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Abstract

Background—Joubert syndrome (JS) is a recessive neurodevelopmental disorder characterized
by hypotonia, ataxia, cognitive impairment, abnormal eye movements, respiratory control
disturbances, and a distinctive mid-hindbrain malformation. JS demonstrates substantial

Corresponding Author: Dan Doherty, MD, PhD, Box 356320, Room RR247, University of Washington, 1959 NE Pacific St, Seattle,
WA 98195-6320, ddoher@uw.edu.

Supplemental Data: This section contains 9 tables and 4 figures.

Contributors RBG, JCD, IGP, PC, MAP, IG, JS, and DD participated in the design of the study. JCD, IGP, BJO, DMK, GElI, CRI,
NG, JA, EAB, DO, AA, ARD, LL, CL, LM, AGC, HO, GH, BT, MT, MAP, UWCMG and DD collected and/or generated the data.
RBG, JCD, IGP, BJO, TCR, EAB, NdL, UWCMG, and DD analyzed and interpreted the data. RBG, JCD, IGP, and DD drafted the
manuscript. All co-authors read and approved the final manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Retal.

Page 2

phenotypic variability and genetic heterogeneity. This study provides a comprehensive view of the
current genetic basis, phenotypic range and gene-phenotype associations in JS.

Methods—We sequenced 27 JS-associated genes in 440 affected individuals (375 families) from
a cohort of 532 individuals (440 families) with JS, using molecular inversion probe-based targeted
capture and next generation sequencing. Variant pathogenicity was defined using the Combined
Annotation Dependent Depletion (CADD) algorithm with an optimized score cut-off.

Results—We identified presumed causal variants in 62% of pedigrees, including the first B9D2
mutations associated with JS. 253 different mutations in 23 genes highlight the extreme genetic
heterogeneity of JS. Phenotypic analysis revealed that only 34% of individuals have a “pure JS”
phenotype. Retinal disease is present in 30% of individuals, renal disease in 25%, coloboma in
17%, polydactyly in 15%, liver fibrosis in 14% and encephalocele in 8%. Loss of CEP290
function is associated with retinal dystrophy, while loss of TMEME7 function is associated with
liver fibrosis and coloboma, but we observe no clear-cut distinction between JS-subtypes.

Conclusion—This work illustrates how combining advanced sequencing techniques with
phenotypic data addresses extreme genetic heterogeneity to provide diagnostic and carrier testing,
guide medical monitoring for progressive complications, facilitate interpretation of genome-wide
sequencing results in individuals with a variety of phenotypes, and enable gene-specific treatments
in the future.
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INTRODUCTION

Joubert syndrome (JS, OMIM 213300) is a recessive neurodevelopmental disorder
characterized by abnormal eye movements, respiratory control disturbances, cognitive
impairment, hypotonia and ataxia.[1-4] Diagnosis of JS relies on a pathognomonic
combination of imaging findings on axial MRI: cerebellar vermis hypoplasia, thickened and
horizontally oriented superior cerebellar peduncles and a deep interpeduncular fossa

(the ”Molar Tooth Sign” - MTS).[5] In addition to these core central nervous system (CNS)
features, subsets of individuals with JS have ocular (chorioretinal coloboma and progressive
retinal dystrophy), kidney (nephronophthisis), liver (spectrum of ductal plate malformation
and fibrosis), and/or skeletal (dystrophy and polydactyly) involvement. JS overlaps
genetically and phenotypically with the more severe Meckel syndrome, often defined by co-
occurrence of occipital encephalocele, cystic-dysplastic kidney disease, liver fibrosis, and
perinatal lethality.[6] Care of individuals with JS is complex, requiring surveillance for
progressive complications and input from multiple medical subspecialists.

JS can be caused by recessive mutations in more than 27 genes, all of which encode proteins
localizing to the primary cilium or basal body.[3, 7] Primary cilia are microtubule-based
organelles projecting from the surface of most differentiated cells where they serve as
environmental sensors, transducing sensory, chemical or mechanical input, as well as
signaling pathways (such as hedgehog) during development and homeostasis.[8] Given the
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key role of this organelle in such a wide variety of processes, it is not surprising that its
dysfunction leads to a number of human diseases collectively named “ciliopathies™.[9]
These disorders are unified not only by the underlying pathophysiology and shared genetic
causes, but also by a wide array of overlapping phenotypes including cognitive dysfunction,
central nervous system malformations, fibrocystic kidney disease, retinal degeneration,
skeletal and craniofacial abnormalities, polydactyly and defects in left-right asymmetry.[10]

Ciliopathies in general, and JS in particular, display prominent genetic heterogeneity, /.e.
biallelic mutations in many different genes cause the same disorder, albeit with variable
severity. Clinically, identifying the genetic causes and understanding gene-phenotype
correlations are essential for providing diagnostic testing, prognostic information and
treatment recommendations; however, until recently, it has not been possible to identify the
genetic cause in the majority of affected individuals. The advent of next-generation
sequencing has revolutionized the study of Mendelian disorders by accelerating novel gene
discovery.[11] Using JS as a paradigm, we highlight how next generation sequencing
combined with extensive phenotypic data can inform prognosis leading to improved medical
monitoring in rare disorders, generate insights into the differential tolerance of genes to
mutation, and aid in interpreting genome-wide sequencing results in individuals with diverse
phenotypes. Understanding the genetic architecture of Mendelian disorders is also leading to
gene-specific treatments and improved patient care.

METHODS

Subject ascertainment and phenotypic data

Participants were referred to the University of Washington (UW) Joubert Syndrome
Research Program by the Joubert Syndrome and Related Disorders Foundation and clinical
collaborators internationally (see Acknowledgements). All participants have clinical findings
of JS (intellectual impairment, hypotonia, ataxia and/or oculo-motor apraxia) and diagnostic
or supportive brain imaging findings (MTS or cerebellar vermis hypoplasia), or they have a
sibling with JS. Clinical data were obtained by direct examination of participants, review of
medical records, and structured questionnaires. All participants or their legal representatives
provided written informed consent for the study which was approved by the Institutional
Review Boards at the UW and Seattle Children’s Hospital. Neurologically Normal
Caucasian Control Panels (Coriell panels NDPT020 and NDPTO090 - http://ccr.coriell.org)
were sequenced as controls.

Mutation identification

Using Molecular Inversion Probes (MIPs),[12] all exons in genes associated with JS or the
allelic disorder Meckel syndrome (AHI1, ARL13B, B9D1, B9D2, C2CD3, C50RF42,
CC2D2A, CEP290, CEP41, CSPP1, IFT172, INPP5E, KIF7, MKS1, NPHP1, OFD1,
RPGRIP1L, TCTN1, TCTN2, TCTN3, TMEM138, TMEM216, TMEM231, TMEM237,
TMEMG67, TTC12B and ZNF423,[13-36] details in Supplementary Table S1) were captured
using 100 ng of genomic DNA isolated from blood or saliva. Captured DNA was PCR
amplified and sequenced on either the Illumina HiSeq or MiSeq platform. Sequence reads
were mapped using the Burrows-Wheeler Aligner (BWA v.0.5.9). Variants were called using
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the Genome Analysis Tookit (GATK v2.5-2) and annotated with SeattleSeq (http://
snp.gs.washington.edu/SeattleSegAnnotation138/). We also included data previously
generated by Sanger sequencing of individual genes in subsets of samples. We used the
Combined Annotation Dependent Depletion (CADD) algorithm to estimate the
deleteriousness of variants (version 1.1),[37] and considered all nonsense, frameshift and
canonical splice-site mutations to be deleterious, regardless of CADD score. We defined a
cause as the presence of =2 rare. deleterious variants (RDVs) or a homozygous RDV in one
gene in an affected individual. RDVs that were of high quality (Depth =25, Quality by Depth
>5, and Heterozygous Allele Balance <0.8) were not confirmed by Sanger sequencing based
on the previously demonstrated high sensitivity and specificity of the MIPs method for well-
covered variants [12]; however, in affected individuals with one high quality RDV, we did
perform Sanger sequencing to confirm second RDVs that did not meet the above-mentioned
quality criteria.

Statistical analysis

RESULTS

We tested the significance of associations between clinical features, as well as between
features and genetic causes, using the Chi-square or Fisher’s exact tests (SAS, version 9.4;
SAS Institute, Inc., Cary, NC). We present odds ratios and 95% confidence intervals as
measures of these correlations. The Bonferroni method was used to correct for multiple
hypothesis testing.

UW Joubert syndrome cohort

The study cohort comprised 532 affected participants from 440 families, 79 families having
>1 affected individual. Participants were recruited from 29 countries, the majority (59%)
residing in North America. 19% of the families reported consanguinity. The mean age of the
affected participants at the time of the analysis was 13.1 years (S.D. 9.1), with 34% of
individuals <10 years of age and 30% 10-20 years of age. 56 % percent were male (Table 1).
The large size of the cohort and world-wide ascertainment based on brain imaging and
neurologic findings provide a relatively unbiased spectrum of the disorder.

Multi-organ involvement is common and the “pure JS” phenotype occurs in a minority of

individuals

In addition to the core diagnostic features for JS (MTS, hypotonia, ataxia, cognitive
dysfunction, abnormal breathing pattern, and oculo-motor apraxia) which were part of the
inclusion criteria, several extra-CNS features are commonly described in JS. Based on the
presence of these features, various subtypes of JS have been proposed: [2] “pure” JS (core
diagnostic features only), JS plus retinal dystrophy, JS plus cystic kidney disease, JS plus
retinal-renal involvement, JS plus liver fibrosis and JS plus oral-facial-digital features.
Therefore, we systematically assessed the relevant features (Supplementary Table S2) in the
cohort. As a consequence of the world-wide recruitment required to collect a large cohort for
a rare disorder, the ascertainment of clinical features was variable. To be conservative in
calculating the prevalence of each feature, we restricted our analysis to individuals for whom
definite positive or negative information was available for a given feature; consequently, the
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denominator for calculating the frequency of individual features varies accordingly. Retinal
dystrophy (n=99/329, 30%) and renal disease (n=102/407, 25%) were the most common
associated features, followed by coloboma (n=56/330, 17%), polydactyly (n=56/387, 15%),
liver fibrosis (n=50/362, 14%) and encephalocele (n=29/386, 8%) (Figure 1A). When
considering only the individuals for whom definite information was available for all six
associated features (n=201), only 68 (33.8%) had the “pure JS” phenotype (Supplementary
Table S3).

We next evaluated whether any of the major features were associated with each other. Liver
fibrosis and coloboma were strongly associated (Odds Ratio (O.R.) 6.5; 95% Confidence
Interval (C.1.) 3.2-13.4), i.e. the likelihood of having liver fibrosis in individuals with
coloboma was 6.5 times the likelihood of having liver fibrosis in individuals without
coloboma. Retinal dystrophy and kidney disease (O.R. 3.0; 95% C.I. 1.7-5.2), liver fibrosis
and kidney disease (O.R. 3.0; 95% C.I. 1.6-5.5) and polydactyly and encephalocele (O.R.
2.8; 95% C.I. 1.03-7.8) were more weakly associated with each other (Figure 1B and
Supplementary Table S4). In addition, we observed multiple combinations of features in
subsets of individuals, often precluding categorization into one of the proposed sub-types
(Supplementary Table S3). For example, individuals presenting with the combination of liver
fibrosis and kidney disease could be categorized as either “JS plus kidney disease” or “JS
plus liver disease”. While the most frequent associations of features are consistent with the
proposed JS subtypes, the broad range of additional combinations observed indicates that no
clear-cut distinction exists between subtypes.

Multiple additional clinical features

A variety of other clinically important features were documented in medical records and by
families but were not systematically queried across the entire cohort (Table 2). Additional
brain abnormalities were identified in 91 individuals, most commonly ventriculomegaly, and
more rarely heterotopia, agenesis of the corpus callosum and polymicrogyria. This is likely
an under-ascertainment compared to prior studies,[38] since detailed review of the brain
imaging studies was not part of this study. Additional eye findings were also commonly
reported in our cohort, including strabismus and ptosis in 167 and 104 individuals,
respectively. Seizures were described in 55 individuals. Other, less common, features
included scoliosis (n=28), cleft palate (n=20), hearing loss (n=16), tongue tumors (n=17),
oral frenulae (n=9), heart defects (n=7), and a variety of mental health problems such as
anxiety, aggression, depression and autism (total n=47). Since these features were not
systematically assessed across the cohort, only minimum prevalence estimates can be
calculated.

Comprehensive sequencing identifies the presumed genetic cause in 62% of JS families

We sequenced 27 JS-associated genes in 428 affected individuals from 363 families for
whom DNA was available using Molecular Inversion Probe (MIP) targeted capture followed
by next generation sequencing. We previously demonstrated, using a subset of this cohort,
that this method has 99.5% sensitivity and 98% positive predictive value for variant
detection at covered basepairs compared to Sanger sequencing.[12] The MIP target included
all coding positions and neighboring intronic basepairs (Supplementary Table 1), and >89%
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of basepairs were adequately covered (=8X) for all genes except /NPP5E (75% covered)
(Supplementary Figure S1). We also included previous Sanger sequencing data, as well as
sequencing data from clinical testing when available (n=12), bringing the total number of
affected individuals with sequencing data to 440 from 375 families. Based on the estimated
prevalence of JS (~1/80,000 Northern Europeans,[3]) and the genetic heterogeneity of the
disease, we excluded variants with a MAF >0.2% in the Exome Variant Server (http://
evs.gs.washington.edu/EVS/). We considered all nonsense, frameshift and canonical splice
site mutations to be deleterious. We assessed the predicted deleteriousness of missense,
synonymous and intronic variants using the CADD score algorithm,[37] which considers
multiple available prediction techniques including conservation across species and protein
function, and has the advantage of providing a score for all possible variants on a single
scale. We selected the CADD score cutoff (11) for defining rare deleterious variants (RDVS)
by maximizing the number of affected individuals with genes harboring two rare variants (or
a homozygous rare variant), while minimizing the number of controls with genes harboring
similar variants, an approach akin to generating a Receiver Operating Characteristic curve
(Supplementary Figure S2). For missense variants, using the CADD score identified more
presumed causes in the JS cohort compared to Polyphen2 without increasing the false-
positive rate in controls (data not shown).

We defined a cause as the presence of >2 RDVs (or a homozygous RDV) in one gene in an
affected individual. Using this definition and all available sequencing data, we identified the
presumed genetic cause in 279 individuals from 232/375 families (62%) overall (Figure 2),
77% in consanguineous families, and 76% in families with >1 affected individual. The
higher rate in the consanguineous families is likely due to the higher probability of calling a
single homozygous variant, compared to the probability of calling two different
heterozygous variants in the non-consanguineous families. Similarly, in 9% of families for
whom we were able to sequence >1 affected individual, we identified two high quality
RDVs in only one of the affected individuals. This likely accounts for the higher solve rate
in multiplex families compared to families with only one affected child. In contrast to the
results in affected individuals, 5/182 unrelated control individuals carried =2 RDVs in one of
the known genes (Supplementary Table S5). In 68/70 (97%) families for which parental
DNA was available, we confirmed that the identified compound heterozygous RDVs are in
trans, excluding 2 samples from further analysis. We did not sequence parents of children
with homozygous or hemizygous RDVs (90 families).. Parental samples were not available
for controls.

Despite satisfying our criteria (MAF<0.2%, CADD>11), the variants in 12 families did not
meet ACMG variant interpretation categories 1, 2, or 3.[39] In 8 of these12 families, one of
the RDVs is a splice variant beyond +/-2 base pairs from the intron-exon junction, for which
the functional effect on splicing has not been assessed. In 4/12 families, one RDV is a
synonymous variant whose functional effect has not been evaluated. Therefore, we list these
families separately in Supplemental Table S5 and excluded them from gene-phenotype
analyses.

In addition, we identified 5 families with pairs of RDVs in each of two genes
(Supplementary Table S6). In 3/5, the variants in one gene appeared much more likely to be
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causal than the variants in the second gene (e.g. a homozygous frameshift mutation in
C50RF42 versus two missense variants in CSPP1, which harbors exclusively truncating
mutations in our cohort). In these three families, the more likely cause was retained for the
subsequent analyses. In the other two families, we could not determine the cause and
excluded them from the subsequent genetic analyses. Of note, based on the clinical
information available, the phenotypic severity in these individuals was not substantially
different from the rest of the cohort.

Including only the families with conservatively called genetic causes, five genes (C50RF42,
CC2D2ZA, AHI1, CEP290, TMEMEG67) each account for JS in ~6-9% of JS, three genes
(CSPP1, TMEMZ216 and INPP5E) for ~3% each, and six genes for ~1-2%, while the
remaining nine genes each account for JS in only 1-2 families. We also identified B9D2
mutations as the genetic cause in two families, further extending the known genetic overlap
between JS and the more severe Meckel syndrome. The detailed phenotypic description of
the two individuals with B9D2 mutations is presented in Supplementary Table S7. CEP41,
TMEM138 TMEM231, and ZNF423do not harbor =2 or homozygous RDVs in any
affected individuals. A single affected individual carries one synonymous and one missense
variant in 77C21B; however, this individual also carries a homozygous nonsense variant in
C2CD3that is predicted to truncate the protein near the N-terminus (Supplementary Table
S6).

Further examination of the sequence data revealed variation in the types of mutations across
the different genes. Considering all nonsense, frameshift and canonical splice-site mutations
as truncating, we observed that CEP290, CSPPI and C50RF42 mostly harbor a combination
of two truncating mutations, CCZDZA and TMEME67tend to have =1 missense mutation,
and TMEMZ216 and INPP5E have mainly two missense mutations. All individuals with JS
caused by mutations in NPHPI (n=5) harbor the previously described deletion [24] in a
homozygous state, and no causal point mutations were identified in this gene. The
differences in mutation types across the genes were statistically significant (Supplementary
Figure S3).

While the majority of RDVs were unique, we identified a subset of RDVs present in >3
families not known to be related (Supplementary Table S8). TMEMZ216 R73L is common in
families of Ashkenazi Jewish descent,[34] and accounts for most of the families with
TMEMZ216 mutations. Two C50RF42RDVs (p.Gly2663Alafs*40 and W2593*) were found
homozygous in six families of Saudi Arabian descent. The p.Gly2663Alafs*40 variant has
been previously associated with both JS and Meckel syndrome in Saudi Arabian families.
[40, 41] One CCZ2DZA RDV (P1122S) was found homozygous in three families of Saudi
Arabian descent. In three unrelated Brazilian families, the same combination of two CSPPI
RDVs was identified, suggesting that they might in fact be related.[20] None of the other
recurring RDVs appeared to be associated with specific ethnic groups, so they may represent
mutation hotspots (such as CEP290 G1890* identified in 10 unrelated families from 3
continents).
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Gene-phenotype correlations

We next examined associations between the non-CNS features of JS and each genetic cause
(Figure 3, Supplementary Table S9), and observed several significant gene-phenotype
correlations: CEP290 mutations with retinal dystrophy (O.R. 22.9, C.1.6.7-78.4; p<0.0001)
and cystic kidney disease (O.R. 3.3, C.I. 1.6-7.1; p=0.001); 7TMEME7 with liver fibrosis
(O.R. 17.3, C.1. 7.2-42.0; p<0.0001) and coloboma (O.R. 22.9, C.I. 8.6-61.1; p<0.0001);
C50RF42 with polydactyly (O.R. 2.7, C.1. 1.2-5.9; p=0.01); OFDI1 with encephalocele
(O.R. 13.1, C.I: 1.8-97.0; p=0.03); TCTN2with encephalocele (O.R. 13.6, C.I. 2.6-70.8;
p=0.007) and polydactyly (O.R. 18.7, C.I. 1.9-182.9 p=0.01). Even after Bonferroni
correction for multiple hypothesis testing, the associations between TMEM67 and liver
disease and coloboma, and those between CEP290and retinal dystrophy remained
statistically significant (p<0.0001). In addition, a negative correlation was observed between
TMEMG67 mutations and retinal disease (O.R 0.1, C.I. 0.01-0.8; p=0.006), indicating that
individuals with 7TMEMGE7 mutations are less likely to be diagnosed with retinal disease than
those without mutations in this gene. When counseling families, the absolute prevalence of
clinical features may be more useful than odds ratios, so this information is provided in
Supplementary Figure S4.

Although we cannot test the statistical significance of genetic associations with non-
systematically assessed clinical features, several possible associations are notable. Both
individuals with C2CD3 mutations had oral features including oral frenulae and/or cleft
palate, suggesting C2CD3 mutations may lead to an OFD-like phenotype.[2] However,
among the individuals with oral features (n=46), the majority did not have mutations in
C2CD3 (or OFDI). Likewise, two of three individuals with K/F7mutations had agenesis of
the corpus callosum (while the status of the corpus callosum in the third individual was
unknown), consistent with a K/F7-related “acro-callosal” subtype of JS. Again however, the
majority of individuals with agenesis of the corpus callosum (n=14) had mutations in other
genes without a clear predominance of one genetic cause. None of the 55 individuals with
seizures had causal CEP290 mutations, despite CEP290 loss of function being the third most
common cause of JS, suggesting a negative association.

DISCUSSION

Presumed genetic cause of JS identified in 62% of families

Just over ten years ago, the first genetic causes of JS were identified.[13, 24] Now, we can
determine the presumed genetic cause in 62% of individuals with JS, using the highly
efficient MIP capture technique, next generation sequencing, and an optimized CADD score
cutoff to identify causal variants in 27 JS/Meckel genes. Five genes (C50RF42, CC2DZ2A,
CEP290, AHI1 and TMEMG67) account for the majority of affected individuals, while nine
genes are mutated in <15 families, and nine more genes are mutated in only 1-2 families. In
two families with JS, we identified causal mutations in the Meckel-associated gene B9D2,
further expanding the allelism between JS and Meckel syndrome. Not surprisingly, B9D2 is
part of a transition zone sub-complex (with MKS1 and B9D1) that regulates protein
trafficking in and out of the cilium.[42]
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These findings illustrate the extreme genetic heterogeneity of JS. Therefore, given that no
single gene predominates as a cause for JS, the most efficient method for clinical diagnostic
testing is next-generation sequencing of all known JS genes through targeted gene panels or
whole exome sequencing. The advantage of the MIP capture technique lies in its low cost
and flexibility, allowing easy addition of newly identified JS genes to the target. For
laboratories without a specific interest in JS, whole exome sequencing might be more
practical, since it does not require any specialized set-up.

The genetic cause remains unidentified in 38% of families in our cohort. This may be due to
mutations in genes not yet associated with JS, or variants in the known genes that were
missed by our current techniques, either because they are inadequately covered in our data,
located in non-coding regions, not called using our analysis pipeline, or not recognized as
deleterious. Given the high coverage obtained for all but one gene (/NPP5E) and the
efficiency of MIP capture for identifying variants in the target regions,[12] it is likely that a
sizeable fraction of the missed variants lie in non-coding regions that affect gene expression
level, splicing or translation. Identifying these variants and understanding their significance
will require integrating data from variant rating algorithms like CADD, global assessments
of chromatin structure and regulatory elements from projects such as ENCODE,[43] and
targeted functional assays in affected cell lines, animal models, or /in vitro systems.

Clinical utility of gene-phenotype correlations and phenotypic associations

Gene-phenotype correlations in well-characterized, comprehensively sequenced cohorts
translate directly into improved prognostic information and medical management for
individuals with JS. For instance, results from this study indicate that individuals with JS
harboring causal mutations in 7TMEM&67 have a higher risk of developing liver fibrosis,
necessitating closer monitoring to allow early diagnosis and treatment of portal
hypertension. Likewise, individuals with causal mutations in CEP290 require closer
surveillance for retinal dystrophy. Our findings validate prior results from smaller cohorts
focused on single genes,[44,45,46] and also identify additional positive and negative
correlations. For example, individuals with causal mutations in 7TMEMGE7 appear less likely
to develop retinal disease and may require less frequent monitoring for this complication.
Even when the genetic cause is unknown, phenotypic associations can also guide
management and surveillance; for example, individuals with JS and retinal dystrophy should
be monitored more closely for renal dysfunction, and those with coloboma should be
monitored more closely for liver fibrosis.

While the strongest phenotypic associations observed in this cohort are consistent with
previously described JS-subtypes such as COACH syndrome,[45,46] and the retinal-renal
form of JS,[44] we did not observe clear-cut distinctions between phenotypic subgroups
corresponding to specific genetic causes. The molar tooth sign provides a unifying feature
for all affected individuals in our cohort, but the distribution of associated phenotypes
highlights the phenotypic variability and overlap with other ciliopathies. This is particularly
well illustrated by the individuals with mutations in the OFD-associated genes C2CD3 or
OFDI1 who have oral features, consistent with an OFD-like JS subtype; however, most
individuals with oral features in our cohort harbor mutations in other genes. Therefore,

J Med Genet. Author manuscript; available in PMC 2016 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Retal.

Page 10

phenotypic sub-typing is of limited clinical value for guiding molecular genetic testing.
Fortuitously, next-generation sequencing panels now preclude the need for prioritizing single
gene tests. Nonetheless, grouping individuals by genetic cause or clinical phenotype retains
value for determining their risk of developing progressive features and guiding clinical
management as described above.

Gene-specific mutation patterns provide insights into gene function

Limitations

The observed gene-phenotype correlations, along with the gene-specific mutation
distributions provide information about the function of the different genes. Genes associated
preferentially with particular phenotypes suggest a specific or more important role for these
genes in the affected organ systems. For instance, the association of CEP290 mutations with
retinal dystrophy in JS and Leber congenital amaurosis,[47] confirms the importance of
CEP290 function in the human retina, as seen in animal models.

The distribution of mutation types harbored by each gene also reveals information about
gene function. For instance, the near-absence of biallelic truncating mutations in some genes
suggests that full loss of function for these genes is poorly tolerated in humans, leading to
more severe phenotypes, such as Meckel syndrome or early fetal lethality. In support of this
hypothesis, fetuses with Meckel syndrome tend to carry two truncating mutations in
CC2D2ZA and TMEME7 compared to individuals with JS who usually carry at least one
missense mutation as previously described.[48-50] Likewise, biallelic truncating mutations
in TMEMZ216 and INPP5E have not been previously identified in individuals with JS and are
not found in our cohort.[22, 33, 34, 51] In contrast, virtually all individuals with JS due to
mutations in CSPP1 or CEP290 harbor two truncating variants in these genes, indicating that
severe loss-of-function is required to cause JS. This type of gene-specific information should
be considered when interpreting the significance of newly identified sequence variants, in
combination with allele frequency in controls, deleteriousness prediction algorithms, and the
phenotype of the affected individual. For example, missense mutations in CEP290 or CSPP1
detected by targeted or genome-wide clinical sequencing are less likely to be clinically
significant than missense mutations in TMEMZ16 or INPP5E. A further consequence of the
gene-specific distribution of mutation types lies in the development of potential specific
therapies: genes harboring a majority of nonsense mutations such as CEP290 may be
amenable to read-through therapies,[52] while this therapeutic direction would be less
valuable for genes harboring mainly missense mutations.

While larger than previously published studies, our analysis is still limited by the small
number of individuals with two RDVs in several genes associated with JS, precluding
statistically significant gene-phenotype correlations for these genetic causes. This is an
inherent limitation to the study of rare disorders with prominent genetic heterogeneity.
Similarly, the relative rarity of JS necessitates the world-wide enrollment of study
participants; consequently, phenotypic assessment is inhomogeneous and some features,
especially neurodevelopmental outcome, are difficult to assess at a distance. This is currently
a universal problem in the field of rare disorder genetics, where, for the first time, genetic
data is more easily available than phenotypic data. In this study, we made every effort to use
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conservative assumptions for tests of statistical significance; however, until validated by
other studies, these results should be translated into clinical practice with caution.

Impact of next-generation sequencing on diagnosis and treatment of Mendelian disorders

In summary, this work illustrates how applying advanced DNA sequencing technologies and
improved functional prediction algorithms to large, well-characterized cohorts, is enhancing
our understanding of the genetic architecture and gene-phenotype correlations in rare
Mendelian disorders. Identifying the genetic cause empowers individuals with JS and their
families to make family planning decisions, and gene-phenotype correlations provide more
reliable prognostic information leading to individually-tailored, organ-specific surveillance,
thereby improving the health and longevity of affected individuals while conserving
healthcare costs. In parallel, identifying the genetic causes of Mendelian disorders is
required for developing and applying gene-specific treatments. Similar to recent
breakthroughs in cancer treatment based on genomic information (reviewed in Sameek et al,
2014),[53] understanding the genetic causes of Mendelian disorders will inform future gene-
specific treatments and is a major step toward personalized medicine for affected
individuals.
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Figure 1. Phenotypic analysis of a large JS cohort
(A) Bar graph indicating the prevalence of major associated features. Absolute numbers are

indicated below each bar and 95% confidence intervals are presented. Information about
each feature was not available in every subject, so the denominators are different for each
variable. (B) Odds ratios for the association between pairs of features. Hepatic disease and
coloboma are highly associated with each other while encephalocele and polydactyly, retinal
and renal disease, and hepatic and renal disease are less strongly associated with each other.
Precise odds ratios with 95% confidence intervals are indicated for the four statistically
significant (***) associations. Detailed odds ratios and confidence intervals for all pairwise
possible associations are presented in Supplementary Table S4.
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Figure 2. Genetic causes in a large JS cohort
Bar graph indicating the proportion of individuals with JS carrying two rare deleterious

variants (RDVS) in each gene. Each bar is broken down to illustrate the relative frequency of
the observed mutations in each gene: red indicates two truncating mutations (including
nonsense, frameshift and canonical splice-site mutations), blue indicates one truncating and
one missense mutation (including small in-frame indels), green indicates 2 missense
mutations or small in-frame indels, and orange represents larger deletions.
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Figure 3. Gene-Phenotype correlation in JS
Bar graph indicating for each of the more frequently involved genes, and for two genes with

significant phenotypic associations, the odds ratio for each of the six commonly associated
features: retinal disease, renal disease, hepatic disease, coloboma, polydactyly and
encephalocele. Statistically significant odds ratios (Fisher’s exact test or Chi-square test) are
marked with an asterisk (***). Confidence intervals are omitted for clarity but are listed in
Supplementary Table S9.
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Demographic characteristics of the UW JS cohort

Characteristic N %’
Current Age (years)
0-9 178 335
10-19 157  29.5
20-29 65 12.2
30-39 24 4.5
240 6 11
Unknown age 42 7.9
Deceased
Terminations of pregnancy 11 2.1
Other deaths ™ 49 92
Total 532 100
Continent of residence
North America 316 59.4
Europe 51 9.6
Australia 23 43
South America 17 32
Asia (Middle East=88) 125 235
Families with known consanguinity° 84 191
Male 295 555
Families with > 1 affected child” " 179

*
Includes one in utero demise.

o

Percentages are calculated by individual for all variables except consanguinity and > 1 affected child
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Table 2

Additional features observed in individuals with JS

Characteristic N | Minimum prevalence (%)™
Nervous system
Agenesis of the corpus callosum 162 3.0
Heterotopia 15 2.8
Polymicrogyria 7 1.3
Ventriculomegaly 53 10.0
Seizures 55 10.3
Mouth
Cleft Palate
Hard Palate 13 24
Soft Palate 7 13
Tongue Tumors 17 3.2
Oral Frenulae 9 1.7
Eye
Strabismus 167 314
Ptosis 104 19.5
Other
Hearing Loss 16 3.0
G-Tube 43 8.1
Scoliosis 28 5.3
Heart 7[7 13
Endocrine
Panhypopituitarism 5 0.9
Hypothyroidism 4 0.8
Micropenis 10 1.9
Other 11€ 21
Laterality defects 30’ 0.8
Mental Health Issues 47¢ 8.8

*
assumes that the feature is absent when the feature is not documented to be present. Denominator=532 individuals.
a. . .
includes complete (13) and partial (3) agenesis of the corpus callosum
includes atrial septal defect (3), coarctation of aorta (2), bicuspid aortic valve and aortic stenosis (1), narrowing of aortic arch (1)

cincludes Hashimoto’s disease (1), type | diabetes mellitus (2), unknown type diabetes (1), ovarian failure (1), polycystic ovarian syndrome (1),
growth hormone deficiency (3), elevated parathyroid hormone (1), and absence of pituitary bright spot, premature puberty, and borderline diabetes

@

dincludes dextrocardia (1), situs inversus (2)
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é’includes anxiety (6), ADHD/ADD (8), autism spectrum disorder (16), depression/bipolar disorder (5), aggression (2), obsessive compulsive
disorder (2), borderline personality disorder (1), Anorexia Nervosa (1), non-specified behavioral problems (6)
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