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Mutations in IFT172 cause isolated retinal
degeneration and Bardet—-Biedl syndrome
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Primary cilia are sensory organelles present on most mammalian cells. The assembly and maintenance of pri-
mary cilia are facilitated by intraflagellar transport (IFT), a bidirectional protein trafficking along the cilium.
Mutations in genes coding for IFT components have been associated with a group of diseases called ciliopa-
thies. These genetic disorders can affect a variety of organs including the retina. Using whole exome sequencing
inthree families, we identified mutations in Intraflagellar Transport 172 Homolog[IFT172(Chlamydomonas)] that
underlie anisolated retinal degeneration and Bardet—Biedl syndrome. Extensive functional analyses of theiden-
tified mutations in cell culture, rat retina and in zebrafish demonstrated their hypomorphic or null nature. It has
recently been reported that mutations in IFT172 cause a severe ciliopathy syndrome involving skeletal, renal,
hepatic and retinal abnormalities (Jeune and Mainzer-Saldino syndromes). Here, we report for the first time
that mutations in this gene can also lead to an isolated form of retinal degeneration. The functional data for
the mutations can partially explain milder phenotypes; however, the involvement of modifying alleles in the
IFT172-associated phenotypes cannot be excluded. These findings expand the spectrum of disease associated
with mutations in IFT172and suggest that mutations in genes originally reported to be associated with syndromic
ciliopathies should also be considered in subjects with nhon-syndromic retinal dystrophy.
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INTRODUCTION

Most mammalian cells contain primary cilia, non-motile
microtubule-based organelles, which are involved in cellular
signaling. Mutations in genes coding for ciliary proteins lead
to ciliopathies, rare genetic disorders that may affect one or
more of the following organs: retina, central nervous system,
olfactory epithelium, heart, liver, kidney, skeletal system,
gonads and adipose tissue (1). Based on the presence of particular
symptoms, ciliopathies are further subdivided into subtypes.
Severe manifestations of ciliopathy include Mainzer-Saldino syn-
drome (MZSDS [MIM 266920]) and Jeune asphyxiating thoracic
dystrophy (JATD [MIM 208500]). Individuals with these disor-
ders have severe skeletal abnormalities including constricted thor-
acic cage in addition to renal, hepatic, brain and retinal anomalies.
Respiratory insufficiency caused by the narrow thorax and/or
major organ failures often lead to early-childhood death in these
individuals (2). A milder form of ciliopathy, Bardet—Biedl syn-
drome (BBS [MIM 209900]) is characterized by a retinal degen-
eration, post-axial polydactyly, obesity, mental retardation, renal
dysfunction and hypogonadism in males (3). Secondary features
such as liver and heart dysfunction, diabetes or speech anomalies
may additionally be present (1,3). Certain cases of isolated
retinal degenerations may also be regarded as ciliopathies if
the genes that are mutated encode proteins functioning in photo-
receptor sensory cilia, such as RP/ (MIM 603937) (4,5), RPGR
(MIM 312610) (6), LCAS5 (MIM 611408) (7), RPGRIP1 (MIM
605446) (8), FAMI1614 (MIM 613596) (9,10) or KIZ (MIM
615757) (11), among others.

Most of the genes involved in ciliopathies code for proteins
expressed at the basal body and transition zone of the cilia or
are involved in intraflagellar transport (IFT) (1,12). IFT is a bi-
directional transport process essential for the assembly and the
maintenance of cilia as well as protein trafficking between the
cell body and cilia. Kinesin-2 and a 14-protein IFT-complex B
are thought to mediate anterograde transport (base to tip);
whereas dynein-2 and a 6-protein IFT-complex A drive retrograde
transport (tip to base) (13—15). Mutations in all complex A and two
complex B proteins, including the recently published IFT172
(MIM 607386) (16), are associated with various severe skeleto-
renal disorders with retinal involvement in some cases (17—24).

Here, we report four affected subjects from three families with
mutations in /FT172 who have a non-syndromic retinitis pig-
mentosa (RP, MIM 268000), also known as rod-cone dystrophy,
or BBS. We describe functional studies of the identified variants
in cell culture and in vivo, giving evidence for the pathogenicity
of these new mutations. These findings broaden the IFT172-
disease spectrum, show that genes associated with syndromic
ciliopathies should be considered in subjects with non-syndromic
disease and also suggest that the primary /F7772 mutations alone
are not sufficient to explain the wide range of phenotypes.

RESULTS

Whole exome sequencing identifies mutations in IF7172
causing Bardet—Biedl like ciliopathy and non-syndromic RP

Two affected sisters from family 1 (Fig. 1A, subjects I.1 and I1.2)
presented at the Ophthalmology-Genetics Clinic at The Chil-
dren’s Hospital of Philadelphia with retinal degeneration
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(Fig. 1B—E, and Supplementary Material, Fig. S1) and other sys-
temic features suggesting a Bardet—Biedl like ciliopathy. Both
sisters had elevated body-mass index (BMI) indicating obesity
(BMI of 43.2 in II.1 and 36.9 in I1.2), and significantly higher
than their parents (BMI0f29.3in1.1and 29.2 in1.2). Both subjects
had a history of delayed speech development and elevated liver
transaminases. One of the sisters (subject 11.1) in addition had
bilateral post-axial cutaneous polydactyly and pancreatitis
(Table 1). No skeletal malformations were observed in the two
subjects. After excluding mutations in 12 BBS genes known at
the time (BBSI-12), the affected sisters and the unaffected
parents were investigated genetically by whole exome sequencing
(WES). After applying stringent variant filtering (minor allele
frequency of <0.15%), we found two likely disease-causing
mutations in IFT172 (c.1525-1G>A; ¢.4701C>A p.H1567Q)
co-segregating in the family (Fig. 1A). The p.H1567Q missense
change had never been seen before in the human genetic variant
databases of dbSNP and Exome Variant Server (EVS) (25) and
the ¢.1525-1G> A splice-site change had been seen in 1 out of
13 005 alleles (Table 2). The ¢.1525-1G> A change affects the es-
sential splice acceptor site of exon 16 (Fig. 2), whichis predicted to
lead to the abolition of the splice site and exon skipping (26).

The affected subject from a consanguineous family 2 pre-
sented at the Center of Clinical Investigation at the Quinze-
Vingts Hospital in Paris with RP of moderate severity and no
other systemic symptoms (Table 1 and Fig. 1A, F-I). After
exclusion of known mutations with arRP mutation microarray
(ASPER Ophthalmics, Tartu, Estonia) (27,28) and Sanger se-
quencing of a major RP-associated gene, EYS (29) in the index
subject, the three available family members (index and his un-
affected parents) were analyzed by homozygosity mapping
(30). The index subject’s genome contained 23 homozygous
regions ranging from 0.54 to 34.85 Mb, summing up to the
total of 211 Mb. Six genes known to be implicated in RP were
present in the homozygous regions [RPE65 (MIM 180069)
(31,32), ABCA4 (MIM 601691) (33-35), C2orf71 (MIM
613425) (36,37), ZNF513 (MIM 613598) (38), CLRNI (MIM
606397) (39) and PDE6A (MIM 180071) (40)], all of which
were excluded for mutations in the exons and flanking intronic
regions by Sanger sequencing. WES on DNA samples from all
available family members and stringent filtering of the sequence
data resulted in the identification of the homozygous ¢.4815T>G
variant in exon 44 of IFT172 leading to a p.D1605E substitution.
This change was absent in dbSNP and EVS databases (Table 2).
The IFT172 gene was located in the second largest homozygous
region of 20.5 Mb on chromosome 2.

Anisolated case from family 3 (Fig. 1A, subject 11.2) presented
with typical signs of non-syndromic RP (Fig. 1J and K) at the
Rotterdam Eye Hospital. Only after a further clinical interview,
a history of scoliosis in early teenage years was revealed,
though it is not clear if the two phenotypes are related (Table 1).
Previously, targeted next-generation sequencing of 110 genes
known to be associated with non-syndromic retinal dystrophy
had not yielded any causative variants (41). WES in the affected
individual, followed by stringent filtering of variants identified
compound heterozygous mutations in /FT172 to be the most
likely variants underlying RP in this individual (Fig. 1A). The
first change is a missense variant in exon 8 (c.770T>C;
p.L257P), whereas the second change is located in the 3'- splice
site of exon 29 (c.3112-5T>A). Both changes were absent in
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Figure 1. Pedigrees of subjects with /F' 772 mutations and their phenotypes. (A) Pedigree information and segregation of /F'71 72 variants in the three families. (B and C)
Fundus photographs of subject I1.2 from family 1, indicating attenuation of blood vessels and RPE atrophy. (D) Horizontal optical coherence tomography (OCT) scan
image through the center of the macula of subject I1.2 (Family 1), showing thinning of the outer retina and macular cystic edema. (E) Infrared image of the fundus
depicting the area where the OCT image was taken in E. (F and G) Fundus photographs of the right eye of subject II.1 from family 2, showing bone-spicule pigmen-
tation in the periphery of the retina (F), attenuated blood vessels and optic disc pallor (G). (H) Horizontal OCT scan image through the center of the macula of the right
eye of subjectII.1 (family 2), showing thinning of the outer retina. (I and J) Fundus autofluorescence image of subject I1. 1 from family 2 (I) and subject I1.2 from family
3 (J), depicting a perifoveal ring of increased autofluorescence and loss of autofluorescence outside the vascular arcades. (K) Horizontal OCT scan photograph of
subject I1.2 from family 3, showing an absent photoreceptor layer outside the macular region and cysts in the inner nuclear layer.

genomic variant databases (Table 2). According to the online
prediction program BayNAGNAG (42) and Alamut® (Interactive
Biosoftware, Rouen, France), the ¢.3112-5T>A variant will
affect splicing by creating a new splice acceptor site three

nucleotides upstream of the original one (Supplementary Mater-
ial, Fig. S2A). To confirm this splicing defect in the affected
subject, RNA was isolated from fresh blood for reverse transcrip-
tion polymerase chain reaction (RT-PCR) analysis. Following
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Table 1. Clinical table of subjects with /F'T172 mutations
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Subjects were seen in four clinical centers: CHOP (Ophthalmology-Genetics Clinic at the Children’s Hospital of Philadelphia); MEEI (Massachusetts Eye and Ear Infirmary); Hopital XV-XX CIC503 (Centre d’Investigation

Clinique 503); REH (Rotterdam Eye Hospital). Clinical diagnosis of subjects II.1 and I1.2 from family 1 were consistent with BBS. All subjects were of Caucasian origin and none of them showed any signs of renal disease. The

mutation nomenclature is based on transcript NM_015662.1 and A from the ATG initiation codon is designated as position 1. ND, not detected; NT, not tested.
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cDNA synthesis, amplification of /F7172 cDNA, cloning of the
PCR products and Sanger sequence analysis of the clones, two
mRNA products were identified that corresponded to the use of
both the original and the new splice site generated by the
¢.3112-5T> A change (Supplementary Material, Fig. S2B). Of
the sequenced clones, 20% indicated the usage of the alternative
splice site, which was due to the presence of transcripts from the
second allele and also to the fact that the alternative splice site
was used only in a subset of transcripts harboring the
¢.3112-5T> A change. The same analysis of /FT172 transcripts
from control lymphoblasts showed normal splicing in all analyzed
clones. At the protein level, the use of the alternative splice site
generated by the ¢.3112-5T> A change is predicted to lead to
the insertion of one amino acid (p.K1037_E1038insQ). In parallel,
to check the effect of the ¢.3112-5T> A variant on splicing, a
mini-gene splicing assay was performed using a mini-gene con-
struct of /FT'172 exons 28—30 expressed in the human embryonic
kidney (HEK) 293 cells. The results obtained from this study indi-
cated that the majority of the mini-gene transcripts harboring the
¢.3112-5T> A change retained intron 28, in contrast to wild-type
(WT) mini-gene transcripts which were spliced correctly in the
majority of cases (Supplementary Material, Fig. S2C).

With a combination of Sanger sequencing and next-generation
sequencing (NGS) approaches, 343 additional patients with syn-
dromic and non-syndromic RP were screened for mutations in
IFT172. In this screen, we have not identified additional patients
with mutations in this gene.

IFT172 codes for the largest IFT protein, of 1749 residues with
nine predicted N-terminal WD40 domains and 21 predicted
C-terminal tetratricopeptide repeats (TPR) (13) (Fig. 2A). The
most N-terminal mutation identified in this study (p.L257P) is pre-
dicted to affect the sixth WD40 repeat by changing the (3-sheet sec-
ondary structure (PSIPRED analysis (43)) (Fig. 2B, Supplementary
Material, Fig. S3), which may alter protein—protein interactions led
by these domains (44—46). Leucine 257 is highly conserved in
mammals but not in other species (Fig. 2C); however, this substi-
tution was considered as damaging in pathogenicity prediction
tools [Polyphen-2 (47), SIFT (48), PROVEAN (49), Mutation-
Taster (50)] and had high PhyloP (51) and phastCons (52)
conservation scores (Table 2). The insertion of glutamine from
the extended splice-site mutation p.K1037_E1038insQ is pre-
dicted to affect the eighth TPR domain, altering an a-helix and
is predicted to be deleterious (Table 2). The TPR domains are
known to bind other proteins or small molecules (53) and struc-
tural alteration of these tandem repeats may modify the function
of IFT172. The p.H1567Q change affects a residue located just
outside an a-helix and in the proximity of the last TPR domain
predicted by Taschner and colleagues (13); His1567 is highly
conserved and the substitution to glutamine is predicted to be
damaging (Table 2). The p.D1605E mutation lies in an a-helix, in
the C-terminal domain of IFT172 (Fig. 2B); it is highly conserved
throughout evolution (Fig. 2C), though it was predicted to be
damaging only by MutationTaster prediction software (Table 2).

N-terminal p.L257P mutation leads to IFT172
mislocalization and C-terminal mutations (p.H1567Q and
p-D1605E) lead to cilia shortening

For subcellular localization of the WT and mutant proteins, WT
and putative mutant /F7172 cDNAs were cloned into an
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Figure 2. [FT172mutations in BBS androd-cone dystrophy subjects. (A) New mutations indicated on the gene and protein structures. Protein domains were taken from
Taschner et al. (13) (WD40: WD40 repeat domain, TPR: tetratricopeptide repeats). (B) IFT172 protein secondary structures predicted by REPPER program
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The mutated residues are indicated in red. Histidine (H) lies just outside of a predicted a-helix. (C) Conservation of missense changes found in this study, the sequences

were taken from UCSC genome browser (http://genome.ucsc.edu/).

in ift172 morphants injected with a splice blocking morpholino
oligonucleotide (MO) (16) (Fig. SA—I, Supplementary Material,
Fig.S4). Aspreviously described (16) and in accordance with the
phenotype of the ift/72 mutant fish (58), the ift/72 morphants
showed ventral curvature of the body and hydrocephaly, which
were absent from the fish injected with a standard control MO
(Fig. 5A and B). Semi-thin coronal sections and toluene blue
staining of the zebrafish head at day post fertilization 5 (dpf5)
confirmed altered cranial structure and revealed a thinner outer
nuclear layer (ONL) and disorganized photoreceptor outer seg-
ments in the retina (Fig. SC—H). Similar early eye phenotypes
were also observed in the mutant if¢/ 72 zebrafish (59).

In the complementation studies, zebrafish embryos were
co-injected with the ift/72 MO and the IFT172 WT or mutant
mRNAs. WT [FT172 mRNA was partially able to rescue the
phenotype induced by the ift/ 72 morpholino with a reduction
of the total number of morphants by 17.9% across all the experi-
ments (Fig. 5J). The mutant p.H1567Q and p.D1605E IFTi172
mRNAs were not able to rescue the morphant phenotype to the
same extent, obtaining a reduction of total morphant numbers
of only 4.2 and 6.7% respectively, indicating the likely hypo-
morphic nature of each of these mutations. The p.L257P
mutant failed to complement the MO-induced phenotype and
therefore we consider that this mutation leads to a null allele,
consistent with the results of the localization studies.

DISCUSSION

We have identified mutations in /F'T/ 72 that lead to a recessive
form of RP and BBS. This is the first report indicating that muta-
tions in this gene can be associated with a non-syndromic or a
milder systemic phenotype compared with the severe MZSDS
and JATD syndromes (16). The previously reported phenotypes
involved skeletal anomalies (narrowed bell-shaped thorax, short

stature, brachydactyly and polydactyly), nephronophtitis leading
to renal failure, liver fibrosis, obesity, retinal degeneration and in
some cases cerebellar vermis hypoplasia (16). In this study, two
unrelated individuals were affected with an isolated form of RP
and no other systemic symptoms; and a sib-ship with BBS,
where only one sister presented with cutaneous polydactyly.
The variable phenotypic severity may be due to the nature
of IFT172 mutations identified in both studies or to the total
mutation load in the affected subjects’ genomes, as previously
suggested for BBS (60—62). Through in vitro and in vivo func-
tional analyses we showed that two missense changes identified
in this study are hypomorphic in nature (p.H1567Q and
p-D1605E) and one of the mutations most likely creates a null
allele (p.L257P). Of the two splice-site mutations, one affected
an essential site (c.1525-1G>A) and the second affected an
extended site (¢.3112-5T>A). Combining the in silico predic-
tions with functional data from RT-PCR on affected subject’s
leukocyte mRNA and a mini-gene assay suggested that the
¢.3112-5T>A change may lead to a combination of events
including insertion of a glutamine (p.Lys1037_Glu1038insGln),
intron 28 retention and partially normal splicing. It is possible
that intron 28 retention also occurs in the ¢.3112-5T> A harbor-
ing transcripts in lymphocytes, but is degraded by nonsense-
mediated decay (63) and therefore is not detected by RT-PCR
from the affected subject’s RNA. In addition, we cannot be
certain of the exact fate of the ¢.3112-5T> A carrying transcript
in this person’s retina; however, the above data suggest that this
allele is hypomorphic or null. Because this individual is affected
with an isolated form of RP, we expect that some functional
protein will be produced from the ¢.3112-5T > A allele, especially
since the p.L257P change in frans appears to be a more severe
loss-of-function mutation. All of the affected subjects presented
in this study carried either two hypomorphic alleles or one hypo-
morphic and one null allele. The 14 previously published muta-
tions in [FT172 causing MZSDS and JATD (16) included
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Figure 3. Expression of WT and mutant /F71 72 constructs in mIMCD?3 cells. (A) Anti-V5 staining of IFT172 WT and mutant proteins (red) in mIMCD?3 cells expres-
sing somatostatin receptor 3 (SSTR3)—GFP fusion protein (the size bar represents 10 wm). Cell nuclei were visualized by Hoechst staining. (B) Quantification of cilia
length in mIMCD3 cells transfected with a control pCAG-enhanced green fluorescent protein (EGFP) vector, WT or mutant constructs. The boxes represent 25—75%
quintiles and the whiskers represent the 5—-95% quintiles. The p.L275P mutant did not locate to the cilium and therefore this condition was excluded from the cilia
length quantification (**P < 0.01, ***P < 0.0001). (C) Real-time quantitative PCR of mouse and human IFT172 transcripts in the transfected and untransfected
mIMCD?3 cells. The untransfected mIMCD?3 cells condition was used as a calibrator sample and mIMCD?3 cells transfected with the empty pCAG-EGFP served

as a control.

WTIFT172 p.H1567Q p.D1605E p.L257P

Figure 4. IFT172 localization in rat retinae. (A) A structure of the rod photoreceptor with cilia compartments indicated (BB: basal body, TZ: transition zone,
Ax: axoneme, OS: outer segment, IS: inner segment). A magnified version of photoreceptors indicates localization of Rp1 (gray) and Ift1 72 (red). (B and C) Localization
of WT-IFT172 without (B) and with (C) Rp1 staining. (D and E) Localization of p.H1567QIFT172 protein without (D) and with (E) Rp1 staining. (F and G) Localization of
p.D160SE IFT172 protein without (F) and with (G) Rp! staining. (H and I) Localization of p.L257P IFT172 protein without (H) and with (I) Rp! staining.
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Figure 5. Phenotype of ift1 72 zebrafish morphants. (A and B) Zebrafish injected with a standard control (ctrl) MO and if#/ 72 splice block MO, showing ventral body
curvature, body swelling and hydrocephaly at day post fertilization 5 (dpf5). (C and D) Coronal sections of control (C) and ift172 morphant (D) zebrafish at dpf5,
depicting smaller eye size and altered cranial bone structure. (E—H) Retinae of control (E and G) and ift172 morphant (F and H) fish showing thinning of photoreceptor
celllayer and shortening of the photoreceptor outer segments in the iff/ 72 morphant fish. GCL, ganglion cell layer; INL, inner- nuclear layer; ONL; outer-nuclear layer;
POS, photoreceptor outer segments. (I) RT-PCR on RNAs obtained from whole control and ift1 72 morphant larvae at dpf5, indicating exon 3 skipping due to the donor
site blocking by the MO. The primers annealed to ift172 exon 2 and 4. RT- indicates RT-PCR negative control. (J) Zebrafish ift172 morphant phenotype rescue with
total quantification of fish phenotypes induced by ift1 72 MO and rescue by the IFT172 WT and mutant mRNAs. Normalizing total number of morphants in the /<7172
mutant conditions by the number of WT total morphants in the same experiment shows a statistically significant difference between the complementation of the WT
IFT172 and the mutants (p.H1567Q, t-test, P = 0.007; p.D1605E, P = 0.039; p.L257P, P = 0.001).

frameshifts, stop mutations, missense and splice-site changes,
and an in-frame deletion, none of which were seen in this
study (Supplementary Material, Fig. S5). The more severe
phenotype was not always produced by two truncating alleles,
as one would expect by comparing the two studies. We therefore
concluded that the published and new genotypes are not suffi-
cient to explain the broad phenotypic spectrum of IFT172-
associated disease and further functional and genetic studies
will have to be undertaken. Other ciliopathy-associated gene
defects also lead to pleiotropic effects. Diseases caused by muta-
tions in OFDI (MIM 300170) range from a severe orofaciodi-
gital (MIM 311200) (64) and Joubert (MIM 300804) (65)
syndromes to an isolated RP (66). Isolated retinal phenotypes
were also seen in subjects with mutations in three other synd-
romic ciliopathy genes TTC8 (MIM 608132) (67,68), CEP290
(69-74) and BBS1 (75). The variable phenotype was explained
by the position of the mutations within the gene (OFDI (65)),
alternative splicing in the retina (77C8 (68)) or hypomorphic

alleles due to activation of cryptic splice sites (CEP290 (69),
OFDI (66)). Epistatic effects of other alleles have also been pro-
posed for the CEP290-associated disease (71) and other forms
of ciliopathy (60,61,76). We believe that modifying alleles
may also be involved in the modulation of the IFT172-related
phenotypes, especially leading to more severe clinical manifes-
tations. In the attempt to decipher possible modifying alleles in
the studied patients, we performed an analysis of all the rare
variants in the known IRD and ciliopathy-associated genes
(Supplementary Material, Tables S1 and S2). Based on the
small sample size we cannot conclude with confidence which
variants may be phenotype modifiers, however, we observed
that the more severely affected subject (II.1) from family 1
carries a higher mutational load than her sister (I1.2). In addition,
subject II.1 is compound heterozygous for mutations in WDR65
(c.3406C>T, p.Argl136Trp; c.2678 A>C, p.Lys893Thr) (MIM
614259), a gene associated with the Van der Woude syndrome
(MIM 606713) (Supplementary Material, Table S1). Future


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu441/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu441/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu441/-/DC1

238 Human Molecular Genetics, 2015, Vol. 24, No. 1

studies of a larger cohort of subjects with mutations in /F'71 72 may
shed more light on the genetic modifiers of /FT172-associated
phenotypes.

IFT172 is considered as a peripheral IFT-B protein (13,77)
and it plays a role in the IFT complex turnaround at the tip of
the cilium, as shown by studies in Chlamydomonas IFT172
homolog flall temperature-sensitive mutants (78,79). The role
ofthe IFT 172 and the transition from the anterograde to the retro-
grade transport in the photoreceptor cilia have not been fully
studied. Itis known that the homozygous ift/ 72 mutant zebrafish,
apart from the severe body phenotype, also show abnormal
photoreceptor development (58,59,80,81). In these fish photo-
receptor cilia failed to extend, accumulating membranous struc-
tures in the inner segment (59). Mice homozygous for the If¢172
loss-of-function alleles (wim or sib) die before embryonic day 13
(82,83) and mice homozygous for a hypomorphic ift/72 allele
(avcl) die at birth with severe skeletal, heart and renal pheno-
types (84). The study of the [ft/72 mutant mice revealed the
importance of IFT in Hedgehog (Hh) signaling pathway and its
involvement in the specification of the ventral cell types in the
neural tube during embryogenesis (82) and in the neuronal pat-
terning of the brain (83). Given the complexity of the role of
IFT172 in maintaining the primary cilia and in the embryonic
development, it is possible that genes coding for other IFT com-
ponents or proteins in the Hh signaling pathway could have an
influence on the phenotype induced by the /F'7772 mutations.
Additional future studies to test this hypothesis on the genetic
and functional level may help explain the broad phenotypic
spectrum of /F'T172-associated disease.

MATERIALS AND METHODS
Ethics statement

The human study protocols were approved by the institutional
review boards in each of the investigation centers (Human
Studies Committee MEEIin USA, Comité de Protection des Per-
sonnes Ile de France V in France and Wetenschaps Commissie
Oogziekenhuis in the Netherlands). All the investigated affected
individuals and family members provided informed written
consent for the genetic study and all the protocols adhered to
the Declaration of Helsinki.

The in vivo experiments performed on rats and zebrafish were
performed according to protocols approved by the Animal Care
Committee from the Massachusetts Eye and Ear Hospital. All
procedures were performed to minimize suffering in accordance
with the animal care rules in our institution in compliance with
the Animal Welfare Act, the Guide for the Care and Use of
Laboratory Animals and the Public Health Service Policy on
Humane Care and Use of Laboratory Animals.

Human subjects’ ascertainment and clinical evaluation

The families were recruited in different clinical centers in USA
(The Children’s Hospital Philadelphia and Massachusetts Eye
and Ear Infirmary), France (Quinze-Vingts Hospital) and the
Netherlands (The Rotterdam Eye Hospital). The diagnoses of
RP and BBS were based on a full ophthalmic examination and
general clinical history as described previously (29,85,86).

Molecular genetics

Initial mutation screening of known genes associated with in-
herited retinal degenerations (IRD) was achieved through
various methods involving selective exon capture, homozygos-
ity mapping and Sanger sequencing, as described previously
(29,30,41,87—89). WES was performed as before (85,90—-93).
Total RNA from the affected subject from family 3 was isolated
from fresh blood using an RNA kit according to the manufac-
turer’s instructions (PAXgene Blood RNA Kit; PreAnalytix,
Qiagen, The Netherlands). The mutation nomenclature is
based on transcript NM_015662.1 and A from the ATG initiation
codon is designated as position 1. All the [FT172 variants
published in this report will be deposited at the Leiden Open
Variation Database (http://www.lovd.nl/3.0/home).

Gene expression reagents

Human /FT172 ¢cDNA was amplified by RT-PCR from HEK293
cells and cloned into a pENTR/D-TOPO entry vector (Invitro-
gen, Life Technologies, USA). The sequence was verified
by Sanger sequencing and the mutant constructs were obtained
by site-directed mutagenesis (QuickChange II, Agilent
Technologies, USA). The mutagenesis primers were designed
using online software (http://www.genomics.agilent.com/primer
DesignProgram.jsp). The WT and mutant constructs were sub-
cloned to Gateway compatible destination vectors using LR
clonase (Invitrogen). For cell expression and rat electroporations
IFT172was moved to the pPCAG-V5-IRES-enhanced green fluor-
escent protein (EGFP) vector (55,94) adapted for Gateway
cloning (54) containing an N-terminal V5 tag and EGFP separated
by the internal ribosome entry site (IRES). The constructs were
purified by an Endotoxin Free plasmid MaxiPrep kit (Qiagen,
USA) and eluted in phosphate buffered saline (PBS) buffer
(Sigma-Aldrich, USA). For zebrafish rescue experiments, the
sequence of WT and mutant [F7/72 cDNAs were moved to
the (pCS2*GW) gateway compatible vector containing SP6
promoter (kind gift from Dr Erica Davis) and the plasmids were
purified by MidiPrep kits (Qiagen).

Splicing assay

The mini-gene splicing assay was performed using a construct of
IFT172 exons 28—30 obtained by gDNA PCR amplification of a
healthy individual and subsequent introduction of the mutation
through the site-directed mutagenesis (QuickChange II). The
WT and mutant constructs were expressed in HEK293 cells for
48 h and splicing was investigated by RT-PCR amplification
of RN A obtained from the transfected cells and the untransfected
control. To avoid amplification of the endogenous /F7172, the
primers were designed to the short adapters on exons 28 and 30.

Cell culture and transfection

A murine kidney inner medullary collecting duct (mIMCD3) cell
line stably expressing a GFP fused to SSTR3 (gift of Gregory
J. Pazour, University of Massachusetts Medical School) were
used for the IFT172 subcellular localization studies. The cells
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM): Nutrient Mixture F-12 (Gibco, Live Technologies),
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supplemented with 10% fetal bovine serum (Gibco). The cells
grown in 6-well plates on glass coverslips to 50—60% confluence
were transfected with 4 pg of DNA per well using Lipofecta-
mine 2000 reagent (Invitrogen). After 48 h, the cells were incu-
bated in a medium without serum to stimulate cilia growth.
Seventy-two hours after transfection the cells were processed
for immunostaining. For the splicing assay, HEK293 cells were
used maintained in high glucose DMEM (Gibco).

mIMCD3 cell immunostaining

Following transfection, the mIMCD3-SSTR3 cells were pro-
cessed in the following way: 4% paraformaldehyde (PFA) fix-
ation for 5 min; permeabilization [0.5% Triton X100 (Roche,
USA) in PBS]; blocking of non-specific sites [0.2% Triton
X100, 1% bovine serum albumin (BSA) (Sigma-Aldrich) in
PBS]; primary mouse anti-V5 antibody incubation (1 : 1000 di-
lution in blocking buffer, overnight at 4°C); secondary
Alexa-555 goat anti-mouse antibody incubation (1:1000 dilu-
tion in PBS, 1h at room temperature (RT), Invitrogen). In
between the steps, the cells were washed with PBS. The nuclei
were stained with Hoechst (Invitrogen) after the secondary anti-
body incubation (1:10 000 dilution in PBS for 5 min at RT). The
coverslips were mounted on a slide with Fluoromount G (Elec-
tron Microscopy Sciences, USA) and the pictures were taken
with a fluorescent microscope (Nikon Eclipse Ti, Nikon,
USA). The length of the cilia was quantified with the freely avail-
able ImageJ software (95,96). The 150 largest cilia from each
condition were used for the comparisons.

RNA extraction and quantitative RT-PCR

Total RNA from HEK293 and mIMCD?3 cells was extracted
(Trizol Reagent, Invitrogen) 48 h after transfection with the
mini-gene or full-length /F'T'/ 72 constructs or an empty vector.
Following extraction, the RNA samples were treated with
DNase I in solution (Qiagen) and the RNA was purified on
RNA columns (RNAeasy mini kit, Qiagen). To obtain large
complementary (c)DNA for cloning whole /F'T172 gene, Super-
script I1I reverse transcriptase was used (Invitrogen). Reverse
transcription for quantitative PCR purposes was performed
with M-MLV Reverse Transcriptase (Solis BioDyne, Estonia)
on equal amounts of RNA (1 g in 50 pl reaction) and quantita-
tive PCR was performed with primers recognizing mouse and
human [FT172 transcripts (forward: 5-CAAAAGGATCTT
CACTGACATG-3 and reverse: 5-GTTTGCCTCACTGGA
CTTCAC-3') with Fast SYBR® Green Master Mix (Applied
Biosystems, Life Technologies) on a qPCR machine (Mx3005P,
Agilent Technologies).

In vivo rat retinae electroporation

To study location of the WT and mutant IFT172 proteins in the
photoreceptors, the pCAG-V5-IFT172-IRES-EGFP constructs
were injected into the subretinal space of neonatal rats at post-
natal (PN) days 1.5-2.5. Each right eye was injected with
0.5 pl of endotoxin free constructs (3.3-3.5 pg/pl), which
were electroporated into the photoreceptors using tweezer-type
electrodes as previously described (55). Five to six pups were
injected per each group. The pups were sacrificed after
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4 weeks by transcardial perfusion (1% PFA), the eyes were enu-
cleated and the corneas and lenses dissected. After cryopreserva-
tion (30% sucrose in PBS, overnight at 4°C) and embedding (OCT
reagent, Tissue-Tek, Fisher Scientific, USA), the eyes were cut
into 20 pm sections and the electroporated areas (showing
EGFP expression) were analyzed by immunohistochemistry.

Immunohistochemistry on rat retinae

The retina sections were processed in the following way: block-
ing and permeabilization (0.05% Triton X100, 1% BSA in PBS,
1 h at RT); primary mouse anti-V5 antibody (1:1000 dilution)
and chicken anti-Rp1 (97) (1:2000 dilution) incubation (0.3%
Triton X100 in PBS, overnight at 4°C); secondary Alexa-555
conjugated goat anti-mouse (1:1000 dilution, Invitrogen) and
Alexa-647 conjugated goat anti-chicken (1:2000 dilution, Invi-
trogen) antibodies (0.3% Triton X100 in PBS, 2 h at RT). In
between the steps, the retina sections were washed with PBS.
The nuclei were stained with Hoechst after the secondary anti-
body incubation (1:10 000 dilution in PBS for 5 min at RT).
The images were acquired in a sequential manner, with pictures
taken every 0.3 wm in the z-plane using confocal microscopy
(SP5, Leica Microsystems, USA).

Morpholino knockdown in zebrafish embryo and rescue
experiments

Wild-type zebrafish (Danio rerio) of the AB strain from the zeb-
rafish facility at the Ocular Genomics Institute were used in the
studies. After natural spawning, the embryos were collected and
injected within 1.25 hpf window (1-8 cell stage) with ift/72
(NM_001002312) specific splice blocker MO (5-CTGTTCTC
AGAGATACCTACCACTC-3’) (sequence kindly provided by
Erica Davies) or standard control morpholino (MO) (5'-CCTC
TTACCTCAGTTACAATTTATA-3') (Gene Tools, USA).
Embryos were injected with 2.3 nl of 0.4 mM MO and the pheno-
type was evaluated at post-fertilization day 3 (dpf3). The zebra-
fish semi-thin sections and toluene blue staining, performed on
fish larvae at dpf5, were outsourced (Biomedical EM Services,
Rose Valley, PA, USA).

For the rescue experiments ,the embryos were co-injected
with the splice blocker MO and 0.4 mM and 0.5 pg/pl of
mRNA generated from WT and mutant pCS2*GW-IFT172 con-
structs by SP6 driven in vitro transcription (mMessage mMachine
SP6 Transcription Kit, Life Technologies, USA). Three independ-
ent experiments were performed for each mutant mRNA, where
zebrafish embryos were injected with the following conditions:
(1) standard control MO, (2) ift172 MO, (3) ift172 MO + WT
IFT172 mRNA and (4) ift172 MO + mutant /FT172 mRNA
(Fig. 5J). In these complementation assays, fish phenotypes were
quantified at 3 dpf based on the overall body curvature: normal,
morphant (ventral body curvature as shown in if¢/72 mutant
larvae) and non-specific (monster-like) phenotypes, which were
excluded from the complementation assay comparisons.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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