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Abstract

KIF7, the human ortholog of Drosophila Costal2, is a key component of the Hedgehog signaling
pathway. Here we report mutations in K/F7in individuals with hydrolethalus and acrocallosal
syndromes, two multiple malformation disorders with overlapping features that include
polydactyly, brain abnormalities and cleft palate. Consistent with a role of KIF7 in Hedgehog
signaling, we show deregulation of most GLI transcription factor targets and impaired GLI13
processing in tissues from individuals with K/F7mutations. K/F7is also a likely contributor of
alleles across the ciliopathy spectrum, as sequencing of a diverse cohort identified several
missense mutations detrimental to protein function. In addition, /n vivo genetic interaction studies
indicated that knockdown of KIF7 could exacerbate the phenotype induced by knockdown of
other ciliopathy transcripts. Our data show the role of KIF7 in human primary cilia, especially in
the Hedgehog pathway through the regulation of GLI targets, and expand the clinical spectrum of
ciliopathies.

Based on overlapping phenotypes, the rare hydrolethalus (HLS; MIM236680) and
acrocallosal syndromes (ACLS; MIM200990), which share polydactyly, midline brain and
facial abnormalities, have been predicted to be members of the ciliopathy group®. HLS is an
autosomal recessive lethal syndrome characterized by the association of postaxial
polydactyly of the hands, preaxial polydactyly of the feet, micrognathia and hydrocephaly or
anencephaly with a key-hole defect of the occipital bone2. In 2005, a founder mutation in
HYLS1 was identified in Finnish individuals with HLS2. To date, no other HYLS1
mutations have been found in individuals with HLS. Recently, the /YL 57 ortholog in
Caenorhabditis elegans and Xenopus laevis was shown to be necessary for the apical
anchoring of centrioles to the plasma membrane, a phenomenon required for ciliogenesis®.
ACLS is an autosomal recessive syndrome with, typically, corpus callosum agenesis,
occasional anencephaly and/or Dandy-Walker malformation, hypertelorism, postaxial
polydactyly of the hands and preaxial polydactyly of the feet®. The molecular basis of ACLS
is unknown, although researchers from a previous study proposed that ACLS and HLS are
allelic conditions®.

We investigated the underlying causes of HLS and ACLS in three separate genetic studies.
First, we studied an Algerian consanguineous family (family 1; Fig. 1) with four affected
fetuses (Table 1) with hydrocephaly (two out of four fetuses), exencephaly (two out of four
fetuses), postaxial polydactyly of the hands, hallux duplication and a cleft palate in two out
of four cases. Neuropathological examination of fetus 3 showed widened ventricles and
midbrain-hindbrain malformation evocative of the molar tooth sign (MTS). We considered
this phenotype similar to HLS (Supplementary Table 1) and therefore sequenced ~HYLS51 but
found no mutation. We then performed a genome-wide scan using an Affymetrix 250K SNP
chip. We found a homozygous 14-Mb genomic region on chromosome 15926 with a
maximal logy odds (LOD) score of 2.6 between rs62030374 and rs7497122
(Supplementary Fig. 1).
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Parallel to, and independent from, this scan, we carried out genome-wide screens in two
acrocallosal cohorts; analyses of individuals ACLS1-7 and ACLST1-T4 identified,
respectively, an 8-Mb region (LOD score = 2.4 in ACLS1 and ACLS?2) and a 1.82-Mb
region of homozygosity between rs11637762 and rs2657947 on chromosome 15¢26 (ACLS-
T1-4). The smallest common interval contained 32 annotated genes. Among them, we
selected K/F7, the vertebrate homolog of Drosophila costa (also called Costal?), which
encodes a cilia-associated protein belonging to the kinesin family, as the best candidate
because of its major role in Sonic hedgehog (Shh) transduction. Costal2 and its vertebrate
homolog Kif7 have been identified as members of a protein complex that contains Sufu and
kinases’ and plays a major role in activation of Hedgehog target genes through the
regulation of Ci/Gli transcription factors®. Furthermore, loss of Kif7 in mice induces a Gli3-
like phenotype that includes polydactyly and exencephaly®-11,

Sequencing of the 19 exons of K/F7 (Supplementary Table 2) in HLS family 1 identified a
homozygous deletion of the first two base-pairs of exon 15 (c.2896_2897del,
p.Ala966Profs*81) potentially affecting splicing. RT-PCR analysis on RNA extracted from
lungs of affected fetuses showed no aberrant splicing or RNA decay. We next sequenced our
ACLS families and found truncating mutations in all six ACLS pedigrees showing linkage
to 15926 and in two additional individuals with ACLS (Fig. 1r and Table 1). The majority of
affected individuals had macrocephaly, mental retardation, abnormal facies and brain
abnormalities (Table 1). Brain magnetic resonance imaging (MRI) (Fig. 1f-n) showed
dilated ventricles, corpus callosum agenesis or hypoplasia and a superior vermis dysgenesis
resulting in the MTS in four cases. Five affected individuals had postaxial polydactyly of the
hands. In the feet, polydactyly was preaxial, hallux duplication was postaxial or preaxial and
postaxial. We also observed other features (Table 1). We found a total of three nonsense and
four frameshift K/F7 mutations in cases with ACLS spread throughout the gene (Fig. 1r). It
is noteworthy that individual ACLS-N1, a 14 year boy, carries the same p.Ala966Profs*81
homozygous alteration found in the lethal HLS family. Therefore, no genotype-phenotype
correlation can be made at this time.

Because of the similarities between HLS, ACLS and the K7f7knockout mouse model, we
reasoned that mutations in K/F7might also cause or contribute to other predicted or known
ciliopathies. We therefore sequenced 130 individuals with Bardet-Biedl (77 = 96),
hydrolethalus (/7= 6), Pallister-Hall and Greig (7= 9), Oro-faciodigital type VI (n=6) and
Joubert and Meckel-Gruber (7= 11) syndromes. Overall, we found eight heterozygous
missense changes (Fig. 1r and Supplementary Table 3). These alleles were predicted to be
detrimental to protein function by PolyPhen-2 and/or SIFT (see URLS) and absent from
ethnically matched controls, dbSNP or the 1000 Genomes Project database, except for
p.GIn834Arg, which was present in 3 out of 384 control chromosomes. Importantly, we
found no other non-synonymous changes in the controls we sequenced, indicating a
significant enrichment for non-synonymous changes in cases (3 out of 384 chromosomes
from controls compared to 11 out of 314 chromosomes from cases; £ < 0.0039).

To investigate the pathogenic potential of the eight non-synonymous K/F7 changes
identified, we used a previously characterized Shh somite defect as a phenotypic readout and
an /n vivo complementation approach to rescue morphant phenotypes with human
mRNA12-14_subsequent to injection of a previously validated'® 4/f7translation-blocking
morpholino (tb-MO) into wild-type embryos at the one-to-two cell stage, we were able to
both recapitulate and quantify the aberrantly shaped somites (similar to multiple Shh
component morphants, including shh, ptcand fu (refs. 16-18)) in embryos imaged at 30 h
post fertilization (hpf) (Fig. 2a,b). Morphant embryos had a significantly wider mean somite
angle in comparison to control embryos (99.1° versus 84.1°, respectively; £< 0.0001; n=
58-59 embryos per batch; masked scoring), which could be rescued with co-injection of full
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length human K/F7mRNA (mean somite angle 88.1°; Fig. 2c and Supplementary Table 4).
We then assayed each of the eight K/F7missense changes and observed incomplete rescue
that was statistically better than morpholino alone (P < 0.0001) but was significantly worse
than wild-type rescue (P < 0.0008), indicating that these changes are hypomorphic (Fig. 2c
and Supplementary Table 4).

Accumulating evidence suggests that primary ciliopathy loci can be modulated by
pathogenic lesions in other ciliary genes to either exacerbate overall severity or induce
specific endophenotypes'219.20, Notably, four unrelated individuals with Bardet-Bied|
syndrome carrying a K/F7missense change also had mutations in BBS1, BBS7, BBS9and
BBS10, respectively, suggesting genetic interaction between K/F7and these loci. To test
this possibility, we compared embryos injected with sub-effective doses of k777th-MO and
bbs morpholino together or alone (7= 71-86 embryos per injection; repeated twice). For
each of the co-injections, we observed a marked increase in the proportion of affected
embryos (Fig. 2d). Taken together, these results suggest that the heterozygous hypomorphic
KIF7alleles identified in our cohort likely interact in franswith lesions at primary BBS loci,
although the small number of K/F7and BBS gene mutational events precludes us from
making specific statements about the modulation of penetrance or expressivity.

Depletion of proteins involved in the Shh pathway has been shown to result in ciliogenesis
defects?l. To analyze ciliogenesis in individuals with K7F7 mutations, we stained cultured
fibroblasts derived from individuals ACLS-T1 and ACLS-N1 (carrying the p.Arg154X and
p.Ala966Profs*81 alterations, respectively) and from an unaffected control with antibodies
against pericentrin and acetylated a-tubulin. We found that primary cilia were present and
protruded normally from the surface of each fibroblast cell after two days of serum
starvation (Supplementary Fig. 2a—c). However, cilia were significantly longer (< 0.05) in
cells from ACLS-N1 compared with control fibroblasts (Supplementary Fig. 2b,d), although
ultrastructural analysis (using scanning electron microscopy) showed normal cilia
components (Supplementary Fig. 2e—g). These findings suggest that, whereas K/F7is not
necessary for cilia formation, it might be involved in regulating cilia length.

To gain insight into the pathophysiological mechanism underlying the clinical features of
individuals with K/F7mutations, we undertook a transcriptome-wide analysis using total
RNA extracted from lung tissue from three affected fetuses from family 1 and three age-
matched controls. We subjected the data to Ingenuity Pathway Analysis (see URLS) to
model protein networks with relevant biological dysregulation. This analysis showed that
most known direct and/or secondary targets of GLI1, GLI2 and/or GLI3 were significantly
(P<0.05) upregulated in cases compared to age-matched controls (fold change >1.2; Fig. 3a
and Supplementary Table 5), whereas K/F7and components of the Shh pathway acting
upstream of KIF7 such as SMO or proteins that interact with KIF7 (SUFU, GLI1, GLI2 and
GLI3) are all transcribed similarly in cases and controls. We confirmed these results by real-
time RT-PCR for several genes, including PTCHZ, on RNA extracted from fibroblasts from
ACLS-T1 and ACLS-N1 (Fig. 3b and Supplementary Table 5). These data are in agreement
with previous studies in mice and zebrafish lacking Kif7 activity, which showed an increase
in Shh-mediated target gene expression®-11.15,

Kif7 has been shown to have both negative and positive roles in Shh signal transduction. In
the absence of ligand, Kif7 localizes to the base of the cilium!! where it forms a complex
with Gli proteins and other pathway components and promotes processing of GliRs. Upon
ligand stimulation, Kif7 translocates to the cilium tipl®, promoting Gli accumulation at that
location1911 where Kif7 may also block the function of Sufu, resulting in activation of the
Gli proteins. To study the role of KIF7 in GLI3 processing in humans, we performed protein
blot analysis using proteins extracted from control versus case fibroblasts. We found an
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increase in the GLI3-FL:GLI3-R ratio in fibroblasts from both cases (Fig. 3c,d), indicating a
similar biological function of KIF7 in human and mouse to ensure normal levels of Gli3-R
production. This result is concordant with the clinical features observed in humans and mice
lacking KIF7 function. Indeed, in the limb, the preaxial polydactyly is consistent with
ectopic de-repression of GLI3 target genes in anterior regions where Shh does not normally

act but could also be ascribed in the central nervous system to an upregulation of GLI2-
A9,11.

In this study, we have identified truncating mutations in K/F7, encoding an evolutionarily
conserved component of the Shh signaling pathway, in individuals with two overlapping but
distinct disorders. These findings highlight that extreme lethal phenotypes may represent the
far end of the spectrum of less severe human disorders, as shown previously for two other
ciliopathies—Meckel and Joubert syndromes22:23, Taken together, our results are of
potential importance in several areas. First, they implicate this locus as the first bona fide
gene for ACLS and the second locus for HLS, affording us the opportunity to improve our
understanding of the pathomechanism of these disorders. Second, they expand the ciliopathy
spectrum by providing experimental evidence for the prior prediction that each of these
phenotypes is a ciliopathy®, while suggesting a potential mechanistic convergence in ciliary
disorders of the developing cerebral cortex and cerebellum. Third, hypomorphic K/F7
alleles found in other ciliopathies and our /n vivo genetic interaction studies indicate that
KIF7 could exacerbate the phenotype induced by the loss of other cilia components. Fourth,
our data complete a missing link of human Hedgehogopathies2* by showing that mutations
in core Hedgehog signaling components cause ciliopathies and by showing the major role of
KIF7 in the human Hedgehog pathway through the regulation of GLI transcription factor
targets. The fact that the reported loss-of-function alleles are concomitant with GLI target
dysregulation indicates that the known mechanics of the pathway, as elucidated through the
previous studies of both invertebrate and vertebrate model organisms, are both functionally
relevant and of clinical importance in humans. Given the possibility that the Hedgehog
pathway can be manipulated pharmacologically, these findings might be of therapeutic
value. Finally, our data suggest a potential new role for KIF7 in regulating cilia length as
previously shown for several proteins?®. The observed increase in cilia length might reflect a
homeostatic response in which cells try to compensate for lack of Shh signaling, as
suggested for other Shh signaling mutants (rpgrip2/)?L. Further studies are necessary to
elucidate the role of KIF7 in the regulation of ciliogenesis.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturegenetics/.

ONLINE METHODS

Research subjects

We used standard methods to isolate genomic DNA from peripheral blood of the affected
children and family members or from frozen fetal tissue or amniocytes. Chromosome
analysis was performed for at least one affected individual of each family. Two fetuses from
family 1 had a complete autopsy and karyotyping after genetic counseling and had parental
consent in conformity with French law. Informed consent was obtained from all
participating families, and the study was approved by the Ethics Boards of Hopital Necker-
Enfants Malades and Great Ormond Street Hospital for Children.

Nat Genet. Author manuscript; available in PMC 2013 June 06.


http://www.nature.com/naturegenetics/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Putoux et al. Page 6

SNPs analysis and homozygosity mapping

Genomic DNA was isolated by phenol/chloroform extraction and purified using Microcon
YM-30 filters (Millipore). Genotyping was performed on the 250K Nspl array of the
Affymetrix 250K system, which consists of 262,000 SNPs (Affymetrix), according to the
manufacturer’s instructions. Chips and data were processed on the Affymetrix platform with
the Command Console Software. SNP genotypes were called using the Affymetrix BRLMM
algorithm in the Genotyping Console 3.0.2 Software (Affymetrix). We performed multipoint
linkage analysis using MERLIN software (see URLSs) assuming a fully penetrant recessive
model and a disease allele frequency of 0.001 and allowed for heterogeneity between
families. Areas of homozygosity on chromosome 15 were confirmed through high-
resolution haplotype analysis in HLS family 1.

Mutational screening

Mutational screening of K/F7was performed by direct sequencing of PCR products of the
19 coding exons and the adjacent intronic junctions in families with HLS and ACLS
showing potential linkage to the locus and in various individuals with ciliopathies.
Segregation of the identified mutations was investigated in all available family members.
The entire coding sequence of K/F7was sequenced in 384 control chromosomes. PCR
primers (Supplementary Table 2) were selected with the Primer3 program (see URLS)
according to reference sequence NM_198525. PCR products were purified with the Exo-
SAP cleanup kit (USB) and sequenced with BigDye chemistry and the ABI 3100 (Applied
Biosystems) automated sequencer. Sequences were analyzed with SeqScape software
(Applied Biosystems).

KIF7 RT-PCR

RNA from lung tissues of the three affected fetuses and three age-matched controls and
from fibroblasts of the case from family 2 and one age-matched control were extracted with
the QIAGEN RNeasy Kit, including on-column DNase digestion. Complementary DNA
(cDNA) synthesis from total RNA was conducted using the GeneAmp RNA PCR Core Kit
(Applied Biosystems) with random hexamer primers. Primers were selected in exon 13
(forward), 16 (reverse), 1 (forward) and 4 (reverse), preventing potential contaminating
genomic DNA amplification (Supplementary Table 2). Quantitative real time PCR for 14
genes of interest and 1 endogenous control gene was performed in triplicate using TagMan
Gene Expression Assays on an ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems). Gene expression was calculated using the relative quantification. The TagMan
Assays of selected GLI targets used are listed in Supplementary Table 5.

DNA constructs

We amplified the full-length human K/F7 open reading frame (ORF) from a human primary
skin fibroblast cDNA library, cloned it into a Gateway entry vector (0CR8/GW/TOPO TA
Cloning Kit; Invitrogen) and confirmed the ORF by direct sequencing. The insert was then
transferred into the pCS2+ Gateway destination expression vector using LR clonase 11
(Invitrogen)— mediated recombination. Missense variants were introduced into the K/F7
OREF using the QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions and were confirmed by direct sequencing.

Zebrafish embryo manipulation and morpholino injection

The kif7translation-blocking morpholino (tb-MO; GeneTools) was characterized

previously®17 (kif7-tb: 5-GCCGACTCCTTTTGGAGACATAGCT-3) and diluted to the
appropriate concentrations in deionized sterile water (8 ng/nl for rescue experiments and 4
ng/nl for genetic interaction studies). We injected 1 nl into wild-type zebrafish embryos at
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the 1-2 cell stage and reared the embryos at 28.5 °C according to standard procedures. To
rescue morphant somite phenotypes, we transcribed mRNA from a linearized pCS2+-KIF7
vector with the SP6 mMessage mMachine kit (Ambion) (KIF7 human versus zebrafish: 57%
identity and 70% similarity). Morpholinos targeting BBS genes have been characterized
previously (bbs1, bbs7, bbs9and bbs10)14. For somite angle rescue assays, embryos were
phenotyped at 30 hpf using live imaging (lateral views, taken at 6x magnification) with a
Nikon AZ100 stereoscope followed by measurement of one somite angle per embryo at the
midpoint between the proximal hindgut and the anus. Images were acquired and analyzed
with Nikon NIS Elements software. For the kif7 genetic interaction studies, embryos were
scored for gastrulation defects at the 9-somite stage according to previously established
objective phenotypic criterial2.

Immunocytochemistry

After two days of serum starvation, confluent fibroblasts were fixed in 4%
paraformaldehyde, treated in 50 mM NH4CI, 0.3% Triton X-100 followed by 1 h in BSA
blocking solution. Cells were then incubated with mouse monoclonal acetylated a.-tubulin
(Sigma) and rabbit polyclonal pericentrin (AbCam) antibodies for 1 h and with alexa Fluor
488 goat anti-rabbit 1gG and alexa Fluor 555 donkey anti-mouse 1gG (Invitrogen). To
measure cilium length, confocal images were taken using Leica SP5. We performed three-
dimensional reconstruction of cilia using Imaris software, which allowed for length
assessment irrespective of angle of orientation.

Expression analysis on human exon arrays

Total RNA from lung tissues of the three affected fetuses and three age-matched controls
were isolated using an RNeasy Kit (QIAGEN). RNA quality was assessed by using the
Agilent Model 2100 Bioanalyzer (Agilent Technologies). An expression analysis was
performed using a GeneChip Human Exon 1.0 ST Array (Affymetrix). Two kits (NUGEN
Technologies) were used for the amplification and post-amplification treatments of the
samples preceding the hybridization. Total RNA (100 ng) were amplified by Ribo-SPIA
RNA Amplification (SPIA, for Single Primer Isothermal Amplification), fragmented and
labeled with biotin using the Applause WT-Amp Plus ST System and the Encore Biotin
Module as recommended by the manufacturer. The arrays were scanned using the
Affymetrix Model 3000 scanner and the Command Console software for piloting the
GeneChip systems. Fluorescence data were imported into Affymetrix Expression Console
and R Bioconductor analysis software. Gene expression levels were calculated using the
RMA algorithm in Expression Console, and flags were computed using a custom algorithm
within R (see URLS). To limit potentially biased measurement (background or saturating),
all probes whose normalized intensity measures were outside of a confidence interval were
flagged as 0. The confidence interval was 2x the s.d. from the mean intensity of each chip.
The group comparisons were done using a Student’s ftest. To estimate the false discovery
rate, we filtered the resulting P values at 5% and used the Benjamini and Hochberg (BH)
method, the Bonferroni method (B) or no correction (SC). Data were subsequently
submitted to Ingenuity Pathway Analysis (IPA; see URLS) to model networks among genes
and proteins and to construct putative pathways and relevant biological processes.

Protein blot analysis

For whole cell, lysates were prepared from dissected lung or fibroblasts using ice-cold RIPA
buffer plus protease inhibitor cocktail (Roche). Nuclear and cytoplasmic protein extraction
were performed using a NE-PER Kit (Thermoscientific). We loaded 40 g of proteins onto
7% SDS-PAGE gels. Immunoblotting were performed using rabbit GLI-3 H280 (Santa Cruz
Biotechnology) followed by HRP-conjugated antibody and ECL-Plus detection
(Amersham). An antibody against p-actin (Santa Cruz Biotechnology; sc-81178) was used
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as a loading control. Densitometry was used to compare protein levels between the full
length activator and short repressor forms of GLI3 (see URLS).

Electron microscopy

After two days of serum starvation, confluent fibroblasts were fixed with glutaraldehyde 3%
(TAAB) in 0.1 M Sorensen buffer, pH 7.4 at room temperature (20-22 °C) for 1 h. After
washing with Sorensen buffer, cells were postfixed with osmic acid (0sO,4) 1% for 30 min
at 4 °C. Cells were dehydrated in increasing concentrations of ethanol and embedded in
epon. After polymerization at 60 °C for 28 h, the coverslips were removed from the
solidified blocks containing the cells. Ultrathin sections (70 + 10 nm) were prepared,
counterstained with uranyl acetate and lead citrate and then observed with a transmission
electron microscope (JEOL 1011). Data acquisition was performed with GATAN CCD
cameras. Image acquisition and image analysis were performed on the Cochin Imaging
Facility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Phenotypes of individuals with K/F7mutations. (a) Coronal section of the cerebral
hemispheres showing lateral ventricles (LV) dilatation in fetus 3 of family 1. (b) Transverse
section of the brainstem at the midbrain-hindbrain junction showing deep interpeduncular
fossa (arrow), malformed and stretched aqueduct of Sylvius (double arrow) in fetus 3 of
family 1. (c,d) Postaxial polydactyly and hallux duplication in fetus 3. (e) Pedigree of family
1. (f,i,]) Sagittal brain MRI section in individuals ACLS-T1, ACLS-T3 and ACLS-T4
showing the corpus callosum agenesis (f,i) or the thin corpus callosum (I), dysplastic
superior vermis (arrows) or dilated fourth ventricle (asterisks). (g,h.j,k,m,n) Axial view of
the cerebral hemisphere showing corpus callosum agenesis (g,j) or hypoplasia (m). (h,k,n)
Axial view of brainstem abnormalities with deep interpeduncular fossa and stretched
cerebellar peduncles in three individuals with ACLS. (o) Hallux duplication in ACLS-T1.
(p) Hallux duplication in ACLS-N2. (q) Hallux duplication and postaxial polydactyly in
ACLS-T4. (r) Schematic representation of K/F7complementary DNA and protein with the
functional domains (kinesin motor, Gli-binding and coiled-coil domains?®) and localization
of KIF7mutations identified in this study (ACLS and HLS mutations are shown above the
scheme and heterozygous variations are shown below the scheme). The mutation found in
HLS family 1 is shown in red.
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Morphant somite angle rescue with mutant KIF7 mRNA

Injection

d i Kif7 genetic interaction with bbs genes

B Class II
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m Normal
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Figure2.

Missense K/F7variants are pathogenic and may interact genetically with other BBS loci. (a)
Representative live lateral views of control (left) or /7 morphants (right) imaged at 30 h
post-fertilization. (b) Magnified view of a. Chevron-shaped somites in control (left) or
abnormally shaped somites in 4/f7 morphant (right) embryos, attributable to ectopic
Hedgehog signaling in the zebrafish myotome®. The dashed blue line denotes the somite
angle measured in the /n vivo complementation assay to test K/F7allele pathogenicity. (c)
All eight missense K/F7alleles identified in cases with ciliopathy were hypomorphic as
indicated by the partial ability of mutant human K/F7mRNA to rescue the somite angle
defect induced by kif7 morpholino (MO). The p.Arg1325GIn coding allele (rs73477443,;
present in the dbSNP database and not in cases of ciliopathy) was not significantly different
(NS) from wild-type rescue, providing support for the specificity of the assay. We measured
n=43-71 embryos per injection. The asterisks indicate £< 0.001 for mutant versus wild-
type rescue. Error bars, s.e.m. See Supplementary Table 4 for somite measurement data. (d)
Co-injection of sub-effective doses of k7f7 morpholino and four different 6bs gene
morpholinos resulted in gastrulation phenotypes in mid-somitic embryos that exceed the
sum of affected embryos induced by either individual MO alone. For all co-injections, we
observed a marked increase in the proportion of affected embryos with severe phenotypes
(Class I1; bbs1and bbs7) or moderately affected embryos (Class I; bbs9and bbs10), which
exceeded the additive effects of &/f7 translation-blocking morpholino or 66s morpholino
alone. Objective phenotypic criteria have been described previouslyl2. We scored /7= 71-86
embryos per injection cocktail and repeated masked scoring twice.
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Hedgehog signaling in individuals with K/F7mutations. (a) Heat map representation of
microarray expression analysis in the three K/F7mutated fetuses from family 1 compared to
three aged-matched controls (Supplementary Table 4). The heat map shows the upregulation
of many of the GLI1, GLI2 and GLI3 direct and/or secondary target genes (upregulated
genes in red boxes), confirmed by semiquantitative RT-PCR in fibroblasts for several
selected genes relative to GAPDH (b). Error bars, s.d. (c,d) Protein blot analysis for GLI3 on
proteins extracted from control and K/F7 mutated fibroblasts. (¢) Immunoblot shows the
amounts of GLI3-A (GLI3-FL) and GLI3-R (bands are in accordance with a previous
study?” and included a G/i37/~ mouse extract as a control) in control and case fibroblasts and
revealed reduced GLI3-R in K/F7mutated fibroblasts. (d) Graphical evaluation of the GLI13-
FL:GLI3-R ratio in control and case fibroblasts. We used B-actin as the loading control.
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