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Inositol phosphatases are important regulators of cell signaling and membrane trafficking. Mutations in
inositol polyphosphate 5-phosphatase, INPP5E, have been identified in Joubert syndrome, a rare congen-
ital disorder characterized by midbrain malformation, retinitis pigmentosa, renal cysts, and polydactyly.
Previous studies have implicated primary cilia abnormalities in Joubert syndrome, yet the role of INPP5E
in cilia formation is not well understood. In this study, we examined the function of INPP5E in cilia devel-
opment in zebrafish. Using specific antisense morpholino oligonucleotides to knockdown Inpp5e
expression, we observed phenotypes of microphthalmia, pronephros cysts, pericardial effusion, and
left–right body axis asymmetry. The Inpp5e morphant zebrafish exhibited shortened and decreased cilia
formation in the Kupffer’s vesicle and pronephric ducts as compared to controls. Epinephrine-stimulated
melanosome trafficking was delayed in the Inpp5e zebrafish morphants. Expression of human INPP5E
expression rescued the phenotypic defects in the Inpp5e morphants. Taken together, we showed that
INPP5E is critical for the cilia development in zebrafish.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction chored by a basal body (Pearson, Culver, & Winey, 2007; Pearson
The primary cilium is an evolutionarily conserved subcellular
structure that protrudes from nearly all post-mitotic eukaryotic
cells (Rohatgi & Snell, 2010). By sensing changes in the extracellu-
lar environment, the primary cilium can coordinate signaling cas-
cades that subsequently become amplified throughout the cell
(Fisch & Dupuis-Williams, 2011). A highly specialized extension
of the plasma membrane, the ciliary membrane is enriched with
many signaling precursors, such as Patched1 (Ptc1) (Corbit et al.,
2005; Rohatgi, Milenkovic, & Scott, 2007). Upon ligand binding of
Sonic Hedgehog (Hg), Ptc1 is removed from the cilium and
Smoothened is then accumulated within the ciliary membrane,
allowing initiation of downstream signaling cascades. The ciliary
membrane covers a microtubule-based axoneme, which is an-
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& Winey, 2009). Within the ciliary membrane are phospholipids,
including phosphoinositides that may serve as second messengers
in signal transduction. Defects in cilia formation or maintenance
have been found to underlie a wide range of human diseases,
including retinitis pigmentosa, renal cysts, polydactyly, and devel-
opmental delays, which are collectively called ciliopathies (Jacoby
et al., 2009; Novarino, Akizu, & Gleeson, 2011; Schurman &
Scheinman, 2009).

Joubert syndrome, a rare form of autosomal recessive ciliopa-
thy, is characterized by an underdevelopment of cerebellar vermis,
with a distinctive ‘‘molar tooth sign’’ of cerebellar vermis hypopla-
sia on MRI (Bielas et al., 2009). The most common features of Jou-
bert syndrome include retinitis pigmentosa, hypotonia, severe
psychomotor delay, and ataxia (Lee & Gleeson, 2011). Other phys-
ical deformities may include polydactyly, cleft palate, renal cysts,
and liver disease. A rapidly expanding number of genes have been
implicated in Joubert syndrome, including NPHP1, NPHP6/CEP290,
NPHP8, ARL13B and INPP5E (Arts et al., 2007; Bielas et al., 2009;
Cantagrel et al., 2008; Kim, Krishnaswami, & Gleeson, 2008;
McEwen et al., 2007; Travaglini et al., 2009; Valente et al., 2010).

INPP5E belongs to a family of inositol polyphosphate 5-phospha-
tases, which dephosphorylate the D5 position of the inositol ring
(Asano et al., 1999; Kisseleva, Wilson, & Majerus, 2000; Kong et al.,
2000). There are 10 mammalian members of the 5-phosphatase
family, which play critical yet distinct roles in a number of
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biological processes, such as the regulation of insulin signaling,
vesicular trafficking, synaptic vesicle formation, and hematopoietic
cell proliferation (Ooms et al., 2009; Pirruccello & De Camilli,
2012). The members of inositol polyphosphate 5-phosphatase fam-
ily share a common inositol phosphatase domain, but these individ-
ual 5-phosphatases have different protein–protein interaction
domains that regulate their subcellular localization and function
(Dyson et al., 2012). For instance, in response to growth factor stim-
ulation, INPP5E regulates the intracellular levels of PI(4,5)P2 and
PI(3,4,5)P3 by controlling downstream AKT activation (Kisseleva,
Cao, & Majerus, 2002). Overexpression of INPP5E also results in the
hydrolysis of PI(3,5)P2 to PI(3)P at the plasma membrane, and
translocation of GLUT4 glucose transporter into the plasma
membrane (Kong et al., 2006). Mutations in the INPP5E phosphatase
domain have been identified in a series of patients with Joubert
syndrome, thus highlighting the role of inositol phosphatases in cilia
development (Bielas et al., 2009). In addition, a C-terminal deletion
mutant of INPP5E has been reported in a family with MORM syn-
drome, a variant of the Bardet–Biedl group of syndromic ciliopathies
(Jacoby et al., 2009). In vitro studies revealed that the INPP5E dele-
tion mutant failed to localize to the cilia while retaining its inositol
phosphatase activity, thus suggesting that spatial localization of
INPP5E, as well as enzymatic activity, is critical to its function in
the cilia (Jacoby et al., 2009).

Although INPP5E has been implicated in ciliogenesis, the func-
tional role of inositol phosphatase in the cilia is not understood.
The murine model of MORM syndrome yielded knockout animals
that died shortly after birth (Jacoby et al., 2009). Thus, to seek a via-
ble INPP5E model system, we examined the function of INPP5E in
zebrafish cilia development by transient knockdown with morpho-
lino anti-sense oligonucleotides specific for Inpp5e.
2. Materials and methods

2.1. Reagents and DNA constructs

Anti-acetylated a-tubulin and anti-Myc monoclonal antibodies
were purchased from Sigma (St. Louis, MO). Mouse antibody
against INPP5E antibody was obtained from Abcam (Cambridge,
MA). Secondary antibodies were AlexaFluor 488 and 546-conju-
gated donkey anti-mouse IgG, Cy3-conjugated donkey anti-mouse
IgG, and horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). IRDye goat anti-mouse and anti-rabbit (680 and 800)
were obtained from Li-Cor Bioscience (Lincoln, NB). Myc-tagged
INPP5E was previously described (Kisseleva, Cao, & Majerus,
2002). Site-directed mutagenesis for INPP5E R378C and R435Q
mutants was performed using QuikChange II (Aglient, Santa Clara,
CA).

2.2. Immunoblot analysis

Cell lysates were subjected to SDS–PAGE followed by immuno-
blot analysis with the indicated antibodies. Equal amounts of pro-
tein were resolved on 10–12% polyacrylamide gels, and protein
bands were transferred to nitrocellulose membranes (BioRad, Her-
cules, CA), which were blocked with 5% non-fat dried milk in PBST;
and incubated with the primary and then secondary antibodies as
indicated. Odyssey imaging system (Li-Cor Bioscience, Lincoln, NE)
was used to analyze the immunoblots.

2.3. Zebrafish immunohistochemistry and cilia measurements

Zebrafish (wildtype strain: AB tevbigan) (gift of Dr. Ryan Ander-
son, Indiana University, Indianapolis, IN) were raised and
maintained at the Laboratory Animal Resource Center of Indiana
University. All animal procedures were subject to the Institutional
Animal Care and Use Committee of Indiana University approved
protocols. The phenotypes of morphants were photographed with
Leica DFC310 FX. Eye size was determined by the longest diameter
of eye area. The diameter was measured using Leica Application
Suite V4.1 and NIH Image J v1.46.

Embryos were fixed overnight at 4 �C in 4% PFA and 1% sucrose
in PBS. Embryos were dechorionated and washed with PBST for
6–8 times 10 min each. Following 1 h of blocking with 10% NGS
and 0.5% BSA, immunostaining was performed with 1:200 anti-acet-
ylated a-tubulin monoclonal antibody and later with 1:500 Alexa
Fluor 546 goat anti-mouse conjugated IgG at 4 �C overnight. KV cilia
measurements were performed as described (Luo et al., 2012). Cresyl
violet staining was performed as described (Luo et al., 2012).

2.4. Morpholino (MO) antisense oligonucleotides knockdown and
mRNA rescue in zebrafish

Antisense MOs were designed and purchased from Gene Tools,
Inc. (Gene Tools, Philomath, OR). The Inpp5e ATG initiation codon
sequence is GCTCACTCATCCTATTGGCGGGCTT. A mismatch mor-
pholino MO: sequence ATGCGAAATCAAGGTTCGATCATCA served
as a negative control. We also used a p53 ATG morpholino:
GCGCCATTGCTTTGCAAGAATTG to test for off-target effects. Mor-
pholino stocks were dissolved at 1 mM in water and 2 or 4 nl of
injection solution (0.25% phenol red) containing 125–500 lM mor-
pholino was injected into fertilized eggs at the one- to two-cell
stage using a pressure injector, Pressure System IIe (Toohey Com-
pany, Fairfield, NJ). Synthetic mRNA was prepared from linearized
human INPP5E-pcDNA3.1 DNA with Ambion mMessage mMa-
chine� high-yield Capped RNA transcription kit, and purified with
phenol–chloroform; mRNA was co-injected for rescue
experiments.

2.5. Retrograde melanosome transport assay

The melanosome transport assay was performed as described
(Yen et al., 2006). Briefly, zebrafish 5 dpf larvae were exposed to
epinephrine (50 mg/ml, Sigma) in the final concentration of
2 mg/ml in a dark room, and melanosome retractions were ob-
served under the brightfield microscope Leica DFC310 FX. The
end of melanosome transport was marked when all melanosomes
in the head were perinuclear.

2.6. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS,
Chicago, IL) and the p value less than 0.05 was considered signifi-
cant. An unpaired t-test was carried out to analyze if there was a
significant difference between the cilia length or percentage of cilia
formation as described above. ANOVA test was performed to ana-
lyze the difference observed in different groups of hTERT-RPE1
cells transfected with INPP5E constructs.
3. Results

3.1. Inpp5e knockdown results in cilia-dependent phenotypes

Inositol metabolism has been explored in a number of model
organisms, including zebrafish (Danio rerio) (Sarmah et al., 2007).
We have examined zebrafish orthologs of known inositol poly-
phosphate 5-phosphatases and identified the orthologous
zebrafish Inpp5e. Human INPP5E contains an N-terminal proline-
rich domain (PRD), an inositol polyphosphate 5-phosphatase
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domain, and a lipid modification domain (i.e., CAAX) in the C-ter-
minus (Fig. 1A). Similarly, the zebrafish Inpp5e also contains a
PRD, an inositol polyphosphate 5-phosphatase domain, and a CAAX
domain. Known mutations in patients with Joubert syndrome are
found within the 5-phosphatase domain, which is conserved
between the human and zebrafish. Comparative studies of the pro-
tein sequence show 65% identity and 82% similarity between the
human and zebrafish INPP5E. In the 5-phosphatase domain, there
is 71% identity and 86% similarity between these two species
(Fig. 1B). The conserved amino acid sequences in the 5-phospha-
tase domains, FWFGDFNFR and KQRTPSYTDRVLY, are nearly iden-
tical in both human and zebrafish Inpp5e genes. Interestingly, the
disease-causing mutations in humans are found in basic residues
of arginine and lysine (R378, R435, R512, R515, R563, and K580),
which are conserved in both species. However, an important differ-
ence is in the PRD, which contains 23% proline in the N-terminus of
the human gene but only 11% in the zebrafish gene. In addition, the
C-terminal prenylation signal, CAAX, is conserved in both species;
CSVS is found in human INPP5E and CSIS is found in zebrafish
Inpp5e, suggesting a conserved role of lipid modification in both
zebrafish and humans.

To determine the functional significance of Inpp5e in cilia devel-
opment, we established a zebrafish model by using antisense
morpholino oligonucleotides to knockdown Inpp5e expression. To
assess the in vivo effects of Inpp5e knockdown, we injected an In-
pp5e translation-blocking morpholino and a mismatched control
MO. As shown in Fig. 2A, injection of Inpp5e morpholino specifi-
cally decreased Inpp5e protein expression as compared to b-actin;
we verified Inpp5e expression by immunoblot analysis and demon-
strated the specificity of INPP5E antibody. At 48 hpf stage, Inpp5e
morphants exhibited phenotypes of microphthalmia, pericardial
edema, body axis asymmetry, kinked tail, and pronephric cyst for-
mation (Figs. 2B and 3A). Morphant embryos injected with increas-
ing concentrations of Inpp5e MO demonstrated dose-dependent
phenotypes in response to Inpp5e knockdown (Fig. 2C).
Fig. 1. INPP5E in human and zebrafish. (A) Domain structure of human INPP5E. Known m
marked within the 5-phosphatase domain. (B) Comparison of 5-phosphatase domain bet
Joubert syndrome mutations (X) are indicated (summary based on Jacoby et al. (2009)
Suite (www.bioinformatics.org/sms2).
Approximately 60% of morphants exhibited microphthalmia,
which was observed over three independent sets of experiments
(Fig. 2E). Many morphants also developed hypopigmentation and
hydrocephalus (Figs. 2B and 3A).

To verify the phenotypes are specific to Inpp5e knockdown, we
injected p53 MO into zebrafish embryos and showed that p53 MO
alone did not result in either decreased eye size, generalized
edema, or body axis asymmetry in zebrafish, but these phenotypes
appeared in the embryos when co-injected with p53 MO and
Inpp5e MO (Fig. 2B). After measuring the longest diameter of the
eyes, we found a statistically significant decrease in eye size (un-
paired t-test, p = 1.2E�08) at 48 hpf between p53 morphants
(247 ± 3.5 lm) and p53 plus Inpp5e morphants (152 ± 11 lm)
(Fig. 2D).

We examined the ocular phenotypes in detail and found the In-
pp5e morphants exhibited abnormal retinal development com-
pared to control zebrafish (Fig. 2F). The zebrafish larvae injected
with control MO developed normal retinal structures with a
well-defined nerve-fiber layer, inner nuclear and photoreceptor
layers, but the Inpp5e MO-treated morphants exhibited disorga-
nized retina with a lack of separation between the retinal cell lay-
ers. To examine the expression pattern of Inpp5e in the zebrafish
retina, we performed immunofluorescence studies using anti-
INPP5E antibodies. We confirmed the immunoreactivity of inositol
phosphatase in the outer segment of photoreceptors; however, in
zebrafish treated with Inpp5e MO, resulted in a loss of immunore-
activity in the eyes when compared to the controls (Fig. 2G).

To show that the body asymmetry, microphthalmia, and kinked
tail are dependent on the loss-of-function of Inpp5e, we co-injected
human INPP5E (hINPP5E) mRNA with Inpp5e MO to potentially
rescue the observed phenotypes. Indeed, the expression of wild-
type human INPP5E was able to partially rescue the loss-of-
function of Inpp5e. The phenotypes of edema, body asymmetry
and kinked tail reduced dramatically (Fig. 3A and B). The eye size
of morphants co-injected with hINPP5E mRNA recovered to
utations in patients with Joubert syndrome (red) and MORM syndrome (yellow) are
ween human and zebrafish INPP5E. Conserved 5-phosphatase domain (boxed), and

and Bielas et al. (2009)). Sequence alignment generated by Sequence Manipulation
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Fig. 2. Phenotype of Inpp5e morphants. (A) Immunoblot analysis of 30 lg of total lysates of zebrafish embryo injected with control MO (4 ng) or Inpp5e MO (4 ng) at 48 hpf
with anti-INPP5E and anti-b-actin antibodies. (B) Zebrafish embryos were injected with p53 MO (2 ng) or p53 MO (2 ng) and Inpp5e MO (4 ng). Representative phenotypes of
microphthalmia (black arrowhead), pericardial edema (small arrow), body axis asymmetry, kinked tail (white arrow), pronephric cyst formation (red arrow), and
hypopigmentation were observed at 48 hpf (top panel, scale bar 250 lm). The ventral sides of morphants are shown (bottom, scale bar 100 lm). (C) Dose-dependent effect of
morpholinos in zebrafish. Control and Inpp5e MO at indicated doses were injected into zebrafish embryos, and phenotypes of microphthalmia, kinked tail, and body
asymmetry were quantified at 48 hpf (ANOVA, F = 92, p = 3.6E�10), kinked tail (ANOVA, F = 3.6, p = 0.08), and body asymmetry (ANOVA, F = 5.2, p = 0.04) (n = the number of
injected embryos). (D) Quantification of eye size of morphants at 24 hpf and 48 hpf. The eye size was determined by the longest diameters of eye balls in dorsal view (n = 20
embryos, three independent experiments, unpaired t-test, �p = 1.2E�08, ns means not statistically significant). (E) Inpp5e MO1 (4 ng) and control MO (4 ng) were injected into
1-cell zebrafish embryos. At 48 hpf, all the phenotypes were assessed and the total numbers of defective morphants in four independent experiments were quantified (n, the
number of injected embryos, unpaired t-test, p = 0.02). (F) Cresyl violet staining of ocular sections of zebrafish larvae (5 dpf) injected with control MO (4 ng) or Inpp5e MO
(4 ng). Scale bar 30 lm. (G) Immunostaining of 3 dpf zebrafish larvae injected with control MO (4 ng) or Inpp5e MO (4 ng), followed by antibody staining against INPP5E
(green) (DAPI, blue). Scale bar 10 lm.
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215 ± 13 lm, compared with the morphants injected with Inpp5e
MO (144 ± 14 lm) and control MO (253 ± 7.8 lm) (Fig 3C), thus
supporting our hypothesis that the phenotypes observed are
caused by the loss of Inpp5e.
3.2. Cilia defects in Kupffer’s vesicle of Inpp5e morphants

To evaluate whether INPP5E is necessary for cilia development,
we examined the Kupffer’s vesicle (KV) of young larvae. The KV is a



Fig. 3. Human INPP5E rescue phenotypes of Inpp5e morphants. (A) Zebrafish embryos were injected with control MO (4 ng), Inpp5e MO (4 ng) or Inpp5e MO (4 ng) and human
INPP5E mRNA (hINPP5E mRNA, 500 pg). Representative phenotypes of microphthalmia (arrowhead), pericardial edema (arrow), body axis asymmetry, kinked tail (white
arrow), pronephric cyst formation (red arrow), and hypopigmentation were observed at 48 hpf (scale bar 250 lm). (B) The ventral sides of embryos were injected with control
MO (4 ng), Inpp5e MO (4 ng) or Inpp5e MO (4 ng) and human INPP5E mRNA (hINPP5E mRNA, 500 pg), scale bar 100 lm. (C) Quantification of eye size of zebrafish morphants
at 24 hpf and 48 hpf (N = 20 embryos, three independent experiments, unpaired t-test, �p = 1.61E�12).
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monociliated, fluid-containing structure in the zebrafish, ortholo-
gous to the mouse embryonic node (Hirokawa et al., 2006). The
KV is a spherical vesicle originating from dorsal forerunner cells
and is readily visible in the tail-bud region. During early embryo-
genesis, the primary cilia within the KV generate directional flow
just prior to the expression of asymmetric genes in the lateral cells.
Previous studies have demonstrated that the ciliated KV is required
for early somitogenesis for left–right patterning in the heart, gut,
and the brain (Essner et al., 2005; Kawakami et al., 2005; Oteiza
et al., 2008). The cilia within the KV regulate left–right body axis
and organ development, thus, we examined the KV by immunohis-
tochemistry with anti-acetylated a-tubulin to stain the cilia at the
6-somite stage (Fig. 4A). Inpp5e morphants showed an approxi-
mate 50% decrease in the number of cilia within the KV (59 ± 3
in control embryos vs 35 ± 7 in Inpp5e morphants, unpaired t-test,
t = 14.1, p = 0.02) when compared to control MO-injected embryos
(Fig. 4B). In addition, the average length of cilia within the KV was
found to be shorter in the Inpp5e morphants (2.9 ± 0.6 lm) as com-
pared to controls (4.9 ± 0.4 lm) (unpaired t-test, t = 12.4,
p = 1.56E�08) (Fig. 4C). Cilia formation in the KV can be rescued
to a greater number (51 ± 5) and longer cilia length
(4.3 ± 0.5 lm) after co-injection with hINPP5E mRNA. Thus, our re-
sults support that zebrafish Inpp5e function is required for KV cilia
development.

3.3. Pronephric duct cilia defects of Inpp5e morphants

The pronephric kidney is the first stage of kidney development
in vertebrate embryos (Otto et al., 2003). Arising from the interme-
diate mesoderm, the pronephros has a single nephron that is at-
tached to the nephric duct, which forms the Wolffian duct and
ureter of the adult human kidney (Paces-Fessy et al., 2012). In zeb-
rafish, the primitive pronephros contains motile cilia that may gen-
erate flow by unidirectional beating (Essner et al., 2002). It has
been shown that obstruction of fluid flow may result from the loss
of ciliary function, leading to cystic kidney disease (Kramer-Zucker
et al., 2005). As cystic kidney has been implicated in human Joubert
syndrome, we examined the zebrafish cilia in the pronephric ducts
by immunofluorescence with anti-acetylated a-tubulin at the 24
hpf stage (Fig. 5A). As compared to control MO injected embryos,
there was an approximate 50% shortening in the length of cilia of
Inpp5e morphants (22 ± 2.1 lm) vs control embryos (10 ± 1.4 lm)



Fig. 4. Kupffer’s vesicle cilia defect in Inpp5e morphants. (A) Human INPP5E mRNA could rescue the loss of Inpp5e. KV cilia of zebrafish embryos injected with control MO
(4 ng), Inpp5e MO (4 ng) or Inpp5e MO (4 ng) and hINPP5E mRNA (500 ng) at 6-somite stage were immunostained with acetylated a-tubulin (red), representative images are
shown (dash line indicates border of KV). (B and C) Quantification of number (B) and length (C) of KV cilia in zebrafish embryos injected with control MO (4 ng), Inpp5e MO
(4 ng) or Inpp5e MO (4 ng) and hINPP5E mRNA (500 ng) (N = 20 embryos, three independent experiments, unpaired t-test, �p = 0.02 in (B) and �p = 1.56E�08 in (C)).
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(unpaired t-test, t = 21.3, p = 8.57E�08), and cilia could be rescued
(18 ± 1.8 lm) by co-injection with hINPP5E mRNA (Fig. 5B). This
finding may explain the phenotypes of renal cysts and generalized
edema in the Inpp5e morphants. Our data supports that zebrafish
Inpp5e function is involved in the cilia development in pronephric
kidney.

3.4. Melanosome transport defects in Inpp5e morphants

In addition to KV and pronephros cilia, melanosome transport
has been shown to be dependent on ciliary motor proteins (Yen
et al., 2006). Melanosome shuttling between the cell periphery
and the perinuclear region is mediated by kinesin II and dynein.
Anterograde transport of the melanosomes to the cell periphery
Fig. 5. Pronephric cilia defect in Inpp5e morphants. (A) INPP5E mRNA rescue of Inpp5e
embryos at 24 hpf stage, injected with control MO (4 ng), Inpp5e MO (4 ng) or Inpp5e M
(red). Scale bar 10 lm. (B) Pronephric cilia length of control and Inpp5e MO. Pronephric ci
MO (4 ng) and hINPP5E mRNA (500 ng) at 24 hpf stage were analyzed by immunostaini
independent experiments, unpaired t-test, �p = 8.57E�08).
is caused by kinesin II motors while retrograde transport to the
perinuclear region is performed by dyneins. Many ciliary proteins,
such as BBS family members, are involved in retrograde melano-
some transport in the zebrafish (Yen et al., 2006). Since we noted
a pigmentary defect in the Inpp5e morphants (Figs. 2B and 3A),
we hypothesized that melanosome transport may also be affected
in the Inpp5e-deficient zebrafish. Retrograde or anterograde traf-
ficking of melanosomes is known to be stimulated by epinephrine
or caffeine, respectively (Nascimento, Roland, & Gelfand, 2003);
therefore, we measured the rates of epinephrine-induced
melanosome retraction in zebrafish morphants. In 5 dpf zebrafish
larvae treated with epinephrine, the melanosomes contracted
rapidly and perinuclear accumulation of melanosomes were
observed (Fig. 6A). The pigment accumulation of Inpp5e morphants
pronephric cilia formation. Representative image of pronephric cilia of zebrafish
O (4 ng) and hINPP5E mRNA (500 ng), immunostaining with acetylated a-tubulin

lia of zebrafish embryos injected with control MO (4 ng), Inpp5e MO (4 ng) or Inpp5e
ng with acetylated a-tubulin and cilia length was measured (N = 20 embryos, three
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takes three times longer to complete than the control MO injected
(6.0 ± 0.4 min in control vs 1.9 ± 0.2 min in Inpp5e zebrafish,
unpaired t-test, t = 28.9, p = 1.17E�18) (Fig. 6B). Moreover, the de-
layed melanosome retraction was partially rescued by co-injecting
human INPP5E mRNA (Fig. 6B).

3.5. INPP5E mutants affect eye development in zebrafish

Recently INPP5E was identified in the connecting cilium in the
photoreceptors of mice (Jacoby et al., 2009). In their INPP5E trans-
genic mice, short cilia development caused the absence of the pho-
toreceptor cell layer. Almost all identified INPP5E mutations in
Joubert syndrome are localized in the 5-phosphatase domain
Fig. 6. Impaired melanosome transport in Inpp5e morphants. (A) Inpp5e morphants sh
morpholinos were treated with epinephrine, and the time required for all melanosomes
(B) Quantification of the response time for epinephrine treatments in the control MO (2
(N = 20 embryos, three independent experiments, unpaired t-test, �p = 1.17E�18, ��p = 1

Fig. 7. INPP5E mutants in zebrafish eye development. (A) Zebrafish embryos were injecte
MO (4 ng) and hINPP5E R378C mRNA (500 pg), or Inpp5e MO (4 ng) and hINPP5E R435Q
Quantification of eye size of morphants at 24 hpf and 48 hpf (N = 20 embryos, three ind
(Bielas et al., 2009). To examine the effect of mutant INPP5E on ci-
lia formation during eye development, we first examined the local-
ization of INPP5E mutants in the cilia of hTERT-RPE1 cells. In the
hTERT-RPE1 cells expressing control vector, WT INPP5E, or mutant
INPP5E R378C, and R435Q, we assessed the cilia length and percent
of ciliated cells at 48 h post serum-starvation. The cells transfected
with mutant INPP5E R378C and R435Q have shortened cilia length
and decreased cilia formation, thus suggesting these mutants may
act as dominant negatives in cilia regulation (data not shown). We
generated the mRNA of R378C and R435Q INPP5E mutants, which
were co-injected with Inpp5e MO zebrafish embryos at the 1-cell
stage. In zebrafish embryos injected with R378C and R435Q mRNA
resulted in the phenotypes of generalized edema and body
owed slowed retrograde melanosome transport. Five day-old larvas injected with
in the head and trunk to retract was determined. Representative photos are shown.
ng), Inpp5e MO (2 ng), and Inpp5e MO (2 ng) and hINPP5E mRNA (400 pg) embryos
.5E�12).

d with Inpp5e MO (4 ng), Inpp5e MO (4 ng) and hINPP5E WT mRNA (500 pg), Inpp5e
mRNA (500 pg). The ventral sides of morphants are shown, scale bar 100 lm. (B)

ependent experiments, unpaired t-test, �p = 3.6E�08).
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asymmetry (Fig. 7A). As shown in Fig. 7A and B, the zebrafish mor-
phants injected with mutant INPP5E R378C and R435Q have smal-
ler eyes (132 ± 20 lm in INPP5E R378C and 152 ± 18 lm in INPP5E
R435Q) as compared to the zebrafish injected with wild type IN-
PP5E (215 ± 13 lm) (unpaired t-test, p = 3.6E�08). Taken together,
we have showed that the disease-causing mutations in INPP5E af-
fected cilia associated eye development.
4. Discussion

Lipid composition of the ciliary membrane is highly regulated.
Phosphoinositide dysregulation has been implicated in ciliopathies
in several recent studies (Bielas et al., 2009; Jacoby et al., 2009). IN-
PP5E is an inositol 5-phosphatase involved in a cilia phenotype
that underlies two rare human syndromic ciliopathies, Joubert syn-
drome and MORM syndrome, both of which present with retinal
degeneration, kidney cysts, and mental developmental delays (Bie-
las et al., 2009; Jacoby et al., 2009). Studies in mice and humans
have demonstrated that INPP5E plays a critical role in cilia func-
tion. In this study, we utilized zebrafish to examine the role of In-
pp5e in the development of the cilium. The Inpp5e morphants
develop ciliopathy-like phenotypes of hydrocephalus, retinal dys-
plasia, and body asymmetry, which is consistent with the murine
knockout models. Since Inpp5eDD mouse died soon after birth
(Jacoby et al., 2009), the availability of a zebrafish model can pro-
vide a novel animal model to examine the role of inositol phospha-
tases in cilia development.

As previously shown in other ciliopathy studies, the zebrafish is
a robust embryological model system to examine cilia function in
early organogenesis (Chakarova et al., 2011; Ghosh et al., 2010;
Hurd et al., 2010; Khanna et al., 2005; Murga-Zamalloa et al.,
2010) because it offers optical clarity, rapid development, ease of
genetic manipulation and high resolution imaging for in vivo stud-
ies that would not be achieved in larger animal models. Cilia func-
tion is required for maintaining left–right asymmetry and are
conserved in nearly all vertebrates (Capdevila et al., 2000). During
early organogenesis, the left–right axis is maintained by asymmet-
ric expression of LR-specific genes, such as pitx2, nodal, lefty1 and
lefty2 (Hamada et al., 2002). KV cilia are responsible for generating
a transient left-biased calcium influx. The calcium flux is required
for left–right determination (Schneider et al., 2008). We show here
that Inpp5e morphants exhibited left–right asymmetry as well as
abnormal cilia formation in the KV, which support that INPP5E is
a ciliary protein. Since PI(4,5)P2 is the precursor for IP3, which
was shown to play a role in left–right body axis determination in
Xenopus (Hatayama, Mikoshiba, & Aruga, 2011), it is likely that
the soluble inositol molecules may be the effectors for the body
axis regulation.

The finding of pronephric duct cilia defects in Inpp5e morphants
support the clinical observation of renal cyst development in hu-
man Joubert patients. The cilia within the pronephros in Inpp5e
morphants were shorter and less organized than the control zebra-
fish, suggesting the motility of the cilia maybe severely affected.
Cilia beating has been shown to be important in flow regulation
in the pronephric ducts (Kramer-Zucker et al., 2005); the loss of
cilia organization may reduce fluid movement resulting in cystic
kidney formation. It will be important to visualize the ciliary beat-
ing in both the KV and pronephric ducts to determine if Inpp5e
loss-of-function directly affects fluid transport in these embryonic
structures.

Previously, Bielas et al. have shown that the fibroblasts from pa-
tients with mutations in the INPP5E 5-phosphatase domain exhib-
ited ciliary instability (Bielas et al., 2009). Our results with the two
disease-causing INPP5E mutants (R378C and R435Q) support this
observation. In both mutants, we found that the cilia localization
was unaffected by the loss of the inositol phosphatase activity.
However, we did observe increased swelling of ciliary membrane
at the distal tip of the cilia (unpublished results), suggesting the
5-phosphatase activity may play a role in retrograde transport of
ciliary proteins. In addition to the enzymatic activity of INPP5E,
the conservation of the C-terminal CAAX domain in both human
and zebrafish INPP5E suggests that the lipid modification may play
a vital role in the function of INPP5E in cilia. It will be important to
identify the enzyme involved in this post-translational modifica-
tion; and the zebrafish will be an excellent model organism to test
the functional importance of the CAAX domain.

Recently, three independent groups have identified another ino-
sitol polyphosphate phosphatase, OCRL, to also be involved in cilia
function (Coon et al., 2012; Luo et al., 2012; Rbaibi et al., 2012).
Mutations in OCRL are found in Lowe syndrome and Dent
syndrome (Attree et al., 1992; Lewis, Nussbaum, & Brewer,
1993–2001; Reilly, Lewis, & Nussbaum, 1990). Lowe syndrome,
also known as Oculocerebrorenal syndrome of Lowe, is a rare con-
genital X-linked recessive disorder characterized by congenital cat-
aracts, glaucoma, renal tubular dysfunction, and developmental
delays (Attree et al., 1992). Similar to Lowe syndrome, Type II Dent
syndrome presents with congenital renal tubular dysfunction but
lacks the ocular and cerebral phenotypes (Hoopes et al., 2005;
Schurman & Scheinman, 2009). OCRL was found to be trafficked
to the cilia by Rab8 and Ses1/Ses2 and that the inositol phospha-
tase activity may be important in this ciliary recruitment (Coon
et al., 2012). Another evidence for inositol regulation of cilia comes
from studies of the tubby-like proteins. The tubby mouse, which
develops adult-onset obesity, has mutations in the Tub gene; the
tubby-like proteins are known to interact with phosphoinositides.
Recently, Mukhopadhyay et al. have found Tubby-like protein 3
(TULP3) strongly binds to PI(4,5)P2, followed by PI(3,4)P2, and
PI(3,4,5)P3. Mutants of TULP3 that do not bind to phosphoinosi-
tides failed to traffic GPCR into the cilium (Mukhopadhyay et al.,
2010). Therefore, it was proposed that PIP2 might regulate the
specificity of trafficking of ciliary proteins.

In addition to lipid phosphoinositides, soluble inositol phos-
phates have been implicated in ciliogenesis and cilia-mediated
signaling in zebrafish. Phosphoinositides Kinase 1 (PK1) is a 2-
kinase that phosphorylates I(1,3,4,5,6)P5 to generate IP6 (Sarmah
et al., 2007). Knockout of IPK1 in zebrafish resulted in loss of cilia
maintenance as well as cessation of ciliary beating in the KV
(Sarmah et al., 2007). Although the ultrastructure of the cilia
does not appear disrupted, the functional transport of melano-
somes implicated the loss of ciliary function. Immunofluores-
cence studies showed the distribution of IPK1 to the basal body
in the cilia, suggesting a role of phosphorylation of IP5 to IP6

may be required in cilia function (Sarmah & Wente, 2010b). In
addition to the direct cilia function, Sarmah et al. showed that
higher order inositol phosphates are important in regulating Hg
signaling, which is known to occur through the primary cilium.
By knocking down IP6K2 expression in zebrafish, which prevents
the formation of diphosphoryl inositol phosphates (PP-IPs), Sar-
mah et al. showed IP6K2 is a positive regulator of Hg signaling
by acting upstream of transcription factor Gli1 (Sarmah & Wente,
2010a).

Although zebrafish offers a robust model system to examine the
function of inositol metabolism in cilia formation, there are limita-
tions to this approach. One of the drawbacks is the duration of Hg
signaling the effectiveness of morpholinos; the degradation of the
oligonucleotides over the first 48–72 h period limits long-term
studies of eye development and potential delayed phenotypes.
Also, similar to the mouse model, another drawback is that the
pleiotropic effect of inpp5e knockdown may result in early lethality
of the zebrafish morphants. In the future, this may be circum-
vented by transplant technology, removing only the eyes into wild
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type zebrafish, which can allow specific examinations of ocular
phenotypic rather than a global effect.

5. Conclusion

In this study, we present a knockdown zebrafish model using
antisense morpholinos against Inpp5e that resemble human Jou-
bert syndrome. This phenotype can be rescued by concomitant
injection of normal human INPP5E mRNA. Following the knock-
down of Inpp5e, we demonstrated a progressive loss of cilia at
Kupffer’s vesicle, pronephric kidney, and subsequent alterations
to organ laterality, such as bent body axes and cardiac left–right
asymmetry. The high degree of homology between human and
zebrafish INPP5E, and the rescue of human INPP5E shows that
the zebrafish is a good model organism to study inositol phospha-
tase function in the cilia. The data presented supports a role for IN-
PP5E in ciliary formation to explain the phenotypes in Joubert
syndrome, and the knockdown zebrafish provides an animal model
to test potential treatments in the future.
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