 2015), but have not previously 

been associated with ATD or SRPS.

Compound heterozygosity for missense mutations in the gene encoding the lamin B receptor 

(LBR) were associated with a non-lethal form of ATD (Fig. 1, Supp. Fig S5). LBR is a 

multifunctional inner nuclear membrane protein that both anchors the lamina and 

heterochromatin to the nuclear membrane and has sterol reductase activity. The missense 

changes (c.1174G>A, p.Gly392Arg and c.1535G>A, p.Arg512Gln) altered highly conserved 

amino acids in the C-terminal hydrophobic transmembrane domain responsible for sterol 

reductase activity (Schuler, et al., 1994). In silico predictions were deleterious for both 

changes and only the p.Arg512Gln variant was found in online variant databases, and at an 

extremely low frequency (rs754049402:G>A, MAF=4.172e-05). Thus this ATD phenotype 

appears to be allelic with Greenberg dysplasia, a lethal skeletal disorder resulting from loss 

of sterol reductase activity (Best, et al., 2003; Borovik, et al., 2013; Clayton, et al., 2010; 

Hoffmann, et al., 2002; Waterham, et al., 2003).

3.3 The molecular basis of SRPS type IV

SRPS type IV was first described by Beemer and Langer (Beemer, et al., 1983) and among 

forms of SRPS is most radiographically similar to SRPS type II (Hennekam, 1991; Yang, et 

al., 1991), suggesting the hypothesis that these two forms of SRPS might have a common 

molecular basis (Hennekam, 1991). We identified recessively inherited mutations in four 

independent SRPS type IV cases in the following genes: NEK1, TTC21B, WDR19 and 

IFT80 (Supp. Table S2). With the exception of WDR19, for which the SRPS case in our 

cohort is the only described SRPS case with mutations in the gene, we also identified 

mutations in the other three genes in both SRPS type II and SRPS type IV families. Our 

findings thus establish the molecular basis of SRPS type IV and demonstrate that it is allelic 

to SRPS type II.
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3.4 Dynein 2 complex mutations are the major cause of SRPS phenotypes

Pathogenic variants in genes encoding dynein 2 complex components were discovered in 81 

families, including 73 with mutations in DYNC2H1. Mutations in DYNC2H1 were found in 

43 SRPS families (41% of all SRPS families), including 40 with SRPS type III. DYNC2H1 
mutations explained one SRPS type II family, confirming (El Hokayem, et al., 2012) that 

mutations in the gene are a rare cause of this SRPS subtype. The remaining two SRPS 

families had SRPS type I, concordant with our previous findings of 3 SRPS type I families 

with DYNC2H1 mutations (Badiner et al., 2016). Thirty ATD families (45% of all ATD 

families) had mutations in DYNC2H1, similar to previously published frequency estimates 

in ATD families of Northern European ancestry (Baujat, et al., 2013; Schmidts, et al., 

2013a).

Among the families, 110 different pathogenic mutations in DYNC2H1 were identified 

(Supp. Table S2), 91 (83%) of which were novel and 67 of which were missense changes 

(Fig. 2). The majority of the missense mutations clustered in the N-terminal tail (DHC_N1), 

AAA2–4 ATPase domains and a conserved C-terminal domain, indicating the importance of 

maintaining the functional integrity of these domains. No case was found with two loss-of-

function mutations, a genotype which has been speculated to lead to early embryonic 

lethality (Ocbina, et al., 2011).

Mutations in the genes encoding other dynein 2 motor complex components were also found 

to be causative for SRPS and ATD (Supp. Table S2). Pathogenic mutations were identified in 

8 families, including mutations in WDR34 (one SRPS type III and three ATD families) and 

WDR60 (two ATD and two SRPS type III families). WDR34 and WDR60 are both members 

of the WD repeat protein family and ten of the eleven missense changes altered the WD40 

motifs (Fig. 3), likely altering the protein-protein interactions mediated by these repeats (Li 

and Roberts, 2001).

3.5 Mutations in IFT-A complex genes

The IFT-A complex cooperates with the dynein motor to mediate retrograde transport 

(Taschner, et al., 2012). Mutations in the genes encoding four of the six IFT-A complex 

components (see Fig. 5), including the genes encoding two core proteins (WDR19 and 

IFT140) and two peripheral (satellite) proteins (WDR35 and TTC21B), were identified in 14 

(9%) of the families (Supp. Table S2). All three families with IFT140 mutations had ATD. 

One individual was homozygous for a frameshift mutation, indicating that loss of this IFT-A 

core protein results in a non-lethal ATD phenotype. Similarly, five of the six families with 

WDR19 mutations had ATD, including three non-lethal cases. The sixth case fit the 

phenotype of SRPS type IV, one of four cases in our cohort with this rare form of SRPS.

Mutations affecting the three peripheral IFT-A components resulted in a broader spectrum of 

disease including non-lethal ATD and lethal SRPS phenotypes. TTC21B mutations 

explained one family each with SRPS types II and IV. WDR35 mutations in SRPS type IV 

further illustrate the locus heterogeneity underlying this SRPS subtype (see above). Similar 

to WDR34 and WDR60, missense mutations primarily corresponded to WD40 repeats 
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within IFT140, WDR19 and WDR35 (Fig. 3), underscoring the functional importance of 

these domains.

3.6 Mutations in IFT-B complex genes

The IFT-B anterograde complex is powered by kinesin motors and consists of 9 salt stable 

core components (IFT22, IFT25, IFT27, IFT46, IFT52, IFT70, IFT74, IFT81, and IFT88) 

and several peripheral subunits (IFT20, TRAF3IP1, IFT57, IFT80, IFT172) (Taschner, et al., 

2012; Taschner, et al., 2016). IFT80 was the first IFT gene found to be associated with a 

skeletal ciliopathy (ATD), and mutations in IFT80 have been identified in both ATD and 

SRPS type III patients (Beales, et al., 2007; Cavalcanti, et al., 2011). In our cohort, IFT80 
mutations were found in families with ATD, SRPS type II and SRPS type IV, expanding the 

phenotypic spectrum due to mutations in the gene. Most were missense changes residing in 

the WD40 repeat containing domains (Supp. Table S2). In one case of SRPS type II (R10–

594), the affected individual was homozygous for a p.Gly241Arg missense variant. This 

change was previously reported by Cavalcanti et al. in a mixed Latin-European and African 

SRPS family from Brazil (Cavalcanti, et al., 2011) and the family we studied was African 

American, suggesting the allele may be prevalent among SRPS cases with an African 

genetic background. As described above, mutations were found in TRAF3IP1 in both ATD 

and SRPS.

3.7 EVC and EVC2 mutations can result in severe skeletal abnormalities

Mutations in EVC and EVC2 are known to result in recessively inherited EVC syndrome 

(Galdzicka, et al., 2002; Ruiz-Perez, et al., 2000) and autosomal dominant Weyers 

Acrofacial Dysostosis (Ye, et al., 2006). In our cohort, causative EVC mutations were found 

in four families and EVC2 mutations in six families. Significant skeletal abnormalities were 

identified by prenatal ultrasound in six of the families and the pregnancies were terminated 

in the late second trimester. Of the five newborn cases (including one recurrence), three died 

of respiratory insufficiency in the immediate neonatal period. Among the affected 

individuals, fourteen different mutations were identified, most of which are predicted to lead 

to loss of function, including nine that were previously reported in EVC cases (Ruiz-Perez 

and Goodship, 2009). Clinical information was limited for some of the cases, but four 

individuals had structural heart defects, 2 cases had hypoplastic nails, and frenulum was 

seen in seen one case. For both the EVC and EVC2 cases there was a consistent 

radiographic phenotype consisting of a narrow chest with relatively well developed ribs, 

reverse campomelia of the humeri along with a distinctive configuration of the radius and 

ulna, brachydactyly with well-ossified digits, heavy-appearing bones in the lower extremities 

albeit with thin and short fibulae, and in some cases accelerated ossification of the calcanei, 

knee epiphyses and/or capital femoral epiphyses (Fig. 4). Thus while the skeletal phenotype 

among the cases with EVC/EVC2 mutations appeared to be more severe than might be 

expected for EVC, elements of the EVC phenotype were evident. Our findings also illustrate 

the difficulty of phenotype assessment in the fetal period, particularly in the second 

trimester. Radiographic findings in the EVC/EVC2 cases delivered in the late second 

trimester were more similar to ATD (two individuals) or SRPS type II (four individuals) than 

EVC and mutations in EVC/EVC2 would not have been predicted by postmortem 

assessment alone. Thus, phenotypic overlap among the skeletal ciliopathies, particularly in 
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the second trimester, highlights the importance of mutation identification in cases 

ascertained during the prenatal period.

3.8 Unsolved cases

We did not identify biallelic causative mutation(s) in 32 (21%) families. A single known or 

likely pathogenic mutation was identified in 22 cases and there were 6 cases in which there 

were two or more pathogenic variants (one per gene) in genes known to underlie a skeletal 

ciliopathy (Supp. Table S3). While we did not detect copy number variations indicative of 

small deletions within the dataset, it remains possible that small deletions comprising a 

single exon were missed. Thus, in only 4/152 families was there no candidate pathogenic 

variant found.

4 DISCUSSION

4.1 The genetic architecture of the skeletal ciliopathies

This study identified homozygosity or compound heterozygosity for mutations in 14 

different ciliary genes in 120/152 (79%) genetically independent families with ATD, EVC 

and all subtypes of SRPS. Mutations in one new gene and two genes previously associated 

with other ciliopathies, FUZ, TRAF3IP and LBR, were found to be mutated in these 

disorders, further illustrating the diversity of genes and ciliary complexes whose functions 

are required for normal skeletal development. The data also establish the molecular basis of 

SRPS type IV and demonstrate that it is allelic with SRPS type II. Previous publications of 

SRPS and ATD cases from the ISDR have included 22 additional families with mutations in 

9 ciliary genes (DYNC2H1, WDR34, IFT52, ICK, INTU, IFT81, DYNC2LI1, IFT43, 
WDR35), including 6 genes not represented among the current set of families (Duran, et al., 

2016; Huber, et al., 2013; Taylor, et al., 2016; Taylor, et al., 2015; Toriyama, et al., 2016; 

Zhang, et al., 2016). Mutations have also been reported in families in this spectrum of 

disease in six additional genes, C21ORF2 (McInerney-Leo, et al., 2017; Wheway, et al., 

2015), TCTEX1D2 (Gholkar, et al., 2015), IFT172 (Halbritter, et al., 2013), KIAA0586 
(Alby, et al., 2015), CEP120 (Shaheen, et al., 2015) or IFT122 (Walczak-Sztulpa, et al., 

2010), bringing the number of known skeletal ciliopathy genes to twenty six. A model of the 

ciliary complexes showing the components mutated in the disorders is shown in Fig. 5.

4.2 Newly identified skeletal ciliopathy loci

FUZ is one of the core components of the CPLANE regulatory module that controls cilia 

assembly and PCP signaling (Zilber, et al., 2013). A role for FUZ in skeletal development 

was recognized when Fuz knockout mice had abnormalities resembling a severe skeletal 

ciliopathy with extreme polydactly (Gray, et al., 2009). In a family with an SRPS type II-like 

phenotype including extreme polydactyly there was homozygosity for a loss-of-function 

FUZ mutation, suggesting that the function of FUZ is conserved in human skeletal 

development. Furthermore, mutations in INTU, another CPLANE network core component 

(Toriyama, et al., 2016), have been identified in SRPS with the signature skeletal 

abnormality of extreme polydactyly, highlighting the critical role of the CPLANE complex 

in skeletal development, with a particularly important function in distal limb patterning.
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TRAF3IP1 is a peripheral anterograde IFT component essential for cilia formation and 

skeletal defects were observed in Traf3ip1 gene-trapped mice (Berbari, et al., 2011). We 

identified one ATD and one SRPS type II case resulting from compound heterozygosity for 

TRAF3IP1 mutations, with polydactyly in the SRPS case. TRAF3IP1 mutations have been 

previously reported in Senior-Loken syndrome [MIM# 616629], a disorder primarily 

characterized by kidney abnormalities, but skeletal findings including polydactyly, 

brachydactyly and epiphyseal dysplasia were present in the reported cases (Bizet, et al., 

2015). Heterogeneity in clinical presentation among cases with TRAF3IP1 mutations might 

be explained by the effects of the distinct mutations on anterograde transport, as most NPH 

patients were homozygous for missense mutations, in contrast to our cases that resulted from 

compound heterozygosity for one loss-of-function and one missense mutation.

We identified an individual with ATD associated with compound heterozygosity for two 

missense mutations in LBR, encoding the lamin B receptor. The phenotype thus appears to 

be allelic with Greenberg dysplasia, a lethal skeletal disorder resulting from disruption of the 

sterol reductase activity of the protein. Our results suggest a new link between LBR and 

cilia, and we speculate that disruption of sterol modification of key signaling proteins, 

including sonic hedgehog, that are essential for cilia function and for normal skeletal 

development is the underlying basis for the phenotype.

4.3 Locus heterogeneity in SRPS type IV

Causal variants in four genes, NEK1, TTC21B, WDR19 and IFT80, were discovered in 4 

cases of SRPS type IV (Beemer, et al., 1983). Mutations in IFT122 have also been identified 

in a case of SRPS type IV (Silveira, et al., 2017). Mutations in NEK1, TTC21B, and IFT80 

were also discovered in cases of SRPS type II both in our cohort and as reported by others 

(Cavalcanti, et al., 2011; El Hokayem, et al., 2012; Mill, et al., 2011), demonstrating that 

these two forms of SRPS can be allelic, as hypothesized in prior publications (Hennekam, 

1991).

4.4 DYNC2H1 is the major locus for SRPS and ATD

Mutations affecting the dynein 2 transport motor accounted for 53% of all families in our 

cohort. We identified 110 different DYNC2H1 variants, 91 of which have not been reported 

previously. DYNC2H1 mutations were by far the most frequent overall cause of the skeletal 

ciliopathies studied, accounting for 48% of the families screened and with wide clinical 

variability ranging from ATD to SRPS types I, II and III (but not SRPS type IV). DYNC2H1 
mutations have been previously reported in 5 SRPS type II, 8 SRPS type III and 48 ATD 

cases, and the gene has been recognized as the major locus for ATD (Baujat, et al., 2013; 

Schmidts, et al., 2013a). We identified mutations in DYNC2H1 in 30/66 ATD cases. The 

results also demonstrate that DYNC2H1 is the main locus for SRPS type III (Dagoneau, et 

al., 2009), with 40/49 cases resulting from mutations in the gene. Furthermore, all SRPS 

type I cases in the cohort had DYNC2H1 mutations (Badiner, et al., 2016), supporting the 

current classification of SRPS types I and III together and suggest DYNC2H1 as the main 

gene to be tested in new cases with these diagnoses.
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Defects in the dynein 2 motor result in ciliary architecture abnormalities that lead to 

abnormal synthesis and/or maintenance of the axoneme by IFT to form the mature primary 

cilium (Merrill, et al., 2009). As demonstrated by knockdown experiments in C. elegans and 

mice (Ocbina and Anderson, 2008; Signor, et al., 1999), and in cells cultured from 

DYNC2H1 mutation cases (Merrill, et al., 2009), dynein defects can lead to structurally 

abnormal cilia. DYNC2H1 encodes the dynein heavy chain and is the ATPase motor within 

the dynein complex (Pazour, et al., 1999). The motor functions by binding and hydrolysis of 

ATP (Kon, et al., 2004) and 32 of the 67 identified missense mutations localized to the 

nucleotide binding domains. Modeling the elimination of nucleotide binding at AAA2–4 

domains in D. discoideum and S. cerevisiae cytoplasmic dynein (Cho, et al., 2008; Kon, et 

al., 2004) showed a severe slowdown in the microtubule sliding activity of the protein, 

implying dysfunctional motor activity. Enrichment of DYNC2H1 missense mutations in the 

motor domain supports the hypothesis that disruption of motor integrity interferes with 

proper anterograde and retrograde IFT activity and mechanistically contributes to the 

pathology seen in the skeletal ciliopathies.

4.5 IFT-A complex components are mutated more frequently than IFT-B components

We identified mutations in four of the six genes known to underlie ATD and/or SRPS 

subtypes. Overall, 14 of the cases (9%) were found with IFT-A gene mutations, with the 

majority of the missense mutations located in the highly conserved WD40 domains involved 

in intracellular trafficking, cargo recognition and protein binding (Fig. 2). No mutations 

were identified in IFT122, encoding the WDR10 protein that plays an important role in 

assembly and maintenance of cilia, although mutations in the gene are associated with CED 

and SRPS type IV. Previous work identified mutations in IFT-A components in cases of 

CED or ATD, but the results presented here expand the phenotypic series to include ATD 

and lethal SRPS. Overall, variants in genes encoding all IFT-A members can affect the 

skeleton, further illuminating the dependence of skeletogenesis on IFT-A function.

We identified causal variants in only 6/152 families and only 2 of the 14 genes (TRAF3IP1 
and IFT80) that encode IFT-B components. In the total ISDR skeletal ciliopathy cohort there 

was also one family with unclassified SRPS due to IFT52 mutations (Zhang, et al., 2016) 

and one family each with ATD and SRPS type III due to IFT81 mutations (Duran, et al., 

2016), so overall 9/175 (5%) families studied had IFT-B defects. It is unclear why the genes 

encoding anterograde IFT components are less frequently mutated than retrograde molecules 

in the SRPS-ATD spectrum of disease. Although the IFT-A complex components are quite 

large proteins whose genes present a large mutational target size, identification of mutations 

in only a small fraction genes encoding IFT-B components in ATD/SRPS suggest that 

anterograde function is less closely tied to skeletogenesis than IFT-A.

4.6 For what reason do mutations in these genes primarily affect the skeleton?

Among the ciliopathy disorders, only a subset have a primary effect on the skeleton, 

suggesting that the proteins encoded by the skeletal ciliopathy loci have particularly 

important roles in the function of primary cilia in chondrocytes (Scherft and Daems, 1967), 

but exactly why the skeleton is so severely affected remains unknown. Defective sonic 

hedgehog signaling during skeletal pattern formation appears to be the mechanism 
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underlying polydactyly, and disruption of proper Hh signaling has been observed in 

fibroblasts from SRPS fibroblasts (Duran, et al., 2016; Taylor, et al., 2015). Altered Indian 

hedgehog signaling is likely to be responsible in part for the defects in endochondral 

ossification that result in structural alterations of the growth plate and defective bone growth. 

Indian hedgehog is a key signaling ligand for chondrocyte differentiation, particularly the 

transition from proliferative to hypertrophic chondrocytes (St-Jacques, et al., 1999). 

Chondrocyte differentiation was disrupted in IFT80 silenced bone marrow-derived stromal 

cells (Wang, et al., 2013) but primary cilia also regulate other signaling pathways in the 

skeleton, including the fibroblast growth factor, platelet-derived growth factor, Wnt, TGF-β, 

and Notch pathways (Clement, et al., 2013; Ezratty, et al., 2011; Neugebauer, et al., 2010; 

Schneider, et al., 2005; Simons, et al., 2005). In addition, primary cilia have 

mechanosensory functions in bone cells that are important in bone maintenance (He, et al., 

2016) and there are specific orientations of cilia in osteocytes and chondrocytes (Uzbekov, et 

al., 2012), but how these processes are influenced in the skeletal cilia disorders is unknown. 

Despite the observation that IFT80 was found to be highly expressed in the mouse tibia 

growth plate during chondrogenic differentiation (Wang, et al., 2013), human fetal 

chondrocyte RNAseq data (unpublished) have not shown the skeletal ciliopathy genes to be 

more highly expressed in chondrocytes than in other tissues.

It is also possible that the preferential effect on the skeleton might be related to specific 

cargo molecules carried by the proteins encoded by the mutated genes and the complexes in 

which they participate. IFT proteins are largely conserved and contain protein-protein 

interaction domains such as tetratrico peptide repeats (TPRs), WD40 β-propellers and 

coiled-coils. A subset of these domains/proteins are required for IFT complex formation 

while others may be involved in IFT motor and/or cargo binding (Taschner, et al., 2011). 

However, it remains unresolved how specific cargo molecules are acquired and released. IFT 

motor proteins and many axonemal proteins move as cargo during cilia assembly via 

anterograde IFT to the ciliary tip (Craft, et al., 2015; Wren, et al., 2013), and cilia length can 

be regulated by adjusting the amount of precursors entering the cilia, but how cells integrate 

cilia length information is also unknown (Craft, et al., 2015; Lechtreck, 2015). It has been 

demonstrated that different WDR35 mutations can result in distinct ciliary protein fates 

(Mill, et al., 2011), as IFT88 protein accumulation was observed around the basal body in 

WDR35 SRPS fibroblasts while IFT88 clustered in the distal part of the ciliary axoneme and 

cilia tip in WDR35 CED fibroblasts. These correlations suggest that the different phenotypes 

might reflect differences in cilia assembly and function. In addition, a recent study showed 

selective cargo transport activity of WDR35 in regulating cilium assembly in human RPE1 

cells (Fu, et al., 2016). Further investigation of IFT particles and specific cargos would 

provide deeper insight into the mechanisms that dictate the effects on skeletogenesis among 

the skeletal ciliopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Radiographic phenotypes of the SRPS probands with mutations in FUZ, TRAF3IP1 and 

LBR. (a) FUZ mutations in SRPS type II (R11–569, 24 weeks) showing a long, narrow 

chest, moderately short ribs, short long bones, hypoplastic tibiae and extreme polydactyly of 

all four limbs. (b) TRAF3IP1 mutations in SRPS type II (R12–284A, neonatal) showing 

short long bones, very short horizontal ribs and long narrow chest, severe micromelia and 

polydactyly of all limbs of the affected individuals. (c) TRAF3IP1 mutations in ATD (R08–

553A, neonatal) showing a bell-shaped thorax, moderately short ribs, handlebar clavicles, 
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micromelia of all long bones and brachydactyly. (d) LBR mutations associated with ATD 

(R09–162A, 2y 9m) showing moderately short horizontal ribs, short limbs, metaphyseal 

abnormalities (white arrows) and no polydactyly.
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FIGURE 2. 
Mutations in DYNC2H1 in cases of ATD and SRPS. The structure of the human DYNC2H1 

protein showing the locations of the 110 mutations described in this study. Font color 

indicates mutations associated with ATD (black), SRPS type I (fuchsia), SRPS type II (blue) 

and SRPS type III (red). Mutations frequencies are denoted with the number of circles and 

the types of mutations are distinguished with colors. The figure also includes 11 mutations 

from 6 previously published cases with mutations in the gene (Badiner, et al., 2016; Merrill, 

et al., 2009). Conserved protein domain localizations were taken from Schmidts et al., 2013 

(Schmidts, et al., 2013a) with six AAA+ domains, an MT-binding stalk, an N-terminal tail 

(DHC_N1), a linker domain (DHC_N2) and a conserved C-terminal domain 

(Dynein_heavy). The plot was generated with Protein Paint.
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FIGURE 3. 
Mutations identified in dynein motor and IFT-A proteins. The structures of the human 

dynein motor (WDR34 and WDR60) and IFT-A (IFT140, WDR19, WDR35 and TTC21B) 

proteins showing the locations of the mutations identified in this study. Mutation frequencies 

are denoted with the number of circles, and the mutation types are distinguished with colors 

as described in Figure 1. The figure includes 10 mutations from 7 previously published cases 

with mutations in these genes (Duran, et al., 2017; Huber, et al., 2013). Conserved protein 

domain regions were identified using the UniProt and InterPro websites.
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FIGURE 4. 
Radiographic phenotype of the probands with EVC and EVC2 mutations. At later 

gestational ages, an EVC radiographic phenotype consisting of short long bones, moderately 

short horizontal ribs and a long narrow chest, a trident acetabulum, reverse campomelia of 

the humeri along with a distinctive configuration of the radius and ulna, polydactyly and 

brachydactyly with well ossified digits was evident. At earlier ages, the phenotypes more 

closely resembled SRPS and ATD. ISDR reference numbers and gestational ages in weeks 

are indicated for each individual.
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FIGURE 5. 
Ciliary proteins mutated among the skeletal ciliopathies. The complexes in which each 

protein participates are shown with the mutated components identified by red asterisks.
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