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ABSTRACT

Kinesin-2 enables ciliary assembly and maintenance as an anterograde intraflagellar transport (IFT)
motor. Molecular motor activity is driven by a heterotrimeric complex comprised of KIF3A and
KIF3B or KIF3C, and one non-motor subunit, KIFAP3. Using exome sequencing, we identified
heterozygous KIF3B variants in two unrelated families with hallmark ciliopathy phenotypes. In the
first family, the proband presents with hepatic fibrosis, retinitis pigmentosa, and postaxial polydactyly;
he harbors a de novo ¢.748G>C, p.Glu250GIn variant affecting the kinesin motor domain encoded by
KIF3B. The second family is a six-generation pedigree affected predominantly by retinitis pigmentosa.
Affected individuals carry a heterozygous c.1568T>C, p.Leu523Pro KIF3B variant segregating in an
autosomal dominant pattern. We observed a significant increase in primary cilia length in vitro in the
context of either of the two mutations while variant KIF3B proteins retained stability indistinguishable
from wild type. Furthermore, we tested the effects of KIF3B mutant mRNA expression in the
developing zebrafish retina. In the presence of either missense variant, rhodopsin was sequestered to
the photoreceptor rod inner segment layer with a concomitant increase in photoreceptor cilia length.
Notably, impaired rhodopsin trafficking is also characteristic of recessive KIF3B models as
exemplified by an early-onset, autosomal recessive, progressive retinal degeneration in Bengal cats;
we identified a c.1000G>A, p.Ala334Thr KIF3B variant by genome-wide association study and whole
genome sequencing. Together, our genetic, cell-based, and in vivo modeling data delineate an
autosomal dominant syndromic retinal ciliopathy in humans and suggest that multiple KIF3B

pathomechanisms can impair kinesin-driven ciliary transport in the photoreceptor.

Key words: KIF3B, primary cilia, retinopathy, hepatic fibrosis, kinesin, whole exome sequencing,

zebrafish, feline genetics
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MAIN TEXT

Kinesin family (KIF) genes encode a superfamily of microtubule-based molecular motors that
transport intracellular cargo. Pathogenic variants in KIF-encoding loci have been associated with at
least 14 distinct Mendelian disorders in humans, transmitted in both dominant or recessive inheritance
fashions'. One unifying feature of autosomal dominant KIF-related disorders is the primary impact on
the central nervous system as evidenced by phenotypes such as intellectual disability (KIFIA, MIM:
614255); cortical dysplasia (KIF2A, MIM: 615411); spastic paraplegia (KIF5A, MIM: 604187), and
microcephaly (KI1F11, MIM: 152950). KIF genes mutated in autosomal recessive disorders also impair
neurological development, and have been reported in X-linked intellectual disability (KIF4A, MIM:
300521) or syndromic ciliopathies such as Acrocallosal syndrome (KIF7, MIM: 200990) and Meckel
syndrome (KIF 14, MIM: 616258).

Kinesin-2 subfamily motors, not currently associated with human disease phenotypes, have an
established role in ciliogenesis. These macromolecular complexes ensure anterograde trafficking by
ATP-dependent movement from the ciliary base toward the growing end of microtubules. In the
context of kinesin-2 ablation, model organisms such as mouse or zebrafish display stunted or absent
ciliary formation, leading to broad impairment of primary ciliary functions during vertebrate
development?.

Protein synthesis does not occur in the cilium; the formation and maintenance of this organelle
depends on intraflagellar transport (IFT) of protein cargo along the ciliary axoneme. KIF3A-KIF3B or
KIF3A-KIF3C heterodimers and the non-motor kinesin-associated protein (KAP), encoded by
KIFAP3, operate as the main effectors of kinesin-2 driven trafficking, together with homodimeric
KIF17. Ciliopathies, defined as clinical entities caused by defects in ciliary structure or function, share
common phenotypic features; these include obesity, hepatic fibrosis, retinitis pigmentosa (RP), cystic
kidney disease, polydactyly and intellectual disability.> Here, we report affected individuals from a
small nuclear family and an unrelated six-generation pedigree who harbor heterozygous
nonsynonymous KIF3B variants and share partially overlapping ciliopathy clinical features.

Individual 1 (family A, II-1; Table 1) is a male born from nonconsanguineous parents of
northern European ancestry. At birth, postaxial hexadactyly of both hands and the right foot were
observed. At 12 months, he presented with failure to thrive and hepatosplenomegaly. An abdominal
ultrasound performed at 18 months showed a dysmorphic liver with dilatation of intrahepatic biliary
ducts. A liver biopsy showed micronodular cirrhosis with modification of global hepatic architecture
by annular fibrosis and persistence of peripheric biliary neoductules. Cardiac ultrasound showed a
bicuspid aortic valve. At 24 months of age, he had esophageal varices, and thrombocytopenia. At 4
years of age, because of suggestive clinical features of a ciliopathy, we performed an ophthalmological
exam. The parents only reported their child to have difficulties moving at night. Fundus examination
was normal (Figure 1Aa), but the fundus autofluorescence showed a modification of the peripheral

autofluorescence and hyperautofluorescent perimacular points. Electroretinograms showed alteration
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of the flicker and the scotopic responses (Figure S1). Spectral Domain Optical Coherence
Tomography (SD-OCT) analysis showed a normal foveal profile (Figure 1Ac,d). At last
ophthalmological examination at the age of 5 years, fundus examination showed retinal thinning with
an increase in the visibility of the choroidal vascularization on the retinal periphery and on the
temporal macula.

To investigate the genetic etiology of this individual’s clinical presentation, we consented the
parent-child trio for all subsequent research procedures in accordance with ethical guidelines of
Nantes University Hospital (Figure 2A). Array comparative genomic hybridization on the family A
proband sample was negative, ruling out the possibility of large copy number variants. Next, we
performed exome sequencing of the proband and achieved an average mean target coverage of 86X
(Supplemental Methods). We retained variants with at least 9 reads and with a variant read frequency
over 20 percent impacting exonic sequences or splice sites (+/- 10bp from the junction) and with an
allele frequency <0.5% in 1000 genomes, genome aggregation database (gnomAD, 123,136 exomes
and 15,496 whole genome sequences; accessed on 11/10/2018) and in a local database of 952 exomes.
We retained 280 rare variants (Table S1), including 13 that matched an X-linked or a recessive
inheritance (homozygous, hemizygous or at least 2 rare variants in the same gene) and 267 that
matched a dominant inheritance (single heterozygous variant). We did not identify deleterious variants
in any disease-associated gene, and selected 88 variants of uncertain significance that were within an
established human genetic disease-associated gene in either OMIM or Orphanet for further
consideration (Table S1).

The constellation of clinical phenotypes observed in Individual 1 was suggestive of a ciliary
disorder. We therefore overlaid the rare exome sequencing variant set with 303 ciliary genes from the
SYSCILIA Gold Standard (SCGSv.1)*. We identified five rare heterozygous nonsynonymous variants
that intersected with the SCGSv.1 dataset (Table S1). Five variants were heterozygous alleles in genes
already causally implicated in recessive ciliopathies. However, one variant in KIF3B (GenBank ID:
NM_004798.4, ¢.748G>C, p.Glu250GIn) was absent from gnomAD and predicted to be deleterious by
SIFT?, PolyPhen-2° and Mutation Taster’. Given the important role of KIF3B in anterograde IFT in
cilia, and localization of this variant to the conserved kinesin motor domain (Figure 2B, C; Figure S2,
S3), we tested familial segregation by Sanger sequencing and confirmed that the variant was de novo.
We excluded false paternity and maternity by analysis of 11 microsatellite markers.

Through the data sharing platform, GeneMatcher®, we became aware of another rare KIF3B
variant that had been identified as a possible cause of RP. This second variant (GenBank
ID:NM_004798.4, c.1568T>C, p.Leu523Pro) was found in two samples from a cohort of over 200
families with autosomal dominant RP ascertained in an ongoing study at the University of Texas
Health Science Center in Houston.® The two females were originally thought to be unrelated but the
identification of rare variants during exome sequencing led to the eventual discovery that they were

cousins (family B: IV-4 and V-4; Figure 2A; Table 1; Supplementary Methods). They are part of an
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extended Ashkenazi Jewish family that has RP segregating through at least six generations with over
19 affected individuals reported (Figure 2A). There is no evidence of consanguinity in either branch of
the family and male-to-male transmission of the disease excludes an X-linked mode of inheritance.

Affected members of family B exhibit classic symptoms of RP, with an average age of onset
in the first decade. We performed detailed clinical assessment for five individuals (IV-1, IV-3, V-4,
VI-2, and VI-1 [individuals 2-6]; Table 1; Figure 1B). Two members of the family have postaxial
polydactyly (IV-8 and V-7), and one individual is reported to have kidney dysfunction (V-I; Table 1).
Given their symptoms evocative of a ciliopathy, targeted genetic testing had been done previously on
known genes for Bardet-Biedl syndrome (MIM: 209900) and dominant forms of inherited retinal
degeneration. No likely pathogenic variants were identified, leading to additional testing by exome
sequencing.

Bioinformatic analysis of exome data from family B was done using MendelScan as
described,!? resulting in 28 rare variants shared between both individuals (Table S2). The majority of
shared variants were present in multiple individuals in gnomAD, especially Ashkenazi Jewish (n=23
variants with allele frequency >0.05%; 50,040 individuals). The KIF3B variant was the only
segregating variant absent in gnomAD. We performed segregation analysis of the four variants with
the lowest overall incidence in gnomAD (KIF3B, PCNXL3, OR4D2 and TOBI) in an additional seven
family members from the extended pedigree using bidirectional Sanger sequencing (six affected, one
unaffected; Figure 2A). The KIF3B c.1568T>C, p.Leu523Pro variant was the sole change that
segregated with RP in the pedigree. To confirm that the K/F3B variant and the disease are not likely to
be co-segregating by chance, we calculated a LOD score (logarithm of the odds) for the 14
informative meioses observed across the extended family. The LOD score of 4.2 (odds ratio 16,384:1)
is strong statistical evidence supporting the KIF3B change as the cause of disease in the family.
p-Leu523Pro is located in the coiled coil domain of KIF3B at a position conserved throughout
vertebrates (Figure 2B,C, Figure S2, S3), is predicted to be pathogenic by SIFT,” PolyPhen-2° and
Mutation Taster’ and is absent from all available databases, including gnomAD.

To characterize the cellular phenotypes induced by the dominantly-inherited KIF3B variants
identified in humans, we evaluated primary cilia length in skin fibroblasts isolated from individual 1
(family A; Supplementary Methods). We cultured fibroblasts under standard protocols of serum
deprivation for 24 h to promote primary cilium elongation''~'3. We fixed case and age-matched control
cells, and immunolabeled y-tubulin and ARL13b as markers of the basal body and ciliary axoneme,
respectively (Figure 3A; Table S3). We first noted that the proportion of ciliated cells from individual
1 was similar to those from the age-matched control (>90%; n=66/72 and n=147/153
fibroblasts/condition isolated from age-matched control and individual 1, respectively; Figure 3B).
Next, we found that the primary cilia length was increased significantly in fibroblasts from individual
1 compared to age-matched control fibroblasts (36% average increase in case versus control cilia;

p<0.0001; Figure 3C).
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To validate the cilia length abnormalities observed in primary fibroblasts from individual 1,
we evaluated the effect of KIF3B variants from both families in a ciliated context using hTERT-RPE1
cells, a commonly used immortalized retinal pigment epithelial cell line. We transfected C-terminally
myc-tagged vectors encoding either WT or variant KIF3B (p.Glu250GIn; p.Leu523Pro or p.Val435lle
[negative control, rs41288638; 230/276,748 alleles in gnomAD]), fixed cells at 24 hours post-
transfection, performed immunostaining with y-tubulin and ARL13B, and measured cilia length
(Supplemental Methods; Tables S3, S4). We observed no significant differences in primary cilia
length between cells transfected with empty vector, KIF3B-WT-myc or KIF3B-p.Val435lle-myc
constructs (Figure 3D, E). However, we detected a significant increase in primary cilia length for both
case-associated variants compared to WT KIF3B (9% increase in p.Glu250GIn cells vs control,
p<0.01; and 13% increase in p.Leu523Pro cells versus control, p<0.0001; Figure 3D, E). Notably,
immunoblotting of myc-tag in whole-cell protein lysates isolated from transiently transfected HEK293
cells expressing KIF3B-myc variant constructs showed no significant differences in KIF3B protein
levels compared to the KIF3B-WT-myc transfected condition (Supplemental Methods; Figure S4;
Table S3).

To investigate further the stability of KIF3B protein harboring p.Glu250GIn or p.Leu523Pro,
we monitored protein levels in a time course study after exposure to a protein synthesis inhibitor
(Supplementary Methods; Table S3). We transiently transfected HEK293 cells with control and
mutant K/F3B-myc constructs, and treated cells with cycloheximide (50 um for 2 and 4 hours before
protein harvest). Consistent with our initial results (Figure S4), we found no significant difference in
KIF3B-myc protein levels across conditions exposed to cycloheximide for up to 4 hours (Figure 3F-
47). These data support the notion that KIF3B protein harboring p.Glu250GIn or p.Leu523Pro do not
undergo rapid degradation. Together, the cilia length and protein stability data indicate that primary
cilia are markedly altered in the context of both KIF3B p.Glu250GIn and p.Leu523Pro variants but not
for the KIF3B p.Val435lle variant, supporting the specificity of this organellar defect.

To establish further a functional link between altered ciliary structure and overlapping human
phenotypes observed in individuals with K/F3B variants, we considered prior knowledge from in vivo
models of KIF3B dysfunction. Kif3b mouse models harboring a gene-trapped locus deleting a portion
of exon 1 are embryonic lethal in homozygosity'*'6. A Cre-loxP conditional knockout mouse showed
that loss of Kif3b results in a rapid photoreceptor degeneration associated with opsin mislocalization to
rod inner segments, but Kif3b”* animals are viable and display no detectable retinal phenotypes'’.
Additionally, kif3b” zebrafish models carrying an NM_001100145.1: ¢.1105C>T, p.GIn369*
encoding mutation display either absent or significantly reduced cilia length in multiple tissue types's,
contrary to our observations from K/F3B mutant primary fibroblasts with elongated cilia (Figure
3A,B).

Moreover, as part of ongoing work to identify the molecular basis of clinically relevant traits

in the domestic cat, we identified a nonsynonymous KIF3B change,
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ENSFCAT00000022266:c.1000G>A, p.Ala334Thr as the likely cause of a recessive progressive
retinal atrophy in the Bengal cat' (Supplemental Note). We performed a genome-wide association
study on 98 Bengal cats to localize an associated region on cat chromosome A3 (Supplementary
Methods; Figure 4A; Table S5), and overlaid these data with whole genome sequencing data from a
trio of cats from the Bengal research colony (Table S6). The KIF3B p.Ala334Thr-encoding change
was the sole variant that segregated with disease; and is predicted to impair the kinesin motor domain
(Figure SS5). Importantly, we observed rhodopsin mislocalization to photoreceptor inner segments in
KIF3B” mutant kittens as early as 8 weeks of age, consistent with structural and functional
photoreceptor degeneration' (Figure 4B; Supplementary Note; Supplementary Methods). Together,
our in vitro data and in vivo observations from recessive KIF3B vertebrate models argue against a
haploinsufficiency model for the affected humans in our study.

To pursue the possibility of a dominant pathogenic effect for the p.Glu250GIn and
p.Leu523Pro changes, we introduced mutant mRNAs into the developing zebrafish (Supplementary
Methods; Table S4). The zebrafish genome encodes a single KIF3B ortholog (GRcZ11), for which the
encoded protein (NP_001093615.1) has 78% identity and 87% similarity to that of human
(NP_004789.1). Importantly, ablation of each of kif3b and its cognate kinesin-2 effectors encoded by
kif3a and kif3c have been characterized previously in the zebrafish retina and perform similar
trafficking functions to mammalian counterparts'®, We and others have shown that alteration of
numerous genes involved in retinal degeneration can give rise to microphthalmia in zebrafish?*22, As
an initial test of the impact of either missense change on KIF3B function, we injected 100 pg WT or
mutant K/F3B mRNA into embryos at the one-to-four cell stage and evaluated them live at 3 days
post-fertilization (dpf) for external optic area in lateral bright field images using automated imaging
and image analysis platforms (Supplementary Methods). We found no significant differences in eye
size for clutches injected with p.Leu523Pro- or p.Val435Ile-encoding mRNA versus either WT or
uninjected controls (Figure S6A,B). However, we observed marked lethality induced by p.Glu250GIn
and assessed the effects of progressively decreasing amounts of mutant mRNA (50 pg, 25 pg, and 10
pg). The highest non-lethal doses resulted in a significant, dose-dependent, and reproducible reduction
in eye area (19% reduction vs WT-injected at 50 pg; p<0.0001; Figure S6C), an observation that
persisted when normalized to larval body length to control for any possible developmental delay
(Figure S6D). Co-injection of a 2:1 stoichiometric ratio of 100 pg WT with 50 pg p.Glu250GIn
mRNA restored eye size to normal (not significantly different from equivalent doses of either WT or
p-Glu250GIn alone; Figure S6A, B), supporting the specificity of p.Glu250GIn effect on eye
morphology.

We hypothesized that the observed microphthalmia was caused by excessive cell death in the
retina. In zebrafish and other vertebrates, the developing retina undergoes several waves of apoptosis
which are necessary for the establishment of the retinal neuron networks. The first wave arises around

3 dpf, slows down at 5 dpf and the second wave takes place at 7dpf?*. We evaluated apoptosis in
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retinal sections at 5 dpf by counting terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) positive cells (Supplementary Methods). We found no significant differences between
larvae injected with either WT, p.Val435Ile- or p.Leu523Pro-encoding mRNA compared to uninjected
controls. However, we observed a modest but significant increase in apoptotic cells in larvae injected
with p.Glu250GIn-encoding mRNA (50 pg; p<0.05; Figure S7A,B) which is concordant with the
microphthalmia phenotype observed in this condition (Figure S6).

In the zebrafish retina, Kif3b plays a role in photoreceptor formation and function through the
connecting cilium that is specific to low light intensity (scotopic) detection facilitated by rod cells!®.
Further, kif3b mutants have documented defects in rhodopsin transport, consistent with other kinesin-2

mutants such as kif3a” '8

. To determine whether zebrafish larvae with heterologous expression of
mutant human K/F3B display defects in photoreceptor integrity, we evaluated rhodopsin localization
in retinal sections at 5 dpf (Supplementary Methods; Table S3). We found no detectable differences
between larvae injected with either WT or p.Val435Ile-encoding mRNA compared to uninjected
controls (Figure 5A,B,C). However, we observed a significant increase of rhodopsin in the rod inner
segment for p.Leu523Pro (100 pg; p<0.001), and to a greater extent, p.Glu250GIn-encoding (50 pg;
p<0.0001), versus WT mRNA (repeated with similar results, investigator masked to experimental
condition; Figure 5A,B,C). Consistent with the eye area studies, co-injection of 100 pg WT human
KIF3B mRNA rescued the rhodopsin mislocalization defects of both variants such that they were
indistinguishable from uninjected controls (Figure 5A,C)

We next wondered whether the observed rhodopsin mislocalization was coincident with
altered cilia length in zebrafish with ectopic expression of KI/F3B mutant mRNAs. To paint
photoreceptor connecting cilia, we performed antibody staining of transverse cryosections from 5 dpf
larvae with two ciliary markers, acetylated o-tubulin and IFT52, and measured length of structures
with double labeling (Supplementary Methods; Figure 5D; Table S3). We found no significant
differences in connecting cilium length between larvae injected with either WT or p.Val435lle
encoding mRNA compared to uninjected controls (Figure SE,F). However, we observed a significant
elongation of connecting cilia for p.Leu523Pro- (100 pg; p<0.0001) and p.Glu250GIn-encoding (50
pg; p<0.0001), versus WT mRNA (repeated with similar results; Figure 5E,F). We detected no
differences in length measurements when acetylated a-tubulin and IFT52 signal was assessed
individually, arguing against sequestration of IFT-B components as the molecular mechanism
underpinning the long cilia phenotype (Figure S8). In aggregate, these data reinforce the relevance of
KIF3B function to photoreceptor integrity and opsin trafficking in rod photoreceptors and support the
pathogenicity of p.Glu250GIn and p.Leu523Pro.

The molecular motor is essential for kinesin complexes to move along microtubules in an
ATP-dependent manner®* and multiple dominant pathogenic amino acid substitutions in kinesin genes
have been identified in this domain. The Glu250 position is an ultra-conserved residue in 41/42 human

kinesin motor domain protein sequences, except KIF26B (Figure S2) and vertebrate KIF3B orthologs
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(Figure 2C). This residue was substituted by a lysine in KIFIA (NM_001244008.1: c.757G>A,
p.Glu253Lys) in two individuals with neuroanatomical phenotypes described by Lee et al.** Notably,
individuals carrying this variant exhibited a severe phenotype, consistent with the more acute
presentation of individual 1 (family A) in our study. Five cases with substitutions of the equivalent
residue in KIF5C by a Lys or Val were also reported.”® Rice ef al. observed that when the glutamic
acid was substituted by alanine (p.Glu236Ala), the ATPase activity of the kinesin was reduced at least
1,000-fold*. Hence, this variant might act in a dominant manner by altering the ability of the
KIF3A/B heterodimer to move along the ciliary microtubules, disorganizing ciliogenesis and thus
causing the augmented primary cilia length of the fibroblasts of individual 1 (Figure 3).

Kittens homozygous for the K/IF3B mutation showed a rapid loss of photoreceptors. KIF3B
immunolabeling showed that initially the mutant protein was detectable in the region of inner and
outer segments; however, with progressive degeneration of both layers and loss of photoreceptor
nuclei Kif3b immunoreactivity was no longer detectable (Figure 4B). This loss of immunoreactivity
was accompanied by pronounced mislocalization of rhodopsin. Abnormal trafficking of opsin to the
outer segment with retention in the inner segment and cell body has been reported in a number of
retinal degeneration conditions including RP in humans and animal models?’”*, The KIF3B
p-Ala334Thr variant in the Bengal cat might not totally ablate protein function resulting in a recessive
retinal phenotype, in contrast to previously reported zebrafish and mouse recessive KIF3B mutants
that are embryonic lethal'*!'%3435, Further studies are required to investigate impact of p.Ala334Thr on
cilia length and KIF3B protein stability in the feline retina.

The ciliopathies are known for exhibiting variable expressivity of endophenotypes*, and this
phenomenon is exemplified by the two pedigrees in our study and the Bengal cat. Inter- and intra-
familial variability within this disease spectrum has been attributed to allelism at the same locus®’;
second-site modification in trans®®; and for dominant disorders, variable expression of the wild-type
allele*. Two different KIF3B protein domains are impacted by each of the deleterious variants
characterized by this study (kinesin motor, family A vs coiled coil domain, family B), leading us to
speculate that allele effect could be sufficient to drive phenotype differences between the two families.
Our in vivo assessment of rhodopsin trafficking in the zebrafish retina supports this posit (Figure 5).
However, we cannot exclude the possibility that the family A proband has an exacerbated syndromic
phenotype due to genetic interaction with additional variation in other loci that interact either directly
or indirectly with KIF3B. We recognize that a limitation of this study is the fact that only coding
regions were queried for variation; whole genome sequencing will be required to obtain a complete list
of contributory sites that determine phenotype in both families.

In conclusion, our study adds to the repertoire of ciliary genes that result in human pathology
and characterize at clinical and molecular levels a ciliopathy hallmarked by RP, polydactyly and liver
fibrosis likely caused by an alteration of kinesin-2 driven transport. Most ciliopathies, especially those

caused by IFT motor or raft proteins, are autosomal recessive disorders***?. However, we add another
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exception to this paradigm by reporting humans who harbor dominant de novo or inherited
heterozygous variants placing them in the class of dominant ciliopathies inclusive of conditions such

as polycystic kidney disease (MIM: 173900) and orofacial digital syndrome (MIM: 311200).
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FIGURE LEGENDS

Figure 1. Individuals harboring nonsynonymous KI/F3B variants display retinal phenotypes.

(A) Ophthalmological examination of individual 1 (family A) who harbors a de novo c¢.748G>C;
p-Glu250GIn KIF3B variant.

a. Ophthalmological fundus imaging of the right and the left eyes;

b. Fundus autofluorescence imaging of the right and the left eyes;

c. Spectral domain optical tomography of the right fovea. Scale: 1 mm.

d. Spectral domain optical tomography of the left fovea. Scale: 1 mm.

Refraction was performed under cyploplegia with chlorhydrate of cyclopentolate 0.5% (Alcon, Rueil-
Malmaison, France). Optical coherence tomography (OCT) analysis and the autofluorescence fundus
imaging were conducted with an OCT spectal domain (Heidelberg Engineering, Spectralis HRA-
OCT).

(B) Ophthalmological examination of individual VI-2 (family B) who harbors a c.1569T>C;
p.Leu523Pro KIF3B variant. White arrows indicate retinal pigments characteristic of retinitis

pigmentosa.
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a. Ophthalmological fundus imaging of the right and the left eyes;
b. Fundus autofluorescence imaging of the right and the left eyes;
c. Spectral domain optical tomography of the right fovea. Scale: 1 mm.

d. Spectral domain optical tomography of the left fovea. Scale: 1 mm.

Figure 2. Heterozygous nonsynonymous variants in KIF3B segregate with ciliopathy phenotypes
in dominant pedigrees.

(A) Pedigrees of families A and B with segregation of KI/F3B variants. Filled circles and squares
represent affected female or male individuals, respectively; unfilled circles and squares represent
unaffected female or male individuals; respectively. Deceased individuals are indicated by diagonal
lines. Exome sequencing was performed for individuals marked with an arrow. Individual genotypes
at the KIF3B locus are indicated in blue. All affected individuals in family B carried the KI/F3B
c.1568T>C, p.Leu523Pro encoding variant (IV-1, IV-3, IV-4, IV-6, V-4, V-7, VI-1, VI-2) but the
unaffected individual (V-3) was WT.

(B) Schematic of KIF3B gene organization and protein domains. Untranslated exons, white boxes;
translated exons, black boxes; red arrows and arrow heads, KIF3B variants identified in humans;
Kinesin motor, coiled coil and globular domains (UniProtKB, PROSITE annotations, GenBank:
NP_004789.1) are indicated.

(C) Conservation of 40 amino acid blocks impacted by nonsynonymous changes shown with a
multiple sequence alignment (Clustal W v1.81) of 25 species sorted by pairwise identity. Red boxes,
variant residues; blue shading of amino acids from dark to light represents most to least conserved,
respectively. UniProtKB identifiers: Homo sapiens, O15066; Macaca mulatta, F6S877; Gorilla
gorilla, G3RAF7T; Mustela putorius furo, M3Z2F0; Canis lupus familiaris, E2QUS2; Loxodonta
africana, G3TO0GS8; Callithrix jacchus, FTIBN6; Ailuropoda melanoleuca, G1M429; Felis catus,
AOA2I2UKW?2; Sus scrofa, F1S519; Bos taurus, FIN020; Mus musculus, Q61771; Ovis aries,
WSNZVT7T; Rattus norvegicus, D3Z107; Monodelphis domestica, FORWNI1; Sarcophilus harrisii,
G3WA27; Cavia aperea, ENSCAPP00000010080 (ensembl, UniProtKB identifier not available);
Gallus gallus, Q5F423; Xenopus tropicalis, FOR640; Oryctolagus cuniculus, G1U1DO0; Danio rerio,
F1QN54; Oryzias latipes, H2LAE9; Ciona intestinalis, F1B875; Drosophila melanogaster, P46867,

Saccharomyces cerevisiae, P28742.

Figure 3. KIF3B p.Glu250GIn and p.Leu523Pro variants increase primary cilia length.

(A) Representative confocal images of primary human fibroblasts from the family A proband. Cells
were methanol-fixed and immunostained with anti-ARL13b rabbit polyclonal antibody (red) and anti-
y-tubulin mouse IgG1 monoclonal antibody (green), and mounted with DAPI-Fluoromount G (blue) as
markers of the primary cilium, basal body and nuclei, respectively. Scale bars: 10 pm (top row) and 1

um (bottom row). See Table S3 for details about antibodies used.
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(B) Frequency of ciliated cells in primary skin fibroblasts from individual 1 (family A) and a matched
control.

(C) Quantification of the primary cilia length measured on cells from a matched human control (4.55 +
0.11pm, n=82) and individual 1 (family A) primary fibroblasts (6.20 + 0.08um, n=141). For panels B
and C, six random images were assessed for each of control and affected; two independent replicates.
(D) Representative confocal images of hTERT-RPE1 cells transiently transfected with pCS2*-
KIF3B-myc vectors and immunostained with anti-ARL13b (red) and anti-y-tubulin (green) and
mounted with DAPI-Fluoromount G as markers of the primary cilium, basal body and nuclei,
respectively. Scale bars: 10 pm (top row) and 1 um (bottom row).

(E) Quantification of primary cilia length of hTERT-RPEI1 cells transiently transfected with pCS2*-
empty (3.40 £ 0.09um, n=166), pCS2*-KIF3B-WT-myc (3.43 + 0.06um, n=302), pCS2*-KIF3B-
p.V435I-myc (3.38 + 0.09um, n=233), pCS2*-KIF3B-p.E2500-myc (3.73 = 0.07um, n=341), pCS2*-
KIF3B-p.L523P-myc vectors (3.89 + 0.07um, n=303). Data are collected from six independent
replicate experiments.

(F) Western blot analysis of myc tag (KIF3B protein levels) and actin in HEK293 cells transiently
transfected with pCS2*-KIF3B-myc vectors and exposed 48h post transfection to 50 uM
cycloheximide for 0, 2 and 4h.

(G-J) Quantitative analysis of immunoblotting results shown in panel F; myc tag (KIF3B protein
levels) was normalized to actin in transiently transfected HEK293 cells and data are shown relative to
pCS2*-KIF3B-WT-myc vector. Performed in biological triplicates.

Data in all panels represent mean + s.e.m. Statistical comparisons were performed with two-tailed

unpaired t-test (GraphPad PRISM software). ns, not significant, **p<0.01; ****p<0.0001.

Figure 4. A recessive c.1000G>A, p.Ala334Thr mutation in KIF3B is a likely cause for
progressive retinal atrophy in Bengal cats.

(A) Manhattan plot of GWAS for cat progressive retinal atrophy. After Bonferroni correction, several
SNPs on cat chromosome A3 suggest a significant association with Bengal cat progressive retinal
atrophy (Table S5). Cat chromosome A3 has genes homologous to human chromosome 20.

(B) Morphological and cellular changes as analyzed by immunohistochemistry. Left panel, anti-Kif3b
antibody labels the region of the photoreceptor inner segment (IS) in wild type cats. Similar labeling
was detectable in sections from 8-week old K/F3B homozygous mutants, but not in sections from 20-
week old mutant kittens. See Table S3 for details of antibodies used. Central panel, combination
staining of the cone markers peanut agglutinin (PNA; cone sheath) with cone ML opsin (MLO). Cone
morphology in KIF3B mutants at 8 weeks appears relatively normal but by 20 weeks there was
distortion and stunting of outer segments with reduced ML opsin labeling. By 34 weeks of age only
short residual PNA labeling material remained with reduced ML opsin labeling. The outer nuclear

layer (ONL) was progressively thinned. Right panel, labeling with a rhodopsin marker (RetP1).
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Rhodopsin is mislocalized in mutants to the inner segment as early as 8-weeks of age then
mislocalized to the outer nuclear layer cells bodies and synaptic terminals by 20-weeks. The rod inner

and outer segments (OS) also showed some degeneration with disease progression.

Figure 5. Retinal phenotypes in zebrafish larvae with heterologous mutant KIF3B expression.
(A) Representative images of optic sections obtained from 5 dpf larvae and immunostained with anti-
rhodopsin mouse monoclonal antibody (green) and Hoechst stain (blue). Dashed boxes indicate insets
(right; with and without Hoescht). Dashed curved lines in insets demarcate rod inner segment (RIS).
Scale bar: 50 um, with equivalent scaling for each condition.

(B) Schematic of the zebrafish larval eye (left). GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer; ON, optic nerve. Schematic to indicate measurement of rhodopsin intensity
in RIS of optic sections obtained from 5 dpf larvae (center). Area of interest is within yellow dashed
lines; ROS, rod outer segment. Schematic of a rod photoreceptor (right). IS, inner segment; OS, outer
segment.

(C) Quantification of rhodopsin intensity of RIS in optic sections (panels A, B) normalized to controls
in 5 dpf larvae. n=10 larvae per condition, repeated twice with similar results. Error bars indicate
standard deviation (s.d.) of the mean.

(D) Representative merged image of an optic section obtained from a 5 dpf uninjected larva that was
immunostained with anti- acetylated a-tubulin mouse monoclonal antibody (red, ciliary axoneme),
anti-IFT52 rabbit polyclonal antibody (green, anterograde IFT) and Hoechst staining (gray; nuclei).
CC, connecting cilium; OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bar, 10 pm. Note
that in addition to ciliary microtubules, anti-acetylated O-tubulin stains axon tracts throughout the
retina.

(E) Left, Representative magnified views with enhanced contrast to enable visualization of connecting
cilia (equivalent across images; see dashed white box in panel D), scale bar: 5 pm, with equivalent
scaling for each condition; right, insets show a magnified view of a representative connecting cilium
(see dashed white box at left); dashed lines indicate ciliary length measurement, scale bar: 2 um, with
equivalent scaling for each condition.

(F) Quantification of photoreceptor connecting cilia length in 5 dpf retinas. n=10-12 larvae per
condition, n=174-246 cilia per retina, repeated twice with similar results. Error bars indicate standard
error of the mean (s.e.m.).

Statistical comparisons were performed with a non-parametric one-way ANOVA followed by Tukey’s
multiple comparison (GraphPad PRISM software; version 7.0c). ****p<0.0001, ***p<0.001; ns, not
significant; WT, wild type; p.Glu250GIn and p.Leu523Pro are variants identified in cases; p.Val435lle
is a negative control (rs41288638; 230/276,748 alleles in gnomAD). See Table S3 for antibodies used.
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Family Family A Family B
Center Nantes Houston
ente (France) (USA)
Individual Identifier 1 2 3 4 5 6
Affected Individual II-1 Iv-1 Iv-3 V-4 VI-2 VI-1
Gender Male Male Male Female Female Male
Age at last examination 5 50 55 52 23 21
(years)
E Retinitis Retinitis Retinitis Retinitis Retinitis Retinitis
ye pigmentosa pigmentosa pigmentosa pigmentosa pigmentosa pigmentosa
Eye: Visual field area . . Constricted central
(0S;0D) [degrees diameter] ND 10; 10 20,22 ND 200U vision
Reports symptoms to
Eye: Age of first visual . . be more severe than
symptoms Diagnosed at 5 years 6 years Diagnosed at 5 years Unknown Unknown mother (V-4) or sister
(VI-2)
Liver Hepatic fibrosis Normal Normal Normal Normal Normal
Postaxial hexadactyly Affected mother (IV-8) and
Skeletal malformations of both hands and right Normal Normal affected brother (V-7) b9th Normal Normal
foot reported to have postaxial
hexadactyly
Heart Bicuspid aortic valve Normal Normal Normal Normal Normal
Son (V-1) has
Kidney Normal kidney issues Normal Normal Normal Normal

(dialysis)

19

Table 1. Clinical summary of individuals harboring nonsynonymous KIF3B variants. Abbreviations are as follows: ND: no data; OS: oculus sinister (left eye);
OD: oculus dexter (right eye), OU: oculus uterque (both eyes).
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