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PURPOSE. Jeune’s asphyxiating thoracic dystrophy (JATD) is an
autosomal recessive disorder with symptoms of retinal degen-
eration, kidney cysts, and chondrodysplasia and results from
mutations in the ift80 gene. This study was conducted to
characterize zebrafish lacking ift80 function for photoreceptor
degeneration and defects in ciliogenesis to establish zebrafish
as a vertebrate model for visual dysfunction in JATD and to
determine whether ift80 interacts genetically with Bardet-Biedl
syndrome (BBS) genes.

METHODS. Zebrafish were injected with morpholinos (MOs)
targeted to the ift80 gene. Retinas were analyzed by histology,
transmission electron microscopy, and immunohistochemistry.
Ear and kidney cilia were analyzed by whole-mount immuno-
staining. Intraflagellar transport (IFT) particle composition was
subjected to Western blot analysis. Genetic interactions were
tested by coinjection of MOs against ift80 and bbs4 or bbs8
followed by in situ hybridization.

RESULTS. Zebrafish lacking ift80 function exhibited defects in
photoreceptor outer segment formation and photoreceptor
death. Staining with opsin antibodies revealed opsin mislocal-
ization in both rods and cones. Ultrastructural analysis showed
abnormal disc stacking and shortened photoreceptor outer
segments. The kinocilia of the ear and motile cilia in the kidney
were shorter and reduced in number. Western blot analysis
revealed a slight increase in the stability of other IFT proteins.
Coinjection of MOs against ift80 and BBS genes led to conver-
gent-extension defects.

CONCLUSIONS. Zebrafish lacking ift80 exhibited defects charac-
teristic of JATD. Because the developing outer segments de-
generated, Ift80 could possibly act as a maintenance factor
for the IFT particle. (Invest Ophthalmol Vis Sci. 2010;51:
3792–3799) DOI:10.1167/iovs.09-4312

Cilia are microtubule-based structures that protrude from
almost all eukaryotic cells, including photoreceptors.1 As

sensory antennae,2 vertebrate photoreceptors rely on a modi-
fied sensory cilia (i.e., the outer segment) for function. Muta-
tions affecting cilia biogenesis or function cause pleiotropic
symptoms frequently observed in a spectrum of hereditary

diseases known as ciliopathies.3 Such diseases include Bardet-
Biedl syndrome (BBS), Senior-Løken syndrome, Meckel-Gruber
syndrome, and Jeune asphyxiating thoracic dystrophy (JATD).
Defects in the motile cilia that generate fluid flow within the
respiratory epithelia and move cerebrospinal fluid result in
fluid accumulation within the lungs, brain, and spine. Situs
inversus stems from loss of cilia, which help establish left-right
asymmetry, in the embryonic node. In the nonmotile sensory
cilia, receptor molecules and ion channels decorate the ciliary
membrane to detect signaling ligands and changes to the ex-
tracellular environment. Thus, ciliopathies often manifest with
retinal degeneration, situs inversus, sensorineural hearing loss,
mental impairment, and disorders of the kidney, liver, and
pancreas.4

Cilia biogenesis requires intraflagellar transport (IFT) to
build and maintain the microtubule axoneme.5 IFT refers to the
bidirectional movement of IFT particles along the axoneme.
IFT particles are composed of at least 17 distinct IFT proteins.
The molecular motors kinesin-II and cytoplasmic dynein 2
control anterograde and retrograde movement, respectively.
IFT transports proteins necessary for cilia assembly and for
specific cargos, such as membrane-bound receptors or ion
channels. In photoreceptors, IFT is essential for outer segment
formation and maintenance.6–8

JATD, also known as Jeune syndrome, is a rare, multisystem,
autosomal recessive disorder that often results in neonatal
lethality.9,10 Mutations in the gene for IFT80, a component of
the IFT particle, were recently found in a subset of patients
with JATD.11 JATD is principally characterized by abnormal
skeletal development resulting in a long, narrow thorax, short
ribs, shortened long bones, and occasional polydactyly.12 Of
the 20% of patients who survive beyond the neonatal period,
many develop kidney cysts, hepatic fibrosis, and pancreatic
abnormalities.13 In milder cases, patients also exhibit reduced
scotopic and photopic ERG amplitudes and night blindness as
early as 5 years of age.14–18 Postmortem pathology findings of
an 8-year-old JATD patient revealed rod and cone degeneration
and gliosis in the inner retina.17 Because JATD shares features
with other ciliopathies,4 it would be useful to examine the
loss-of-function phenotype in a genetically tractable model
organism to understand the basis of retinal degeneration and to
examine other ciliated cell types for dysfunction. Furthermore,
genes associated with ciliopathies show epistatic effects with
each other,19,20 and some alleles can act as modifiers toward
pathogenesis in ciliopathies.21 Thus, exploring genetic inter-
actions between IFT80 and other disease-causing loci may
provide insight into the molecular basis of JATD and identify
other loci that contribute to JATD symptoms.

Null mutations in mouse IFT genes cause embryonic lethal-
ity between embryonic day (E)10.5 and E13.5, thus preventing
examination of cell types such as photoreceptors that differ-
entiate near birth or during postnatal periods.22–25 In contrast,
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zebrafish develop rapidly, with photoreceptor differentiation
starting at 50 to 52 hours postfertilization (hpf); robust visual
behaviors are present by 5 days postfertilization (dpf).26,27

Although zebrafish IFT mutants die at 8 to 9 dpf, the effects of
these mutations on photoreceptor structure and function can
be investigated. We report that zebrafish deficient for ift80
function exhibit phenotypes consistent with those of previ-
ously described IFT mutants and with symptoms associated
with JATD. Morpholino knockdown of ift80 disrupted photo-
receptor outer segment structure and caused opsin mislocal-
ization. In embryos lacking ift80 function, cilia were disrupted
in the kidney and otic vesicle. Finally, we show that ift80
genetically interacts with bbs4 and bbs8 to regulate cell move-
ment during gastrulation. Our results show that loss of ift80
results in photoreceptor degeneration and that zebrafish may
serve as a useful model for retinal dysfunction in JATD.

MATERIALS AND METHODS

Fish Maintenance and Breeding

Wild-type zebrafish of the AB strain were housed, bred, and staged
according to standard procedures.28 Zebrafish were treated in accor-
dance with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Morpholino Knockdown

ift80 knockdown was carried out using a morpholino targeted to the
splice site at the 3� end of the second exon. Morpholinos were injected
into wild-type embryos at the 1- to 2-cell stage according to standard
procedures.29 Morpholino sequences were as follows: ift80, AGGTG-
TATGTGGAACCTGTGATAAG; bbs4, GAAAAAGATCACTACTGTAAAG-
CAT; bbs8, AGCTGTATACTCACGAGCCACCTGA. The ift80 morpho-
lino was described previously,11 and the bbs4 and bbs8 morpholinos
were described by Gerdes et al.30 and Yen et al.,31 respectively.

Transmission Electron Microscopy

Animals were fixed at 96 hpf in 1% paraformaldehyde, 2.5% glutaral-
dehyde, and 1% tannic acid. Embryos were processed with osmium
tetroxide as secondary fixative, followed by a dehydration series in
ethanol, and were infiltrated with epoxy resin as previously de-
scribed.32 Transverse sections (0.1 �m in thickness) obtained at the
optic nerve region were poststained with 2% uranyl acetate and Reyn-
olds lead citrate. Images were collected on a transmission electron
microscope (1200EX; JEOL 1200EX, Tokyo, Japan) and were processed
with image editing software (Photoshop; Adobe, Mountain View, CA).

In Situ Hybridization and Reverse
Transcription–Polymerase Chain Reaction

Digoxigenin-labeled (DIG) antisense riboprobes were synthesized from
partial or full-length cDNAs using standard protocols. The pax2.1 and
myoD full-length cDNAs were gifts from Arne Lekven. In situ hybrid-
izations were performed as previously described.33 RT-PCR was per-
formed using standard protocols.

Image Analysis of Whole-Mount and
Flat-Mount Embryos

Whole-mounted embryos were imaged with a stereomicroscope (Lu-
mar; Carl Zeiss, Jena, Germany) and photographed with a digital
camera (AxioCam; Carl Zeiss). Embryos were prepared for flat-mount-
ing by dissecting the yolk away from the embryo proper with a small
needle and were mounted in glycerol on glass slides. Commercial
software (Axio Imager; Carl Zeiss) was used to measure embryo
lengths from the anterior-most region of pax2a staining to the tip of
the paraxial mesoderm myoD staining. Statistical analysis with appro-
priate software (Excel; Microsoft, Redmond, WA).

Immunohistochemistry

Immunohistochemistry was performed as previously described.34 Im-
ages were obtained on a fluorescence microscope (ImagerZ1; Carl
Zeiss) fitted with a fluorescence microscope slider module (ApoTome;
Carl Zeiss) using a 63� oil objective. Images were prepared using
image editing software (Photoshop; Adobe). The monoclonal antibody
1D1 (Fadool JM, et al. IOVS. 1999;40:ARVO Abstract 1251) and the
monoclonal antibody zpr-1 (Zebrafish International Resource Center)
were both used at 1:200. Affinity-purified polyclonal rabbit antibodies
against zebrafish IFT88 (1:5000) and zebrafish IFT52 (1:3000) were
used as previously described.32 Affinity-purified polyclonal rabbit anti-
bodies against the blue cone opsin antibody (1:200), a gift from David
Hyde, were used as previously described.35 Affinity-purified polyclonal
rabbit antibodies against mouse Centrin-3 were used at 1:200.36 The
appropriate fluorescently conjugated Alexa secondary antibodies (In-
vitrogen) were used at 1:500. Slides were counterstained with DAPI
(Invitrogen, Carlsbad, CA) to label DNA.

TUNEL Assays
Embryos were fixed at various time points and prepared for cryosec-
tioning as described. TUNEL assays were performed on 10-�m–thick
cryosections with an FITC label (In situ Cell Death Detection Kit;
Roche Applied Sciences, Basel, Switzerland) according to the manu-
facturer’s instructions. Images were obtained on a fluorescence micro-
scope (ImagerZ1; Carl Zeiss) fitted with a fluorescence microscope
slider module (ApoTome; Carl Zeiss) using a 20� objective. Five to 10
animals were imaged for each time point, and multiple distinct cryo-
sections surrounding the optic nerve were analyzed for each retina.
Between 26 and 81 data points were averaged for wild-type and ift80
morphant embryos at each age and were compared using a two-tailed
Student’s t-test with unequal variance.

SDS-PAGE and Immunoblot Analysis

Western blot analysis was performed as previously described.32 The
following dilutions of primary antibodies were used: monoclonal K2.4
(KIF3A, 1:10,000; Covance, Madison, WI); affinity-purified polyclonal
rabbit antibodies against zebrafish IFT88 (1:5000), zebrafish IFT52
(1:5000), zebrafish IFT20 (1:5000), and zebrafish IFT57 (1:5000); and
monoclonal anti–acetylated tubulin (1:10,000; Sigma).

RESULTS

We first examined ift80 gene expression at multiple time
points during development by in situ hybridization. Like other
IFT genes, ift80 was expressed maternally (data not shown). At
24 hpf, ift80 was broadly expressed throughout the central
nervous system (CNS) and the notochord (Fig. 1). CNS expres-
sion persisted through 72 hpf, though notochord expression
diminished. Consistent with a role in cilia formation and func-
tion, ift80 was expressed in the pronephric ducts (Fig. 1,
arrow). We also observed expression in the pectoral fins,
which are analogous to the mammalian limb bud. Noticeably,
ift80 expression was strongly expressed in the eye but not in
the lens/cornea.

To test the function of ift80, we injected 1.5 ng morpholino
oligonucleotide (MO) targeted to disrupt normal splicing of the
ift80 mRNA.11 Morpholinos were targeted to the splice site at
the 3� end of the second exon (Fig. 2A) and were predicted to
cause the loss of exon 3. Sequence analysis of cDNA from
injected embryos revealed that 1.5 ng morpholino blocked the
inclusion of exons 3 and 4 until at least 5 dpf (Fig. 2B; data not
shown). To test whether the loss of ift80 affected other com-
ponents of the IFT particle, we examined extracts of whole
embryos 5 dpf by Western blot analysis (Fig. 2D). The IFT
particle consisted of two multi-subunit complexes, complex A
(five proteins) and complex B (Ift80 and at least 10 other
polypeptides).37 Although not quantitative, Western blots of
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protein extracts from ift80 morphants appeared to contain
similar amounts of the four other complex B proteins—Ift20,
Ift52, Ift57, and Ift88. Because ift80 is not predicted to be
involved in transcriptional regulation, the qualitative increase

of these proteins may reflect posttranslational stabilization.
Interestingly, we previously found that loss of ift57 in zebrafish
reduced the level of complex B proteins.32 It is unclear how
different IFT components affect the stability of other IFT
polypeptides.

Embryos injected with an ift80-MO had a ventral tail curva-
ture, slightly smaller eyes, pericardial edema, and kidney cysts
(Fig. 2C) at 5 dpf. The phenotype of MO-injected animals was
similar to that of previously described IFT mutants7,32 and
consistent with defects in cilia function. Whole-mount immu-
nostaining on embryos injected with ift80-MO with an anti-
body for acetylated tubulin revealed subtle defects of cilia in
the ear and pronephric duct at 30 hpf (Supplementary Material,
http://www.iovs.org/cgi/content/full/51/7/3792/DC1). Impor-
tantly, ift80 morphants did not exhibit a noticeable optokinetic
response under normal lighting conditions at 5 dpf (data not
shown). IFT has been implicated in mammalian Hedgehog
signaling,22 and knockdown of ift80 was previously reported
to reduce the expression of ptc1, a downstream target of
Hedgehog signaling.11 As was shown, however, for previously
described zebrafish IFT mutants,38 ptc1 expression was un-
changed at 24 hpf after injection of ift80 morpholino (Fig. 2E).
One possible explanation for the difference between our result
and the effects on Hedgehog signaling previously reported for
this morpholino11 is that we injected less morpholino to
achieve full knockdown (1.5 ng vs. 4.0 ng). When injecting
higher doses of morpholino, we observed necrosis in the brain
and somites (data not shown).

Because ift80 morphants did not exhibit visual function by
optokinetic response assays, we performed histologic analysis
to further examine the underlying visual defect. Retinal devel-
opment proceeded normally in the absence of ift80 function,
but eye size and photoreceptor survival were disrupted (Fig.
3). At 60 hpf, wild-type animals exhibited optic nerves and
distinct nuclear layers (Fig. 3A). For the next 2 to 3 days, the
eye continued to grow, and photoreceptor outer segments
became apparent, particularly in the ventral retina (Figs. 3B–
D). At 60 hpf, ift80 morphants displayed optic nerves and
retinal lamination, as did wild-type embryos, though some
disorganization was apparent (Fig. 3E). By 5 dpf, the eyes of
ift80-MO–injected embryos were smaller than those wild-type
controls, and very few outer segments were seen (Figs. 3F–H),
similar to phenotypes observed in zebrafish IFT mutants.7,32,39

Pyknotic nuclei and acellular holes were seen in all cellular
layers in the ift80-MO retinas but were rarely observed in
wild-type retinas (Figs. 3E, 3G, 3H; arrows). These results
suggested that the small eye phenotype observed in ift80-MO–
injected animals likely reflected the combination of cell death
throughout the retinal and loss of volume normally occupied
by photoreceptor outer segments. To test the hypothesis of
cell death, TUNEL staining was performed on wild-type and
ift80 morphant retinas at 60 hpf, 72 hpf, 96 hpf, and 5 dpf, and
the number of apoptotic nuclei was quantified (Fig. 4). In

FIGURE 1. Expression of ift80 dur-
ing zebrafish development. Whole-
mount in situ hybridization with an
ift80 riboprobe on 24 hpf, 48 hpf,
and 72 hpf. Top row: lateral views.
Bottom row: dorsal view. Dashed
lines: eyes are outlined. Arrow: pro-
nephric duct in the lateral view of
the 72-hpf embryo.

FIGURE 2. Loss of ift80 function by morpholino knockdown. (A, as-
terisk) Diagram of splicing defect caused by the ift80 morpholino
targeted to the splice donor site on exon 3. After morpholino injection,
both exons 3 and 4 are skipped (bottom line), resulting in a 180-bp
deletion. (B) The DNA ladder marker (M) is shown at the far left. Lane
1, wild-type PCR product; lane 2, ift80 morphant PCR product that is
lower than the wild type product and consistent in size with loss of
exons 3 and 4; lanes 3 and 4, �-actin PCR product from the wild-type
and morphant cDNA samples, respectively, as a control. (C, top) 5-dpf
wild-type control animal; (bottom) 5-dpf ift80 morphant animal. As-
terisk: heart edema in ift80 morphant. Kidney cysts (arrow) are
distinct from the swim bladder (arrowhead) seen in the wild-type
animal. (D) Western blot analysis of IFT proteins from an ift80 mor-
phant. Protein extracts from 5-dpf wild-type and morphant animals
were blotted with antibodies against IFT20, IFT52, IFT57, and IFT88.
Acetylated tubulin (AT) was included as a loading control. (E) Whole-
mount in situ hybridization of 24 hpf wild-type and ift80 morphant
with ptc1 riboprobe.
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wild-type animals, the number of TUNEL� cells was 1.3 � 0.1
(mean � SEM) at 60 hpf, 2.8 � 0.4 at 72 hpf, 1.5 � 0.2 at 96
hpf, and 0.4 � 0.1 at 5 dpf. This is similar to a previous report
showing cell death is highest at 72 hpf and declines by 5 dpf.40

The total number of TUNEL� cells in ift80 morphant retinas
was not statistically different from that in controls at 60 hpf and
72 hpf (1.5 � 0.2 and 3.8 � 0.5, respectively), though consid-
erable variation was observed in both wild-type and morphant
analyses (Fig. 4B). The total number of TUNEL� cells was
statistically higher in the ift80 morphant retinas than in con-
trols at both 96 hpf (2.6 � 0.4 vs. 1.5 � 0.2) and 5 dpf (7.4 �
0.9 vs. 0.4 � 0.1). Apoptosis within the photoreceptor layer of
ift80 morphants was elevated at 72 hpf, 96 hpf, and 5 dpf; most
photoreceptors died at 5 dpf (Fig. 4C).

Disrupted photoreceptor outer segments were easily ob-
served in ift80-MO animals by transmission electron micros-
copy. In control animals, rod and cone photoreceptor outer

segments extended toward the retinal pigment epithelium at 5
dpf (Figs. 5A, 5B). In contrast, the few existing outer segments
were shorter and highly disorganized after injection of
ift80-MO (Figs. 5C–F). Cellular debris and pyknotic nuclei were
seen in ift80 morphants. Connecting cilia were seen in those
ift80 morphant photoreceptors with an outer segment but
whose disc membranes were occasionally disordered. These
results indicate that loss of ift80 does not completely block
outer segment formation but that ift80 is necessary for proper
organization of disc membranes and photoreceptor survival.

Given that outer segment assembly requires rhodopsin
transport and defects in other IFT genes lead to rhodopsin
mislocalization in zebrafish,2,32 we hypothesized that the mor-
phant photoreceptor phenotypes reflected defects in the trans-
port of outer segment membrane proteins. A monoclonal an-
tibody against rhodopsin, 1D1, labeled outer segments of wild-
type zebrafish at 5 dpf (Fig. 6A). The ift80 morphants exhibited

FIGURE 3. ift80 morphants exhibit
retinal degeneration. Transverse his-
tologic sections through wild-type
and ift80 morphant retinas at several
stages of development are shown.
Wild-type zebrafish retina at (A) 60
hpf, (B) 72 hpf, (C) 96 hpf, and (D)
120 hpf. Retinas from ift80 mor-
phants at (E) 60 hpf, (F) 72 hpf, (G)
96 hpf, and (H) 120 hpf. Arrows: in
ift80 morphants, few outer segments
are observed, and several pyknotic
nuclei and acellular holes are seen.
Scale bar, 100 �m.

FIGURE 4. ift80 morphants exhibited
retinal degeneration. (A) TUNEL� cells
were observed in wild-type and ift80
morphants at 60 hpf, 72 hpf, 96 hpf,
and 5 dpf. (B) Total number of
TUNEL� cells and (C) number of
TUNEL� cells in the outer nuclear
layer (ONL) were quantified at each
developmental stage for wild-type
(closed circles) and ift80 morphants
(open circles), as shown in dot blots.
Mean � SEM for each time point is
shown. Student’s t-test was used to
compare values for statistical signifi-
cance.
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significant mislocalization of rhodopsin, though some staining
was observed in the outer segments (Fig. 6B). Blue opsin was
expressed in the long single cones of zebrafish41 and localized
to the outer segment at 5 dpf (Fig. 6C). In contrast, injection of
ift80-MO resulted in considerable mislocalization to the inner

segment and a reduction in outer segment staining (Fig. 6D).
Because opsin mislocalization can result in photoreceptor de-
generation, cone morphology was examined using the zpr-1
antibody, which recognizes a cell-surface epitope on red-green
double cones. Staining with zpr-1 showed wild-type cones with
a tightly packed columnar morphology in the photoreceptor
layer (Fig. 6E). The ift80 morphants exhibited significant alter-
ations in photoreceptor morphology indicative of degenera-
tion and consistent with electron microscopy results (Fig. 6F).

We next examined whether components of the IFT machin-
ery and axoneme were properly positioned. Centrin is a calci-
um-binding protein and a component of the basal body.36

Centrin localized to the base of the connecting cilium of
wild-type photoreceptors (Figs. 6G, 6H; arrows). Centrin im-
munoreactivity was also detected near the outer plexiform
layer. We did not observe significant colocalization between
centrin and acetylated tubulin in the cilium, which we attrib-
uted to the low signal from acetylated tubulin in the basal body
region. Injection of ift80-MO did not eliminate centrin from the
apical inner segment in most cells (Fig. 6H; arrows), but we did
observe some centrin mislocalization throughout the inner
segment (Fig. 6H; arrowheads) that was not observed in con-
trols. IFT particle components Ift52 and Ift88 also localized to
the connecting cilium of wild-type photoreceptors (Figs. 6I,
6K; arrows). Fewer connecting cilia were present in embryos
after ift80-MO injection; however, both IFT52 and IFT88 re-
mained colocalized with cilia (Figs. 6J, 6L; arrows). These
results indicated that loss of ift80 disrupts opsin trafficking to
the outer segment and leads to photoreceptor degeneration
but does not significantly affect the localization of proteins
required for ciliogenesis.

JATD exhibits traits similar to those in BBS, and reduction of
BBS gene function compromises Wnt/planar cell polarity

FIGURE 5. ift80 morphants make cilia and disorganized outer seg-
ments. Transmission electron microscopy of 4-dpf wild-type and dy-
nein morphant retinas are shown. (A) Wild-type photoreceptor outer
segments (OS) are extending toward the RPE and are regularly spaced.
(B) Higher-magnification image highlights the regular spacing of the
disc membranes within the wild-type outer segments. (C–F) ift80
morphants had very short outer segments (OS; arrow) and numerous
pyknotic nuclei (p) in the photoreceptor layer. Disc membranes were
disorganized, and mitochondria (m) were abnormal. (F, arrow) Con-
necting cilia were present. Scale bars: (A, C, E) 5 �m; (B, D, F) 2 �m.

FIGURE 6. Immunohistochemical
analysis of wild-type and ift80 mor-
phants at 5 dpf. (A) 1D1 (green), a
marker for rhodopsin (Rho), local-
ized to the outer segment region in
wild-type fish. (B) Strong mislocaliza-
tion to the inner segment was ob-
served in ift80 morphants. (C, D)
Blue opsin (BOPS) was localized to
the outer segments of wild-type pho-
toreceptors. Strong mislocalization
was seen in the ift80 morphants. (E,
F) Zpr1 (green), a label for red/green
double cones, gave an elongated, co-
lumnar morphology in wild-type ani-
mals. Cone morphology was dishev-
eled in the ift80 morphants. (G, H)
Centrin (red) localized to the apical
surface of the inner segment (short
arrows). Acetylated tubulin (AT;
green) denotes microtubules labeled
by anti–acetylated tubulin. Centrin
was occasionally observed to be mis-
localized (H; white arrowheads). (I,
J) Ift52 (red) colocalized with acety-
lated tubulin (green) in the connect-
ing cilia of wild-type and ift80 mor-
phants (arrows). (K, L) Ift88 (red)
also showed strong apical localiza-
tion in wild-type and ift80 mor-
phants. The number of Ift52- and
Ift88-stained foci was significantly re-
duced in the ift80 morphant retinas.

Staining overlapped with AT (green). In all images, the tissues were counterstained with DAPI (blue). Outer segments (OS), connecting cilia (CC),
inner segment (IS), outer nuclear layer (ONL), outer plexiform layer (OPL), and inner nuclear layer (INL) are shown for orientation purposes. Scale
bar, 20 �m.
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(PCP) signaling in tissue culture and zebrafish embryos.21,30,42

The basal body is proposed to serve as a key organelle for
intracellular signaling,43 and depletion of basal body proteins
disrupts Wnt/PCP signaling during gastrulation. Injection of
morpholinos targeted against zebrafish bbs genes leads to con-
vergence-extension phenotypes, similar to those seen in the
zebrafish mutants trilobite (the zebrafish vangl2 ortholog) and
pipetail (wnt5).30 Given the similarity between JATD and BBS
and given that basal body components were occasionally mis-
localized in ift80 morphant photoreceptors, we looked for
genetic interactions between ift80 and the bbs genes. In em-
bryos injected with morpholinos against ift80 (1.5 ng) or a
modest dose of bbs4 (1.0 ng) or bbs8 (1.0 ng), the expression
of myoD (somite) and pax2a (otic vesicle and forebrain) was
similar to that of wild-type embryos at the 12- to 14-somite
stage during gastrulation and early somitogenesis (Fig. 7A).
However, embryos injected with a combination of morpholi-
nos against ift80 (1.5 ng) and bbs4 (1.0 ng) or ift80 and bbs8
exhibited significant shortening of the body axis (Figs. 7A, 7B),
indicating a synthetic genetic interaction between ift80 and
bbs genes.

DISCUSSION

Zebrafish depleted of ift80 exhibited photoreceptor degen-
eration and surviving photoreceptors had shortened outer

segments with mislocalized rod and cone opsin proteins.
Given the importance of IFT in cilia biogenesis and mainte-
nance, it was not surprising that loss of ift80 resulted in
phenotypes similar to those reported for other zebrafish IFT
mutants or morphants.7,32,44 Although photoreceptors de-
generated in the ift80 morphants, outer segment formation
was not blocked, implying that ift80 is required for outer
segment maintenance but not for ciliogenesis. Thus, the
vision loss described in some patients with JADT likely
reflects photoreceptor degeneration rather than a morpho-
genesis failure or a nonphotoreceptor defect. Although vi-
sion loss has been described in some patients with
JATD,14,15 the three alleles of IFT80 that cause JATD were
not present in renal or retinal phenotypes.11 In that study,
two alleles were missense mutations, and one was an in-
frame deletion. These mutations may be hypomorphic, or, in
distinct domains of the Ift80 protein, they may result in
retinal degeneration. Future identification and analysis of
IFT80 alleles in patients with JATD and vision loss will help
explain the range of phenotypes observed by IFT80 muta-
tion.

Previous studies of ift80 in invertebrate systems sug-
gested a role in the biogenesis of cilia more pronounced
than that seen in zebrafish. Knockdown of Ift80 in Tetrahy-
mena abolished cilia formation,11 whereas nonsense alleles
of ift80 (che-2) in Caenorhabditis elegans resulted in very
short cilia in sensory neurons.45 Nevertheless, the ift80/
che-2 mutant phenotype reflected ciliogenesis failure rather
than cilia degeneration.45 Although ciliogenesis occurs in
zebrafish ift80 morphants, it is unlikely that photoreceptors
and other cilia complete normal morphogenesis before de-
generation. No examples of such phenomena have been
reported for null IFT mutants. Mutations in ift80 have not
been described in Chlamydomonas or mouse, and no direct
binding partners are known. It is unclear why loss of ift80
does not completely abolish ciliogenesis and block outer
segment formation in zebrafish, but the trafficking pheno-
types we observed indicated the IFT particle remained suf-
ficiently intact to bind some ciliary cargo and underwent
limited IFT. Although several Chlamydomonas IFT mutants
show destabilization of the IFT particles and reductions in
IFT proteins, our results show that components of the IFT
complex B are more abundant in ift80 morphant zebrafish.
As a component of IFT complex B, the Ift80 protein readily
dissociated from the core complex under high salt condi-
tions, suggesting Ift80 may reside on the surface of complex
B.46 The Ift57 protein also dissociated from complex B
under high salt conditions, and mutation of ift57 in zebrafish
resulted in short outer segments, similar to those seen in
ift80 morphants.32 Thus, though loss of Ift80 may not dra-
matically destabilize the remaining particle, it clearly dis-
rupts overall IFT function.

We show that ift80 genetically interacts and produces syn-
thetic phenotypes with bbs genes. BBS proteins are compo-
nents of the basal body that also mediate cilia biogenesis.47,48

Recent studies suggest the cilia and basal body are distinct
organelles and the basal body mediates Wnt signaling, as evi-
denced by genetic interactions between bbs genes and the
noncanonical Wnt pathway, also known as the PCP pathway.30

We show that morpholino knockdown of ift80 with bbs4 or
bbs8 reduced the body axis and led to mild convergence-
extension defects, a phenotype associated with defective Wnt/
PCP signaling. Given that proper cell polarity and basal body
positioning are essential for photoreceptor morphogenesis, it
is intriguing to consider a role for Wnt/PCP signaling in outer
segment formation. The role of IFT proteins in Wnt/PCP sig-
naling, however, is controversial.49–51 Null alleles of several
mouse and zebrafish IFT genes show no defects in Wnt signal-

FIGURE 7. ift80 interacts genetically with BBS genes. (A) Whole-
mount in situ hybridization of embryos injected with 1.5 ng ift80
morpholino (ift80), 1.0 ng bbs8 morpholino (bbs8) or 1.0 ng bbs4
morpholino (bbs4), either alone or in combination. Embryos were
fixed at the 10- to 12-somite stage and stained with myoD and pax2a
riboprobes. All embryos were flat-mounted and photographed from
the dorsal side, with the anterior portion at the top. (B) Body axis
lengths were measured from the anteriormost region of pax2a staining
to the tip of the paraxial mesoderm myoD staining (A, bracket). Bars
represent the mean for each set of embryos (n � 4), and error bars are
SEM. No statistical difference (t-test) from wild-type was found for any
morpholino treatment alone. Injection of ift80 morpholino in combi-
nation with either bbs morpholino decreased body length (P � 0.005).
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ing during gastrulation.50,51 However, a conditional knockout
allele of Ift88 can disrupt cell polarity within the inner ear, as
can mutations in Bbs6 and Bbs4.42,49 Perhaps ift80 has dual
roles in IFT and basal body function. It is interesting that
zebrafish bbs genes showed genetic interactions with ift80.
When analyzing IFT movement in sensory neurons of C. el-
egans, mutation of BBS8 had little effect on the movement of
Ift80 protein, suggesting there was no direct contact, whereas
mutation of either BBS7 or BBS8 severely compromised the
movement of OSM-5/Ift88.52 Future research will be necessary
to determine whether the BBS proteins directly interact with
Ift80 in zebrafish and whether such interactions regulate dis-
tinct functions in ciliary transport and photoreceptor cell po-
larity.
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