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Abstract

The Joubert syndrome (JS), Meckel syndrome (MKS), and nephronophthisis (NPH) ciliopathy
spectrum could be the poster child for advances and challenges in Mendelian human genetics over
the past half century. Progress in understanding these conditions illustrates many core concepts of
human genetics. The JS phenotype alone is caused by pathogenic variants in more than 40 genes;
remarkably, all of the associated proteins function in and around the primary cilium. Primary

cilia are near-ubiquitous, microtubule-based organelles that play crucial roles in development

and homeostasis. Protruding from the cell, these cellular antennae sense diverse signals and
mediate Hedgehog and other critical signhaling pathways. Ciliary dysfunction causes many human
conditions termed ciliopathies, which range from multiple congenital malformations to adult-onset
single-organ failure. Research on the genetics of the JS-MKS-NPH spectrum has spurred extensive
functional work exploring the broadly important role of primary cilia in health and disease. This
functional work promises to illuminate the mechanisms underlying JS-MKS-NPH in humans,
identify therapeutic targets across genetic causes, and generate future precision treatments.
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INTRODUCTION

In retrospect, it does not seem terribly surprising that Joubert syndrome (JS), Meckel
syndrome (MKS), and nephronophthisis (NPH) represent a spectrum of ciliopathy
conditions unified by their overlapping phenotypes, interrelated genetic causes, and shared
biological mechanisms linked to primary cilium dysfunction; however, this was not clear
when the conditions were first described. In fact, the JS-MKS-NPH spectrum embodies
some of the great successes and challenges of understanding Mendelian conditions. In
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this review, we elaborate on how research on the JS-MKS-NPH spectrum illustrates

many fundamental concepts of human genetics—defining diagnostic categories, allelism,
pleiotropy, phenotypic expansion, locus (genetic) heterogeneity, lumping and splitting,
gene—phenotype correlations, genetic modifiers, and non-Mendelian inheritance. We also
cover how the advances in human genetics have been synergistic with research on the
biochemical, cellular, and developmental mechanisms underlying these conditions and hold
great promise for future precision therapies to improve the health and quality of life of
affected individuals. For a broader summary of all ciliopathies, we refer readers to a review
by Reiter & Leroux (110).

CLINICAL DESCRIPTIONS

Joubert Syndrome

The first published description of JS was in a family with three children who had
developmental delay, ataxia, abnormal breathing patterns, and agenesis of the cerebellar
vermis (66). Many families were subsequently described, identifying involvement of the eye,
kidney, liver, skeleton, and other body systems (9). It was not until the 1990s that the highly
distinctive mid-hindbrain malformation was identified by magnetic resonance imaging
(MRI) (88, 129). The molar tooth sign (MTS) appearance on axial MRI results from
cerebellar vermis aplasia/hypoplasia, thick and horizontally oriented superior cerebellar
peduncles, and often a deep interpeduncular fossa, and is considered pathognomonic for

JS (Figure 1). This has allowed a clearer delineation of the associated clinical features in
cohorts of patients with the MTS.

Clinically, JS typically presents during infancy with hypotonia, abnormal eye movements,
and alternating tachypnea and apnea. Some individuals present as children or adults with
mild ataxia and/or cognitive impairment (36, 102, 112). JS is increasingly diagnosed
prenatally based on mid-hindbrain imaging abnormalities, often combined with abnormal
kidneys, polydactyly, or other features; however, fetuses with JS are commonly assigned

to less specific diagnostic categories, such as Dandy—Walker malformation or cerebellar
vermis hypoplasia. Additional brain abnormalities seen in some patients include heterotopias
(of the cortex, midbrain, and hindbrain, particularly the cervicomedullary junction),
polymicrogyria, and agenesis of the corpus callosum (67, 107). Other variable features
include polydactyly (~15% of people with JS); coloboma, a congenital eye malformation
(~15%); retinal dystrophy (~30%); dysplastic kidneys, including cystic kidney disease and
kidney fibrosis (~20%); and liver fibrosis (~15%). JS is not associated with a recognizable
facial appearance (19). Until the recent descriptions of an autosomal dominant form of mild
JS (119, 121), only recessive and X-linked inheritance had been described. The estimated
prevalence in Italy is approximately 0.5/100,000 for adults and 2/100,000 for people under
19 years of age (95).

Meckel Syndromel

The recognizable combination of occipital encephalocele, polycystic kidneys, and
polydactyly was described in two siblings by Johann Friedrich Meckel (90) in 1822. This
clinical description has evolved with reports of more examples (14) and the identification
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of genetic causes. Although evidence-based diagnostic criteria have not been established,
the four central characteristics of MKS appear to be occipital encephalocele, large cystic—
dysplastic kidneys, congenital hepatic fibrosis (also called ductal plate malformation),

and polydactyly. A variety of additional malformations have been described, including
additional brain abnormalities (cerebellar hypoplasia, hydrocephalus, holoprosencephaly,
and anencephaly); coloboma, microphthalmia, or anophthalmia; cleft lip and palate;

oral hamartomas; congenital heart disease; ambiguous genitalia; and skeletal dysplasia.
Clinically, MKS is diagnosed during pregnancy based on prenatal imaging findings or at the
time of delivery. It is typically associated with pre- or perinatal lethality, although survival
beyond infancy has been described. So far, only recessive inheritance has been demonstrated
for MKS. The estimated prevalence is approximately 2/100,000 (14).

Nephronophthisis

NPH was first described as a clinical entity by Smith & Graham (132) in 1945, as
progressive kidney disease in an 8-year-old girl with severe chronic anemia. Autopsy
revealed kidneys with innumerable medullary cysts less than 1 cm in size. NPH is most
frequently seen in isolation but is also a feature of syndromic conditions, such as Senior—
Laken, Dekaban—-Arima, COACH (cerebellar vermis hypo/aplasia, oligophrenia, congenital
ataxia, coloboma, and hepatic fibrosis), and Mainzer-Saldino syndromes, as well as
cranioectodermal and short-rib thoracic dysplasias and other conditions (138). It can present
through adulthood but typically presents in the early teenage years and progresses to kidney
failure. This review focuses mainly on genetic forms of NPH that overlap with JS and MKS.
Generally, NPH displays autosomal recessive inheritance, and the estimated prevalence is
1/50,000 to 1/100,000.

DISEASE GENE DISCOVERY

We are in the golden age of Mendelian condition gene discovery, enabled by advances

in phenotyping, genomic technologies, and data sharing (12). As with many recessive
conditions, early gene discovery in JS-MKS-NPH during the 1990s relied on cytogenetics
and laborious mapping strategies to identify loci, followed by further laborious Sanger
sequencing of candidate genes in the mapped intervals. In fact, cytogenetics enabled the
discovery of a relatively common recurrent deletion encompassing the NPHPI gene as the
first genetic cause of NPH in 1997 (57). While NPH was already established as a feature of
JS, the first genetic link came in 2004, when NPHPI deletions were identified in patients
with JS. That same year, linkage mapping and Sanger sequencing identified biallelic AH/1
variants in JS patients (35, 43). The first genetic cause of MKS, dysfunction of MKS1,

was identified based on a shared chromosome 17g22 haplotype in Finnish families (70).
The advent of next-generation sequencing accelerated gene discovery, ultimately resulting in
more than 40 genes associated with JS, more than 15 associated with MKS, and more than
15 associated with NPH (Figure 2; Table 1).

IMeckel syndrome is sometimes referred to as Meckel-Gruber syndrome. Due to the apparent involvement of Dr. Gruber in arguing
that the actions of the Nazi movement in Germany were ethically justified, we discourage the use of his name (89).
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Gene discovery efforts in JS-MKS-NPH also highlight the need for caution when
establishing an association between genes and phenotypes. Several published associations
do not meet the highest level of evidence, due to very small numbers of families, inadequate
clinical information, and/or stronger support for association with a different phenotype
(Supplemental Table 1).

LOCUS HETEROGENEITY AND ALLELISM

The JS-MKS-NPH spectrum represents extreme examples of locus heterogeneity, where
the same phenotype is caused by variants at many loci. For instance, the MTS phenotype

of JS appeared to be so specific that, initially, it seemed like JS might be associated

with only one gene; however, after the first two JS-associated genes accounted for less

than 10% of families, it quickly became clear that JS is very genetically heterogeneous.
Nonetheless, the fact that all genetic causes of JS affect proteins that function in and around
the primary cilium (see the section titled Biochemical and Cellular Mechanisms, below)

is a tribute to the specificity of the phenotype. By contrast, the genetic causes of broad
diagnostic categories such as autism and intellectual disability implicate many different
cellular mechanisms.

Similarly, the JS-MKS-NPH spectrum exemplifies marked allelism, since many different
variants in each gene cause each phenotype, in contrast to conditions such as
achondroplasia, which is caused almost exclusively by a single variant in a single gene.
The distribution of variant types across JS-associated genes illustrates several genetic
phenomena, including a copy number variation hot spot (recurrent NPHPI deletion), a
founder variant [ TMEMZ216¢.218G>T (p.R73L) in people of Ashkenazi ancestry], genes
sensitive to loss of function (predominantly missense variants in /NPP5E), and genes
resistant to loss of function (predominantly truncating variants in CEP290) (Figure 3).

CATEGORICAL DIAGNOSES, LUMPING, AND SPLITTING

Categorical clinical diagnoses play a critical role in organizing our thinking about patients.
Even in the absence of information about the biological basis, clinical diagnoses of genetic
conditions inform prognosis and recurrence risk and guide additional diagnostic evaluations
and treatment. For obvious reasons, prior to the 1950s, identifiable DNA differences did
not play a role in defining genetic conditions, which was instead based only on clinical
information. Thus, MKS and JS were thought to be distinct for decades due to their marked
differences in phenotype.

The identification of pathogenic CEP290 variants in both JS (118, 146) and MKS (8)
provided the first genetic evidence that these diagnoses should be lumped rather than split.
The eventual association of 17 genes with both of these diagnoses indicates that they largely
represent the mild and severe ends of the same biological spectrum (Figure 2a). Further
observations that JS and MKS can occur in family members with the same causal variants
solidified this concept. In parallel, the identification of similar variants in the same genes
provided support for the idea that other conditions, such as COACH (37), acrocallosal

(29), hydrolethalus (96), Mainzer-Saldino (53) and Varadi—Papp (oral-facial-digital type V1)
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(82) syndromes, are also part of the JS-MKS-NPH spectrum, although devoted splitters
might argue that JS represents more than 40 genetically distinct conditions. When genetic
causes appear to impact a defined biological process and result in a coherent recognizable
phenotype, we agree with grouping them under an umbrella diagnostic category, such as
ciliopathies. This concept has greatly facilitated disease gene discovery and mechanistic
understanding by guiding investigators to group patients with similar phenotypes and look
for pathogenic variants in functionally related genes (21).

By contrast, the identification of variants in genes for other ciliopathies has split the
JS-MKS-NPH spectrum from other ciliopathy diagnoses, such as Bardet-Biedl syndrome
(BBS). BBS is a genetically heterogeneous recessive ciliopathy that shares some features
with JS (intellectual disability, retinal dystrophy, kidney disease, and polydactyly) but
also includes other non-JS features (obesity and hypogonadism) and does not include

the defining JS brain malformations. This phenotypic distinction is largely supported by
nonoverlapping genetic causes, with the exception of rare patients with possible BBS who
carry one or two pathogenic variants in CEP290, MKS1, IFT74, or IFT172(44). Brain
imaging data are not presented for many proposed BBS patients, so it is possible that

they have JS with obesity rather than BBS. Similarly, the JS-MKS-NPH spectrum does
not genetically overlap with other ciliopathies, such as Alstrom and Ellis—van Creveld
syndromes, cranioectodermal dysplasia, and autosomal dominant polycystic kidney disease.
With the rapidly expanding availability of next-generation sequencing and advances in
human disease gene discovery, genetic causes now play an important role in defining
syndromic conditions.

PLEIOTROPY

As noted above, multiple body systems are commonly impacted in the JS-MKS-NPH
spectrum, including the brain (MTS and occipital encephalocele), eye (coloboma and
retinal dystrophy), kidney (cystic dysplastic kidneys and NPH), liver (fibrosis), and skeleton
(polydactyly and skeletal dysplasia). Less frequent features impact almost all body systems.
Identifying the genetic causes explained this remarkable pleiotropy, since primary cilia are
present on almost all cells, participate in many signaling pathways, and play widespread
roles in the development and function of many body systems.

PHENOTYPIC EXPANSION

Historically, human genetic conditions have been defined by recognizing nonrandom co-
occurrence of clinical features in multiple patients, which led to the discovery of the
underlying genetic causes. Established genetic causes are then evaluated in phenotypically
broader groups of patients who have subsets of the features in the originally identified
patients but also have other features, gradually revealing the full spectrum of phenotypes
associated with dysfunction of a particular gene. Similar to other Mendelian conditions with
known genetic causes, the spectrum of phenotypes associated with many of the JS-MKS-
NPH-associated genes has expanded over time. For instance, clearly pathogenic biallelic
JS-gene variants have been recently identified in multiple patients who have ocular motor
apraxia and other neurological features consistent with JS; however, they do not have the
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MTS, representing a phenotypic expansion beyond classically defined JS. Similarly, biallelic
variants in CEP290, AHI1 (94), and /NPP5E (116) can cause isolated retinal dystrophy, and
TMEMG67 variants can cause isolated NPH (99).

GENE-PHENOTYPE AND GENOTYPE-PHENOTYPE CORRELATIONS

One of the central questions in genetics is how variation in the genome results in phenotypic
variation. In Mendelian conditions, high-impact causal variants are major determinants of
phenotype, modified by lower-impact variants and environmental factors. In genetically
heterogeneous conditions such as the JS-MKS-NPH spectrum, the phenotype is also
influenced by the gene in which the causal variants occur. For the purposes of this review,
gene—phenotype correlation refers to the relationship between the gene and the phenotype,
while genotype—phenotype correlation refers to the relationship between variants within a
gene and the phenotype. We define a gene—phenotype correlation as the association between
dysfunction of a specific gene and a characteristic constellation of one or more phenotypic
features.

The strongest gene—phenotype correlations involve diagnostic categories with relatively
little clinical and genetic overlap (e.g., CFTR-related cystic fibrosis versus DMD-related
muscular dystrophy). In fact, these gene—phenotype associations help define the diagnostic
categories. The situation is more complicated with phenotypically overlapping and
genetically heterogeneous conditions; for example, genes associated with autism overlap
substantially with those associated with intellectual disability (117). Despite overlapping
phenotypes, ciliopathies appear to separate into distinct conditions. For instance, JS and
MKS are distinct from other ciliopathies, such as Alstrom and Ellis—van Creveld syndromes,
and from BBS, with very rare possible exceptions (see the section titled Categorical
Diagnoses, Lumping, and Splitting, above). Within the JS-MKS-NPH spectrum, each gene
has been associated with one or more of the three diagnostic categories (Figure 2; Table 1):
23 genes are associated with JS alone, 1 with MKS alone, and 15 with isolated NPH alone.
By contrast, 17 genes are associated with both JS and MKS, 3 are associated with both JS
and isolated NPH, 1 is associated with MKS and isolated NPH, and 1 is associated with JS,
MKS, and isolated NPH.

Gene—phenotype correlations are more subtle within narrower phenotypes with genetic
heterogeneity, such as JS. Early on, it became apparent that some genes were associated
with specific variable features of JS. These anecdotal observations have been substantiated
by more systematic analyses showing the strongest associations of TMEM6E7 dysfunction
with coloboma and liver fibrosis and CEP290 dysfunction with retinal dystrophy (10). The
information on gene—phenotype correlations is limited because these conditions are rare,
most of the genetic causes impact only a small proportion of patients, gathering phenotypic
data systematically from across the world is challenging, and phenotypic variability is
substantial, likely due to genetic modifiers and environmental factors. For a condition

like JS, where all genes/proteins function in the same cellular process(es), detecting
gene—phenotype correlations appears to be the exception rather than the rule. While gene—
phenotype correlation information is limited, the implications are important for informing
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prognosis and guiding medical monitoring, as well as for focusing treatments on the genetic
causes associated with the highest risk of progressive features (9).

Genes associated with more than one phenotypic presentation along the JS-MKS-NPH
spectrum provide the opportunity to evaluate genotype—phenotype correlations—that is,
whether the predicted deleteriousness of variants within a given gene correlate with the
severity of the phenotype, from NPH at the mild end to MKS at the severe end, with

JS in the middle. This is analogous to an allelic series in a model system. The initial
papers implicating TMEMG67and CC2DZ2A dysfunction in both MKS and JS found more
truncating variants in MKS than in JS (93). TMEM&67 dysfunction has been linked to the
entire JS-MKS-NPH spectrum. As shown in Figure 4, only biallelic missense variants in
TMEMG67 are associated with NPH; approximately half of patients with JS carry biallelic
missense variants, while the other half carry one missense and one truncating variant; and
approximately half of fetuses with MKS carry biallelic truncating variants, while a quarter
carry missense and truncating variants and the remaining quarter carry biallelic missense
variants. It is likely that other genes display similar genotype—phenotype correlations.

In another example exploring allelic series, Shimada et al. (130) found that fibroblasts

from people with CEP290-associated JS were different from those from people with

Leber congenital amaurosis (LCA). JS-associated fibroblasts did not have detectable
CEP290 protein, while this protein was reduced in LCA-associated fibroblasts. Interestingly,
ciliogenesis and ciliary length were not affected in LCA-associated fibroblasts, but JS-
associated fibroblasts showed impaired ciliogenesis and highly variable ciliary lengths. The
JS-associated fibroblasts also showed reduced ciliary ARL13B and ADCY 3, whereas these
proteins were at near-control levels in LCA-associated fibroblasts.

GENETIC MODIFIERS

As with all Mendelian genetic conditions, the phenotypic expression of the JS-MKS-NPH
spectrum in a given person likely depends on the causal gene, the specific effects of the
causal variants, genetic modifier variants in the rest of the genome, and environmental
factors. The causal gene and variants have the largest impact, while genetic modifiers and
environmental factors have smaller effects. Genetic modifiers are well documented in animal
systems based on the ability to perform enhancer/suppressor screens in relatively uniform
genetic backgrounds. It is more difficult to identify specific genetic modifiers of Mendelian
conditions in humans. The best examples come from conditions with uniform genetic
causes, such as the identification of DCTN4 variants as modifiers of chronic Pseudomonas
infection in cystic fibrosis, often due to the CF7R F508 variant (41).

The situation is more complex for phenotypes in the JS-MKS-NPH spectrum, because

these phenotypes can result from hundreds of causal variants across almost 60 published
genes. Presumably, these diverse variants have a broad range of functional effects, likely
contributing the most variability to the phenotypic presentations, although the functional
effects of most variants have not been systematically evaluated. Nonetheless, discordant
phenotypes in siblings and individuals with identical causal variants provide strong evidence
for the existence of genetic and environmental modifiers in ciliopathies (87). For instance,
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in the TMEMG67 analysis presented above, two siblings homozygous for the p.C615R variant
had clear JS with kidney and liver involvement, while several other individuals had kidney
and liver involvement with normal brain imaging and no neurological symptoms (99).
Similarly, discordant phenotypes in different strains of mice with the same causal variant
also support a role for genetic modifiers (3) (see the section titled Genetic Modifiers in
Animal Models, below).

Despite the evidence for genetic modifiers of JS-MKS-NPH phenotypes and many anecdotal
reports of candidate variants (28, 58), it remains challenging to prove a role for specific
variants in humans due to the limited numbers of patients, the diversity of causal variants,
the difficulties of quantifying phenotypic severity, and the possibility that multiple variants
of small effect rather than single variants of large effect act as modifiers. These factors
make it difficult, and perhaps impossible, to prove the impact of most proposed genetic
modifiers based on human genetic data alone. To date, the strongest evidence for specific
modifiers supports associations of the AH/Z p.R830W and RPGRIPIL p.A229T variants
with retinal dystrophy risk in patients with NPH (83) and BBS (69), respectively, although
these studies have not been replicated. In one study investigating human genetic modifiers,
an RPGRIPIL variant, p.A229T, was detected in people with BBS or NPH with and
without retinal degeneration. This variant was found at low frequency in people with retinal
degeneration and was absent in people with isolated NPH, suggesting that the p.A229T
variant increases the likelihood of retinal involvement (69). Evidence for genetic modifier
variants in nonciliopathy genes has not been reported for JS-MKS-NPH phenotypes in
humans, and evidence for environmental modifiers in humans is also very limited.

NONMENDELIAN INHERITANCE

Although JS, MKS, and NPH have historically been regarded as almost exclusively recessive
conditions, we would be remiss to not consider other modes of inheritance, especially since
5-30% of individuals with JS and 60-70% of individuals with isolated NPH still lack a
genetic diagnosis (depending on the cohort and genetic analysis performed) (9, 10, 138).

Dominant Inheritance

Dominant inheritance must be considered in patients with heterozygous variants, particularly
when they segregate with a genetic condition in a family or when they occur de novo in
single individuals. Dominant inheritance arises from haploinsufficiency, where partial loss
of gene function results in a phenotype; dominant negative effects, where variants in one
copy of a gene interfere with the function of the other copy; and gain of function, where
variants cause increased gene activity or neomorphic effects that differ from the usual gene
function. Recently, the first dominant form of JS-MKS-NPH due to inherited and de novo
SUFU variants was reported in mildly affected individuals with JS (121).

Oligogenic Inheritance

Oligogenicity most commonly refers to situations in which variants in more than one gene
can cause a phenotype. In ciliopathies, one example is triallelic inheritance, in which a
combination of biallelic variants in one gene and a heterozygous variant in a second gene
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has been proposed to cause BBS in some families (68). Additionally, heterozygous variants
in two different genes have been proposed to cause NPH in a few families (58). Detailed
analysis of one large JS cohort did not reveal substantial evidence for oligogenic inheritance
mechanisms, but oligogenicity could not be excluded in a small subset of families (106).

In patients with heterozygous variants in more than one JS gene (single hits), unidentified
second-hit variants in one of the genes could explain the genetic cause. These patients
provide an excellent opportunity to characterize difficult-to-identify variant types, including
noncoding variants, structural variants, repeat expansions, and mobile element insertions,
among others.

BIOCHEMICAL AND CELLULAR MECHANISMS

Over the past century, remarkable progress has been made in our understanding of
ciliopathies such as JS-MKS-NPH and the basic biology of cilium function, in large part
due to the synergistic advances in human genetics, biochemical and cell biology techniques,
and model organisms.

General Information on Primary Cilia

Primary cilia are micron-scale antenna-like projections found on nearly every cell that

sense mechanical, chemical, and light input and mediate signaling pathways. Specialized
doublet microtubules polymerize from a modified centriole called the basal body, forming

a cylindrical structural core called the axoneme. The distal GTP-capped microtubule tips
create a compartment where tip-specific microtubule-associated proteins bind. The proximal
ciliary membrane is continuous with the plasma membrane, albeit with a distinct lipid
composition. At the base, cilia are partitioned from the cell by the transition zone (TZ),
which forms the interface between cellular cytoplasm and cilioplasm; anchors the basal body
to the plasma membrane, preventing passive diffusion of large soluble proteins; limits lateral
diffusion of membrane-associated proteins and lipids; and facilitates ciliary protein ingress.
A devoted intraflagellar transport (IFT) system quickly adjusts protein content. This system
uses plus-end-directed kinesin motors to shuttle proteins across the TZ and to the ciliary tip.
IFT trains reorganize at the tip and transport proteins bound for ciliary export to the ciliary
base using minus-end-directed dynein motors (Figure 5).

Identifying Central Mechanisms

A central question in the biology of JS-MKS-NPH is how the dysfunction of so many
genes results in these phenotypes, as distinct from the other ciliopathies (Figure 6). For
instance, some of the JS-MKS-NPH spectrum phenotypes overlap with BBS, which is
characterized by intellectual disability, retinal dystrophy, and polydactyly but no structural
brain malformation. Despite the overlapping phenotypes, BBS is caused by dysfunction of
a cilium-related protein network that is largely distinct from that involved in JS-MKS-NPH.
For instance, protein interaction screens using JS-associated proteins as bait pull out other
JS-MKS proteins (the Joubertome), while proteins involved in BBS pull out other BBS
proteins (the BBSome) with little overlap.
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Extensive work on JS-MKS-NPH-related genes in model organisms with null mutations has
revealed a wide variety of defects in cilium number and morphology, multiple signaling
pathways, cytoskeletal organization, autophagy, and DNA damage response (Figure 6).
Some of these defects have been observed only with dysfunction of one or two genes. For
instance, only CEP290, CEP164, and ZNF423 have been implicated in the DNA damage
response; therefore, we do not consider this a likely core disease mechanism (23, 30).
However, some defects are shared across many genetic causes of the JS-MKS spectrum and
are therefore more likely to be central to the pathological mechanisms. Since JS has the
tightest clinical phenotype and substantial genetic overlap with MKS, we focus on JS-MKS
gene dysfunction here.

Not Just a Transition Zone-opathy

Approximately half of JS-associated proteins localize to the TZ (Figure 5). The other half
localize to various ciliary subcompartments, some of them (notably ARL13B and INPP5E)
in a TZ-dependent manner. For example, PDE6D shuttles lipid-modified proteins to the
cilium but does not localize within the cilium. In addition, dysfunction of the basal body-
localizing ARMC9/TOGARAM1 module does not appear to disrupt TZ function, since
both TZ components and ciliary ARL13B and INPP5E localize similarly to controls (73).
Interestingly, almost all MKS-associated proteins localize to the TZ (Figure 5).

The TZ is often subdivided into protein interaction modules named for the association

of their component proteins with certain conditions (i.e., the NPHP and MKS modules,
shaded in blue in Figure 5a) (115). This naming convention arose more than a decade ago.
Given our evolving knowledge about the genetic spectrum of JS-MKS-NPH, the named
modules do not map neatly to the phenotypes; therefore, we discourage referring to protein
complexes or modules by phenotypes unless the correlation is consistent, as is the case for
the BBSome.

Intraflagellar Transport

IFT dysfunction can interfere with cilium formation, stability, length, and morphology in
addition to disrupting signaling pathways. In model organisms, IFT dysfunction phenotypes
include abnormal neural tube patterning, skeletal dysplasia, polydactyly, and early lethality.
In humans, /FT7172and /FT74 dysfunction causes JS. 77C21B, which encodes IFT139,

is associated with isolated NPH and NPH with extrarenal phenotypes (32). Other IFT
components and ciliary motors (e.g., the dynein-2 motor complex) are associated with
skeletal dysplasia ciliopathies (reviewed in 156) but have not been implicated in JS-MKS-
NPH, precluding the involvement of general IFT dysfunction.

Ciliary Microtubule Posttranslational Modifications

Ciliary microtubules undergo a variety of posttranslational modifications, including
glutamylation on the outer surface and acetylation in the microtubule lumen. Axonemal
posttranslational modifications influence microtubule stability, molecular motor activity,
microtubule-associated protein localization, and resistance to mechanical stress. Defects in
ciliary posttranslational modifications have been described with dysfunction of multiple
JS-associated proteins. In CEP41-associated JS patient fibroblasts, the glutamylating
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enzyme TTLLG6 fails to localize to the cilium, resulting in axonemal hypoglutamylation
(74). Similarly, ARL13B promotes ciliary import of the tubulin glutamylating enzymes
TTLL5 and TTLL6, and small interfering RNA-mediated ARL13B knockdown results
in hypoglutamylation (55). Furthermore, both acetylation and glutamylation are reduced
in hypomorphic Kif7-13%P mouse embryonic fibroblasts (56). ARMC9Y-and TOGARAMI-
associated JS patient fibroblasts also display reduced axonemal acetylation and
polyglutamylation, as confirmed in genome-engineered cell lines and zebrafish (20, 73).
Defects in other posttranslational modifications, such as glycylation or detyrosination,
have not been identified in the JS disease context. To our knowledge, posttranslational
modification defects have not been described in the context of MKS-NPH, but they have
been implicated in polycystic kidney disease and other ciliopathies (17, 86).

Ciliary Membrane Phosphatidylinositol Content

The ciliary membrane is a privileged domain, distinct from the rest of the plasma membrane.
Part of this distinction is maintained by differences in phosphatidylinositol (PI) content,
maintained in part by a single 5" phosphatase, INPP5E; the role of ciliary P kinases is

less clear. P1(4,5)P, (the INPP5E substrate) is restricted to the ciliary base, while PI1(4)P

(the INPP5E product) is the major ciliary PI. In addition, INPP5E may control TZ structure
and function by modulating P1(3,4,5)P3 and PI1(3,4)P, (39). INPP5E dysfunction (due to
mutation, mislocalization, or insufficient activity) is a common mechanistic defect seen in
many genetic causes of JS.

Multiple JS-MKS proteins target and retain INPP5E in cilia. PDE6D shuttles INPP5E to the
cilium via its C-terminal farnesylated CaaX maotif. Ciliary ARL13B converts ARL3-GDP to
ARL3-GTP, a cargo release factor that in turn releases INPP5E from PDEGD in the cilium.
Therefore, ciliary localization of INPP5E requires PDE6D (143), ARL3 (5), ARL13B (63),
and the INPP5E CaaX motif (108). Notably, TZ dysfunction can also result in reduced
ciliary INPP5E due to faulty ciliary ARL13B retention (63).

While INPP5E mislocalization is not an obligate feature of JS based on recent data showing
proper ciliary localization in fibroblasts from patients with ARMCY- and TOGARAM1-
associated JS (73), whether abnormal ciliary Pl localization is present across genetic causes
of JS remains an open question (i.e., INPP5E dysfunction due to mutation, mislocalization,
or insufficient activity has not been entirely excluded as a unifying mechanism of JS).

Hedgehog Signaling

In vertebrates, the primary cilium plays an obligate role in canonical Hedgehog (Hh)
signaling through the coordinated movement of receptors and effectors in and out of the
organelle (reviewed in 13). In the absence of Hh ligand, the PTCH receptor localizes to

the primary cilium and transports cholesterol from the inner to the outer leaflet of the
ciliary membrane, limiting SMO activation. SUFU and KIF7 complex with the transcription
factors GLI2 and GLI3 to regulate their ciliary and nuclear localization. In addition,
GPR161, a constitutively active orphan G protein—coupled receptor, helps maintain GLI2
and GLI3 in their phosphorylated forms via protein kinase A. Phosphorylated GLI2 and
GLI3 are ubiquitinated, resulting in proteolytic cleavage of the activator domain and
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conversion to transcriptional repressors. KIAA0586 influences both GLI3 activator/repressor
ratios and GL/1 expression (31). With stimulation, Hh binds PTCH, which is exported

from the cilium, promoting SMO entry and GPR161 exit. With reduced ciliary PTCH,
cholesterol accumulates in the inner leaflet and directly activates SMO. GLI2 and GLI3
localization increases at the ciliary tip, and they remain as full-length transcriptional
activators that translocate to the nucleus and upregulate targets that include GL/1 and
PTCHI. Additionally, noncanonical Hh signaling occurs independently from cilia and
involves at least some JS-associated proteins as effectors, notably ARL13B (49).

In addition to the direct involvement of SUFU, KIF7, and KIAA0586 in the Hh signaling
pathway (31, 56, 121), aberrant Hh signaling has been observed across most genetic causes
of JS-MKS-NPH in patient tissues, patient cell lines, and model systems—specifically, 31
of 42 JS genes, 14 of 19 MKS genes, and 7 of 19 NPH genes (Supplemental Table 2).

The most common published cellular indicators of abnormal Hh signaling in JS-MKS-NPH
include abnormal protein localization (SMO, GPR161, and GL12/3), GLI2/3 processing

and expression, and target gene expression (GL/1 and PTCHI), while the most common
developmental phenotypes are abnormal neural tube patterning and polydactyly. Though not
proven, polydactyly and other JS phenotypes (coloboma and potentially kidney disease) are
thought to be related to Hh based on similar phenotypes in animal models with disrupted Hh
signaling. Despite the extensive links between JS-MKS-NPH and Hh signaling, it remains
unclear exactly how the pathway is disrupted across genetic causes. The diverse assays used
in a wide variety of models, as well as differences between null and hypomorphic models,
make it difficult to discern exactly how Hh is disrupted and whether the disruption is similar
across genetic causes.

Wnt Signaling

The role of primary cilia in Wnt signaling is less well understood on a step-by-step level
(reviewed in 147). Elimination of cilia using K/F3A short hairpin RNA enhances Wnt
pathway activity, indicating that cilia may play an inhibitory role (48). In the absence

of Wnt ligand, the axin complex phosphorylates p-catenin, leading to its degradation and
reducing its transcriptional activation of target genes. When Whnt binds to the Frizzled class
of receptors, phosphorylated DVL/DSH inhibits axin complex formation, which reduces
B-catenin phosphorylation. Thus, B-catenin translocates to the nucleus to activate Wnt target
genes. While this cascade is not known to proceed within the cilium, the NPH-related ciliary
protein INVS can interact with DVL/DSH to prevent its activation, resulting in decreased
pathway activity (81). Primary cilia may also balance canonical and noncanonical Wnt
signaling, as some effectors, such as Vangl2, have been shown to localize to basal bodies and
axonemes (113).

Whnt signaling may well play a role in JS-MKS-NPH. TMEMG67 is a Frizzled-like
receptor that binds Wnt5a in noncanonical Wnt signaling (1, 2), and 7mem67 knockout
mice resemble Whitbaand Ror2 (encoding a noncanonical Frizzled-like Wnt receptor)
knockout mice. TMEMG7 interacts with ROR2, and this interaction is required for ROR2
phosphorylation and subsequent Wnt pathway transduction. In 7memé67 mutant mice,
cerebella have increased canonical Wnt gene expression, further substantiating the role
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of cilia to balance the canonical and noncanonical arms of Wnt signaling (1). Conversely,
the AhiZ mutant mouse model shows decreased Wnt signaling and cell proliferation at the
cerebellar vermis, a defect that was partially rescued via the Wnt pathway agonist lithium
(72).

Protein Composition

Crosstalk

For proper function, most cells must make a primary cilium and selectively transport
hundreds of proteins in and out of this tiny, privileged compartment (Figure 5). The TZ
functions as a ciliary gate to control protein traffic and prevent bidirectional diffusion.

IFT moves proteins bound for the cilium across this barrier and works in conjunction

with multiple mechanisms for protein retention and selective egress (i.e., the TZ, ciliary
lipids, axonemal binding, and the BBSome). The proteins involved in regulating ciliary
composition are implicated in a range of ciliopathies, indicating that aberrant ciliary protein
content likely contributes to the etiology of these disorders. Specific disease mechanisms
could involve abnormal localization of a single key protein or a characteristic set of proteins.
Alterations in ciliary protein composition have not been systematically evaluated across
genetic causes of JS-MKS-NPH, so this is a major focus of our laboratory.

Each aspect of ciliary biology discussed here does not occur in isolation; rather, the
impacted processes influence each other. For instance, a complex interplay exists among
the ciliary proteome, ciliary Pls, and Hh signaling. Hh pathway stimulation promotes a
coordinated movement of effectors into and out of primary cilia. The JS-associated protein
INPP5E requires an intact TZ for its ciliary localization, and once in the cilium, it controls
ciliary PI subtype distribution. Hh pathway activation alters ciliary P1 subtype distribution,
regulated by INPP5E function, which in turn influences the localization of ciliary proteins
(such as the Hh regulators SMO, GPR161, and TULP3) that bind specific Pls (24, 39,

47). Ciliary tubulin-modifying enzymes also impact Hh pathway function; for instance,
deglutamylation can reduce SMO and GLI3 ciliary localization (60). Ongoing approaches
to understanding the molecular mechanisms underlying JS-MKS-NPH will have to take this
complex crosstalk into account.

ANIMAL MODELS

Similar to the advances using biochemical and cell biology techniques, animal model work
has illuminated basic ciliary biology, as well as roles for cilia in development and disease.
Widely used models such as mice, zebrafish, Caenorhabditis elegans, and Chlamydomonas
have played central roles, while less commonly used organisms have also contributed,
including unicellular protists ( 7etrahymena, Paramecium, Ochromonas, Trypanosoma, and
Leishmanid), fungi, planarians, sea urchins, Drosophila, and Xenopus. Here, we focus on the
most common organisms used to study ciliary biology.

Chlamydomonas

Chlamydomonas may have contributed more to basic ciliary biology than any other
model organism, particularly in defining ciliary components and discovering and
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dissecting mechanisms of intraciliary trafficking (i.e., IFT and the BBSome). In addition,
Chlamydomonas was critical in linking the mouse ORPK polycystic kidney disease model
to both cilia and IFT (104, 105). This biflagellate algae is inexpensive; fast growing; easy
to image (both live and fixed); biochemically tractable, with easily isolated pure cilia; and
genetically tractable, with scorable and selectable cilium-related phenotypes (morphology,
cilium formation, hatching, swimming, mating, and phototaxing). These attributes make

it particularly appropriate for studying ciliary ultrastructure and motility. Conversely,
Chlamydomonas lacks organs, many signaling pathways, and other features characteristic
of metazoans. Orthologs for approximately a quarter of JS-MKS-related proteins have
been identified, mostly TZ and basal body proteins. The new Chlamydomonas Library
Project has made more than 60,000 insertional mutants, covering 83% of Chlamydomonas
nuclear protein-coding genes, readily available (80). This collection will facilitate analysis of
ciliopathy-related proteins in this powerful model for years to come.

Caenorhabditis elegans

Moving from unicellular protozoans to nematodes offers additional advantages. C. elegans is
inexpensive, genetically tractable, and easy to grow in large quantities. Unlike in vertebrates,
the developmental lineages for all cells have been mapped. C. elegans has more orthologs
with functional similarities to human genes than Chlamydomonas has [e.g., TZ function is
required for ciliary ARL13B (78) and INPP5E localization]. Genetic screens for mutants
with defects in dye uptake (dyfmutants), mechanosensory response (/mec mutants), osmotic
avoidance (osm mutants), and chemotaxis (che mutants) have efficiently identified ciliary
genes. Well-established methods exist for in vivo imaging of tagged ciliary proteins.
Disadvantages include a lack of organs and divergent cilium biology; for instance, C.
elegans has only highly specialized sensory cilia with unique structural features in a small
subset of neurons, which contrasts with the diversity of cilia in other species, and it uses

two different plus-end-directed IFT motors instead of the single motor in vertebrates.
Nonetheless, C. elegans has yielded important insights into genetic hierarchies of ciliary
genes, ciliary-secreted exosomes for intercellular communication, and the links between
cilia and polycystic kidney disease (15).

Zebrafish—Zebrafish models have proven useful for validating new ciliopathy-related
genes [e.g., CCZD2ZA (50), ARMCY, and TOGARAM!I (73)], evaluating variant
pathogenicity and genetic modifiers (69), and dissecting developmental defects and have
potential for small-molecule screens to develop precision treatments. Zebrafish have
substantial advantages for the study of human development and disease. They have all of the
major organ systems that are most relevant to ciliopathies (brain, retina, kidney, liver, and
skeleton); are more cost-effective and reproduce more quickly than mice; develop externally
and are transparent, allowing direct visualization of early development; and are genetically
tractable, with large panels of mutant lines. Many JS-MKS-NPH zebrafish models have
decreased cilia in brain ventricles, kidneys, and/or Kupffer’s vesicles. Similar to humans,
zebrafish display pleiotropic manifestations of JS-MKS-NPH gene dysfunction, including
retinal degeneration in several models, and pronephric cysts, the zebrafish equivalent of
cystic kidneys, present in approximately half of the models (Supplemental Table 3). By
contrast, despite close scrutiny, JS-like brain malformations have not been identified. Other
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phenotypes include a curved body axis, ventriculomegaly or abnormal cerebrospinal fluid
flow, laterality defects, craniofacial abnormalities, and microphthalmia. The fact that these
phenotypes are seen in multiple JS-MKS-NPH models mirrors the locus heterogeneity seen
in humans.

Mice—Mice are the go-to model for human disease. Their genetics, development, and
function are much more similar to humans’ than those of other model organisms, except for
large animal models and nonhuman primates. Advantages for modeling ciliopathies include
the presence of all relevant organs, similar cilia diversity and distribution to those of humans,
the availability of sophisticated genetic methods, the availability of cilia-relevant mutants,
concordance of signaling pathways and manifestations of disruptions (such as polydactyly
for Hh disruption), similar neural tube patterning to that of humans, and the availability of
behavioral assays.

These advantages come at a cost, since mice are the most expensive and time intensive

of the model organisms discussed here. In addition, they fail to mimic some aspects of
JS-MKS-NPH phenotypes. Even more than zebrafish, mouse models recapitulate many

of the pleiotropic manifestations of JS-MKS-NPH gene dysfunction in humans. Similar

to zebrafish, JS-MKS-NPH mouse models are missing cilia in subsets of tissues (46).
Embryonic/perinatal lethality is the most common mouse phenotype, likely explained in
part by the null variants in mice compared with the mostly hypomorphic variants seen in
humans (Supplemental Table 4). Beyond early lethality, the most common phenotypes are
retinal degeneration and microphthalmia/anophthalmia (which likely represents an extreme
form of coloboma), confirming the locus heterogeneity seen in humans. Polydactyly is often
seen, with up to nine digits in an OfdZ mouse model. Disrupted Hh signaling is frequently
reported, mainly assessed by abnormal neural tube patterning (both ventralized and
dorsalized) and Hh target gene expression. Laterality defects are another common feature
seen in mice but not humans and may also reflect differences in the pathogenicity of mouse
and human variants. Other frequent phenotypes include fibrocystic kidney involvement,
cranio-facial malformations, and exencephaly, a more severe form of encephalocele than is
typically seen in human fetuses with MKS. Subsets of mouse models have other shared
manifestations: skeletal dysplasia, hydrocephalus, ductal plate malformation/congenital liver
fibrosis, and curved body axis.

Some gene—phenotype correlations appear to be preserved between human and animal
models. For instance, in humans, AH/1 is associated with JS and isolated retinal dystrophy
but not with MKS, and mouse models display relatively mild cerebellar, retinal, and kidney
phenotypes, without encephalocele or polydactyly (83, 150). CEP290and AH/1 dysfunction
are strongly associated with retinal and renal disease in both humans and mice (10, 83,

109, 150), and AH/1 dysfunction is associated with retinal dystrophy in zebrafish as well
(77). By contrast, not all mouse Ajp/fipZ models (65, 79) have kidney involvement, despite
NPHPI dysfunction being the most common cause of human NPH. Similarly, an NPHP4
mouse model also failed to show kidney involvement in mice (153). Furthermore, TMEM67
is associated with high risk of coloboma and liver fibrosis, neither of which have been
published for mouse models. This highlights the need for careful evaluation of animal
models before using them to dissect mechanisms and develop treatments.
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Molar Tooth Sign—Related Joubert Syndrome Brain Phenotypes—Brain imaging
and neuropathological data from our group and others indicate that the JS brain
malformation is due to defects in fundamental processes required for brain development
(103, 107). The cerebellar vermis hypoplasia could be caused by aberrant cell fate
specification or decreased proliferation/survival of vermis cell populations. Brain stem
heterotopias are likely caused by neuronal migration defects, while decreased midline
decussation of axons may be caused by axon guidance defects. Modeling the brain
phenotypes of JS in animals has met with limited success. Multiple mouse models display
encephalocele, exencephaly, and patterning defects, possibly similar to the severe brain
phenotypes observed in fetuses with MKS. Several mouse models recapitulate the cerebellar
vermis hypoplasia seen in humans [Ahi1 (72), Cep290(72), Cep120(154), and Tmemé67
(1)1, but only conditional Ar/13band KIAA0586 ortholog 2700049A03Rik knockouts have
demonstrated abnormal superior cerebellar peduncle decussation similar to the human MTS
(16, 51).

Allelic Series in Mice—Animal models provide a means to directly evaluate the range
of phenotypes associated with dysfunction of a particular gene. Interestingly, null Ar/136
and /npp5e models recapitulate some brain phenotypes, but patient alleles engineered into
mice do not. Suciu et al. (139) compared neural tube patterning and cerebellar phenotypes
in an allelic series, including wild-type controls; a JS-associated allele, Ar/13b6R79QIR79Q,
a non-cilia-localizing allele, Ar/136V358AI V358A; and an Arl13bAIA null allele. Only the
null allele model displayed abnormal neural tube patterning, reduced cerebellar width, and
reduced or absent dorsal contralateral projects of the superior cerebellar peduncles.

Genetic Modifiers in Animal Models—Animal models have historically provided
solid evidence for genetic modifiers and oligogenic inheritance, but identifying and
characterizing modifiers of JS-MKS-NPH phenotypes in humans has been challenging due
to the large number of causal variants and the incredibly diverse genetic background in
humans compared with inbred animal models. C. efegans has been particularly useful for
identifying interactions between JS-MKS-NPH genes, defining specific genetic hierarchies
for ciliogenesis (64, 155). Zebrafish have also highlighted genetic interactions; mild
knockdown of Cep290 alone did not show a phenotype, while the same knockdown in
cc2dZa mutant fish markedly exacerbated the pronephric cyst phenotype, indicating that
CEP290variants might modify ciliopathy phenotypes in humans (50).

Similar to phenotypic variation in humans with identical causal variants, mouse lines

in different genetic backgrounds can sometimes have very different phenotypes. A good
example that recapitulates the JS-MKS spectrum is the 7memé67m1(P9enH) knockout mouse.
When it was made, two phenotypically distinct lines were isolated, presumably due to
differences in the genetic background: A more severe MKS-like line displayed fewer cilia,
underactive Hh signaling, highly dysregulated Wnt signaling, and disrupted neural tube
patterning, including encephalocele and exencephaly, and a less severe JS-like line displayed
cilia with abnormal morphology, overactive Hh signaling, mildly dysregulated Wnt
signaling, and mild neural tube patterning defects with cerebellar hypoplasia. Outbreeding
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Ahiland Tmemé67 knockout models also reduced early lethality and kidney pathology,
respectively (76, 150).

FUTURE DIRECTIONS

For decades, the primary cilium was thought to be a vestigial organelle, and ciliopathies
were not recognized as a coherent group of clinically and biologically defined conditions.
Advances in medical diagnostics, human genomics, bioinformatics, and basic research

on biochemistry, cell biology, and developmental biology have revolutionized our
understanding of the JS-MKS-NPH spectrum. Now, we have a nearly complete parts list
for the primary cilium, as well as a rapidly evolving understanding of how these parts
function together in health and disease. This allows us to provide a specific diagnosis to
most families, directly improving prognostic information, guiding medical monitoring and
treatment, and enabling carrier testing and prenatal diagnosis.

More complicated than single-gene Mendelian conditions but less byzantine than genetically
complex non-Mendelian conditions and traits, the JS-MKS-NPH spectrum now represents

a clinically and biologically well-defined system for understanding how variations in

the genome result in the range of human phenotypes. Further advances will require

new approaches to integrate the impacts of rare, large-effect causal variants with the

impacts of more common small-effect variants (genetic background). This will require
advanced informatic methods for modeling the effects of variant combinations on biological
mechanisms and phenotypes, combined with biological assays and comprehensive clinical
data sets to validate the predictions.

Already, improved mechanistic understanding of the progressive retinal, kidney, and

liver involvement in ciliopathies is opening the door to precision treatments. Antisense
oligonucleotides to induce exon skipping are showing promise in cell-based and animal
models. Targeted exon skipping effectively rescued cellular defects in patient fibroblasts
and renal epithelial cells (91). Translational read-through drugs have the potential to bypass
nonsense variants, resulting in full-length protein production, and have rescued phenotypes
in fibroblasts from patients with BBS and Alstrém syndrome (40). Small molecules to
modulate cilium-dependent signaling pathways are also showing promise. Srivastava et al.
(134) used an Hh pathway agonist (purmorphamine) or CDK5 antagonist (roscovitine)

to correct abnormally long and disorganized cilia in patient renal epithelial cells. Gene
therapies are also showing promise. Bbs1 expression using inhaled adenovirus restored
olfactory sensory neurons defects and odor responses in BbsZ mutant mice (152). Finally,
the BRILLIANCE clinical trial (ClinicalTrials.gov ID NCT03872479) is the first use of
CRISPR-Cas9 to correct a specific disease variant in humans, the recurrent CEP290 variant
that causes LCA. This remarkable progress in identifying genetic causes, understanding
biological mechanisms, and designing translatable treatments provides hope for people with
JS-MKS-NPH conditions and their families in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Affected Unaffected Affected Unaffected

Figurel.
Diagnostic features of JS visualized by MRI. In each pair of images, the left is from an

affected individual, and the right is from an unaffected individual of the same age. (4) MTS
on a T2-weighted axial image due to the combination of long, thick superior cerebellar
peduncles (the roots of the tooth) and a deep interpeduncular fossa (the cutting surface of
the tooth). This appearance is not always captured in a single plane, so it is important to
evaluate the MRI as a whole rather than relying on a single image. (4) Superior cerebellar
foliar dysplasia (white brackel) on an axial T2-weighted image, which is sometimes seen
in the absence of MTS in individuals carrying pathogenic variants in the JS-associated
genes (note that the folia at this level are usually shaped like a U or V). (¢) Horizontally
oriented superior cerebellar peduncle (red arrowhead) on a T1-weighted parasagittal image.
(a) Vermis hypoplasia (dotted outline), elevated roof of the fourth ventricle, and rostrally
displaced fastigium on a T1-weighted sagittal image. (&) Long, thick superior cerebellar
peduncles (red arrowhead) on a T2-weighted coronal image. (#) Cerebellar cleft (red arrow,
indicating fluid at the cerebellar midline) on a T2-weighted coronal image. Abbreviations:
JS, Joubert syndrome; MRI, magnetic resonance imaging; MTS, molar tooth sign. Figure
adapted from Reference 9.
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MTS on axial MRI: thick misoriented superior cerebellar peduncles, deep interpeduncular fossa, and vermis hypoplasia
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Figure 2.

JS-MKS-NPH phenotypic and genetic overlap and gene discovery time line. (4) Coarse
phenotypic spectrum, from severe MKS to milder JS. This schematic is based on
overlapping genetic etiology and phenotypic manifestations. () Overlap of genetic etiology
from the JS-MKS-NPH spectrum. Genes associated with JS are in blue, those associated
with MKS are in purple, and those associated with isolated NPH are in red, with overlap

as indicated by shading. (¢) Time line of published JS-MKS-NPH-associated genes.

Abbreviations: JS, Joubert syndrome; MKS, Meckel syndrome; MRI, magnetic resonance
imaging; MTS, molar tooth sign; NPH, nephronophthisis.
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Figure 3.

Genetic causes in a large JS cohort, showing the proportion of individuals with JS who
carry two rare deleterious variants in each gene. Each bar is broken down to illustrate the
relative frequency of the observed variants in each gene: Green indicates two missense
variants or small in-frame indels, blue indicates one truncating and one missense variant
(including small in-frame indels), red indicates two truncating variants (including nonsense,
frameshift, and canonical splice-site variants), and yellow indicates two larger deletions.
For each bar, nindicates the total number of people with JS who have variants assessed in
this graph. Abbreviations: indel, insertion or deletion; JS, Joubert syndrome. Figure adapted
from Reference 10.
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Figure 4.

Proportions of individuals with JS, MKS, or isolated NPH who carry two rare deleterious
variants in TMEMG67. The colors on each bar illustrate the relative frequency of the variants
in each diagnostic category: Green indicates two missense variants or small in-frame indels,
blue indicates one truncating and one missense variant (including small in-frame indels), red
indicates two truncating variants (including nonsense, frameshift and canonical splice-site
variants), and yellow indicates two larger deletions. For each bar, 7 indicates the total
number of people found in the literature with each diagnosis who have the variants assessed
in this graph. Abbreviations: indel, insertion or deletion; JS, Joubert syndrome; MKS,
Meckel syndrome; NPH, nephronophthisis.
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JS-MKS-NPH protein localization and IFT. (&) JS-associated proteins grouped by their
localization in steady-state cilia. The TZ is subdivided into the NPHP module (dark blue)
and the MKS module (/ight blue). The ciliary membrane is continuous with the plasma
membrane. (6) MKS-associated proteins grouped by their localization in steady-state cilia.
(¢) NPH-associated proteins grouped by their localization in steady-state cilia. () Transport
of ciliary proteins by IFT components (green). The BBSome (orange) traffics receptors.
Ciliary lipids (red) capture and retain specific proteins. Abbreviations: BBSome, protein
complex involved in Bardet-Biedl syndrome; DAP, distal appendage; IFT, intraflagellar
transport; JS, Joubert syndrome; MKS, Meckel syndrome; NPH, nephronophthisis; TZ,
transition zone.
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Mechanisms underlying ciliopathies. (8) Unique mechanisms underlying JS and BBS. ()

Diverse cellular dysfunction reported in the literature based on individual JS-MKS protein
loss-of-function experiments across model organisms. Abbreviations: BBS, Bardet—Bied|
syndrome; JS, Joubert syndrome; MKS, Meckel syndrome.
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Genes associated with JS, MKS, or isolated NPH

Table 1

Page 33

Human genea Notation Alias(es) Phenotype OMIM | GeneOMIM | Chromosome | First reference(s)b
JS-associated genes

AHI1 JBTS3 JOUBERIN 608629 608894 6023.3 43
ARL3 JBTS35 618161 604695 10024.32 5
ARL13B JBTS8 ARL2L1 612291 608922 3g11.2 22
ARMC9 JBTS30 KIAA1868 617622 617612 2937.1 149
BI9D1 JBTS27 MKSR1,MKS9 617120 614144 17p11.2 111
BOD2 JBTS34 MKS10 614175 611951 19913.2 10
c2cD3 615944 11913.4 141
CC2D2A JBTS9 KIAA1345,MKS6 612285 612013 4p15.32 50
CEP41 JBTS15 TSGA1l4 614464 610523 7932.2 74
CEP104 JBTS25 KIAA0562 616781 616690 1p36.32 135
CEP120 JBTS31 CCDC100 617761 613446 5023.2 126
CEP290 JBTS5 NPHP6, MKS4, BBS14 610188 610142 12qg21.32 118
CPLANE1 JBTS17 C50RF42 614615 614571 5q13.2 137
CSPP1 JBTS21 615636 611654 8g13.1 144
FAM149B1 JBTS36 KIAA0974 618763 618413 10922.2 125
HYLS1 FLJ32915 610693 11924.2 96
IFT74 JBTS40 BBS22 619582 608040 9921.2 84
IFT172 BBS20 607386 2023.3 53
INPP5E JBTS1 213300 613037 9934.3 18
KATNIP JBTS26 KIAA0556 616784 616650 16p12.1 114
KIAA0586 JBTS23 TALPID3 616490 610178 14023.1 11
KIAA0753 JBTS38 OFIP 619476 617112 17p13.1 25
KIF7 JBTS12 200990 611254 15026.1 29
MKS1 JBTS28 BBS13 617121 609883 17922 111
NPHP1 JBTS4 609583 607100 2913 101
NPHP4 KIAA0673 607215 1p36.31 4
OFD1 JBTS10 CXORF5 300804 300170 Xp22.2 27
PDE6D JBTS22 615665 602676 2937.1 143
PIBF1 JBTS33 617767 607532 13g21.33 151
RPGRIP1L JBTS7 NPHP8,MKS5 611560 610937 16912.2 6
SUFU JBTS32 617757 607035 10q24.32 33,121
TCTN1 JBTS13 614173 609863 12g24.11 46
TCTN2 JBTS24 MKS8 616654 613846 12qg24.31 115
TCTN3 JBTS18 C100RF61 614815 613847 10924.1 142
TMEMG67 JBTS6 MKS3, NPHP11, MECKELIN | 610688 609884 8021.1 8
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Human genea Notation Alias(es) Phenotype OMIM | GeneOMIM | Chromosome | First reference(s)b
TMEM107 JBTS29 MKS13 617562 616183 17p13.1 71
TMEM138 JBTS16 614465 614459 11qg12.1 75
TMEMZ216 JBTS2 MKS2 608091 613277 11912.2 145
TMEM218 JBTS39 619562 619285 11924.2 148
TMEMZ231 JBTS20 MKS11 614970 614949 16023.1 136
TMEM237 JBTS14 ALS2CR4 614424 614423 2933.1 62
TOGARAM1 JBTS37 FAM19B, KIAA0423 619185 617618 14921.2 73
MK S-associated genes

BI9D1 MKS9 MKSR1 614209 614144 17p11.2 61
B9D2 MKS10 614175 611951 19913.2 38
CC2D2A MKS6 KIAA1345 612284 612013 4p15.32 140
CEP290 MKS4 NPHP6, BBS14 611134 610142 12qg21.32 45
CPLANE1 C50RF42 614571 5q13.2 82
CSPP1 611654 8g13.1 127
MKS1 MKS1 BBS13 249000 609883 17922 70
NPHP3 MKS7 267010 608002 3022.1 131
RPGRIPIL MKS5 NPHP8 611561 610937 16912.2 34
TCTNZ MKS8 613885 613846 12qg24.31 124
TCTN3 C100RF61 613847 10924.1 142
TMEMG67 MKS3 NPHP11, MECKELIN 607361 609884 8g22.1 133
TMEM107 MKS13 617562 616183 17p13.1 122
TMEM138 614459 11qg12.1 75
TMEMZ216 MKS2 603194 613277 11912.2 145
TMEM218 619285 11924.2 148
TMEMZ231 MKS11 615397 614949 16023.1 123
TMEMZ237 ALS2CR4 614423 2933.1 62
TXNDC15 C50RF14, BUG 617778 5q31.1 128
Isolated NPH-associated genes

ADAMTS9 605421 3pl4.1 26
ANKS6 NPHP16 | PKDR1, SAMCYSTIN 615382 615370 9g22.33 59
ATXNI10 ATAXIN10 611150 22013.31 115
CEPS3 NPHP18 | CCDC41 615862 615847 12922 42
CEP164 NPHP15 | KIAA1052 614845 614848 11923.3 23
bcbcz NPHP19 | RU2, RU2S 616217 605755 6p22.3 120
GLLS2 NPHP7 611498 608539 16p13.3 7
INVS NPHP2 602088 243305 9g31.1 52
1QCB1 NPHP5 KIA0036 609254 (SL) 609237 3913.33 100
MAPKBP1 NPHP20 | JNKBP1 617271 616786 15915.1 85
NEKS8 NPHP9 613824 609799 17911.2 100
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Human genea Notation Alias(es) Phenotype OMIM | GeneOMIM | Chromosome | First reference(s)b
NPHP1 NPHP1 256100 607100 2913 57
NPHP3 NPHP3 MKS7 604387 608002 3022.1 97
NPHP4 NPHP4 KIAA0673 606966 607215 1p36.31 92
SDCCAGE NPHP10 | CCCAP, BBS16 613615 (SL) 613524 1043 98
TMEMG67 NPHP11 | MKS3, MECKELIN 613550 609884 8021.1 99
TTC21B NPHP12 | THM1 613820 612014 2924.3 32
WDR19 NPHP13 | IFT144 614377 608151 4pla 54
ZNF423 NPHP14 | KIAAQ760 614844 604557 16912.1 23

Abbreviations: JS, Joubert syndrome; MKS, Meckel syndrome; NPH, nephronophthisis; SL, Senior-Lgken syndrome phenotype.

aBoIdface indicates that the Doherty laboratory led or was involved with the discovery of a gene linked to JS or MKS.

Column lists the first publication(s) to demonstrate an association between the gene and JS, MKS, or isolated NPH.

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2022 September 02.



	Abstract
	INTRODUCTION
	CLINICAL DESCRIPTIONS
	Joubert Syndrome
	Meckel Syndrome1
	Nephronophthisis

	DISEASE GENE DISCOVERY
	LOCUS HETEROGENEITY AND ALLELISM
	CATEGORICAL DIAGNOSES, LUMPING, AND SPLITTING
	PLEIOTROPY
	PHENOTYPIC EXPANSION
	GENE–PHENOTYPE AND GENOTYPE–PHENOTYPE CORRELATIONS
	GENETIC MODIFIERS
	NONMENDELIAN INHERITANCE
	Dominant Inheritance
	Oligogenic Inheritance

	BIOCHEMICAL AND CELLULAR MECHANISMS
	General Information on Primary Cilia
	Identifying Central Mechanisms
	Not Just a Transition Zone-opathy
	Intraflagellar Transport
	Ciliary Microtubule Posttranslational Modifications
	Ciliary Membrane Phosphatidylinositol Content
	Hedgehog Signaling
	Wnt Signaling
	Protein Composition
	Crosstalk

	ANIMAL MODELS
	Chlamydomonas
	Caenorhabditis elegans
	Zebrafish
	Mice
	Molar Tooth Sign–Related Joubert Syndrome Brain Phenotypes
	Allelic Series in Mice
	Genetic Modifiers in Animal Models


	FUTURE DIRECTIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

