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Oculocerebral renal syndrome of Lowe (OCRL or Lowe syndrome), a severe X-linked congenital disorder
characterized by congenital cataracts and glaucoma, mental retardation and kidney dysfunction, is caused
by mutations in the OCRL gene. OCRL is a phosphoinositide 5-phosphatase that interacts with small
GTPases and is involved in intracellular trafficking. Despite extensive studies, it is unclear how OCRL muta-
tions result in a myriad of phenotypes found in Lowe syndrome. Our results show that OCRL localizes to the
primary cilium of retinal pigment epithelial cells, fibroblasts and kidney tubular cells. Lowe syndrome-asso-
ciated mutations in OCRL result in shortened cilia and this phenotype can be rescued by the introduction of
wild-type OCRL; in vivo, knockdown of ocrl in zebrafish embryos results in defective cilia formation in
Kupffer vesicles and cilia-dependent phenotypes. Cumulatively, our data provide evidence for a role of
OCRL in cilia maintenance and suggest the involvement of ciliary dysfunction in the manifestation of
Lowe syndrome.

INTRODUCTION

Mutations in the Oculocerebrorenal syndrome (OCRL) gene
are associated with Lowe and Dent syndromes (1–3). While
both diseases exhibit renal tubular pathologies, only Lowe
syndrome is associated with pleomorphic features, including
bilateral congenital cataracts, glaucoma, hypotonous muscles
and mental retardation (1–3). Although OCRL has been iden-
tified as an inositol polyphosphate 5-phosphatase (INPP5E),
the mechanisms of disease for OCRL mutations in causing
these phenotypes are unclear.

A common role of the different functional modalities of
OCRL is the regulation of membrane trafficking. OCRL is
reported to distribute to the trans-Golgi network (TGN),
endosomes, phagosomes and specific regions of the plasma
membrane at adherens and tight junction (4–12). OCRL can
directly bind to several proteins that couple it to the regulation
of endocytosis; for instance, OCRL binds clathrin in a manner

that partially accounts for its ability to promote endocytosis
(6,7,9–11,13–17). Further, a region within the c-terminal
RhoGAP-like domain of OCRL, in which several disease-
causing mutations are found, binds to a short phenylalanine
and histidine (F&H) motif found within the endocytic adaptors
APPL1 and Ses1/2 (18,19). OCRL is also linked to endosomal
functions through a rab family of small GTPase (RAB)-binding
domain that associates with RAB5 (7), RAB8A (7,20) and
RAB35 (14), as well as to the small GTPases ARF1 and
ARF6 (21). At the plasma membrane, OCRL inhibits mem-
brane ruffling and actin polymerization by limiting the levels
of phosphatidylinositol-4, 5-bisphosphate (PIP2) (22,23).

Similarities between OCRL and another INPP5E suggest
that OCRL might also function in cilia. Primary cilia are con-
served eukaryotic structures that protrude from the cell surface
to detect and transduce environmental cues in nearly all
mammalian cells (24–32). Non-motile sensory cilia consist
of an array of bundled microtubules (axoneme) that are
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covered by a plasma membrane enriched in cholesterol and
monophosphorylated phosphatidylinositols (33,34). Axonemal
microtubules arise from a specialized microtubule nucleating
center termed the basal body (32,34–37). Defects in the for-
mation of the primary cilium result in several clinical features
collectively referred to as ciliopathies (38–40). INPP5E,
which catalyzes the removal of phosphate from the 5-position
on inositol polyphosphates similar to OCRL (41), localizes to
primary cilium of both renal tubular cells and retinal pigment
epithelial cells (42). Mutations in INPP5E result in ciliary
instability and are associated with Joubert syndrome (42).

Because of the emerging role of phosphoinositides in
primary cilium function, we investigated the role for OCRL
in regulating this structure. We found that OCRL localizes
to the primary cilium. Further, perturbation of OCRL results
in ciliary defects in both cultured cells and developing zebra-
fish. A new role for OCRL in primary cilia formation is there-
fore proposed that may explain why mutants of OCRL
contribute to the pathogenesis of Lowe syndrome.

RESULTS

OCRL localizes to the cilia and the basal body in ocular
and renal tissues

While mutations in OCRL are associated with a wide spectrum
of phenotypes in Lowe syndrome patients (43), the localiza-
tion of OCRL in the affected cells is not well characterized.

We sought to examine the ocular cells that develop cilia
such as non-pigment ciliary epithelial (NPCE) (44). We used
a previously described OCRL antibody and confirmed its spe-
cificity (6); in the presence of a blocking peptide, OCRL signal
is undetectable by immunoblotting or by immunofluorescence
(Supplementary Material, Fig. S1A and B). In addition, the
immunoreactive band is absent in two established fibroblast
cell lines derived from Lowe patients (Lowe 1676 and 3265)
and decreased in fibroblast cells transfected with OCRL
siRNA (Supplementary Material, Fig. S1C). In cultured
NPCE cells that have been serum starved for 48 h, OCRL
localization was examined by immunofluorescence, which
showed immunostaining of OCRL in the primary cilium, as
determined by co-staining with a monoclonal antibody
against acetylated a-tubulin (Ac Tub), a marker for cilia
(45) (Fig. 1A). In addition, OCRL was distributed in the
cilium with acetylated a-tubulin of serum-starved normal
human fibroblast (NHF) and hTERT-RPE1 cells, both ciliated
cell types (46,47) (Fig. 1A). Also in serum-starved
hTERT-RPE1 cells, endogenous OCRL was seen to colocalize
to g-tubulin, a basal body marker (Supplementary Material,
Fig. S1D). After 48 h of serum starvation, OCRL was
mainly detected (.60%) within the basal body of
hTERT-RPE cells and only slightly (, 10%) in the ciliary
axoneme (Supplementary Material, Fig. S1E).

Staining for OCRL is specific as it is ablated by pre-
incubation of the OCRL antibody with an OCRL-specific
peptide epitope (Supplementary Material, Fig. S1B).

Figure 1. OCRL localize to primary cilia in ocular and renal cells. (A) Immunofluorescence of NPCE cells, NHF and hTERT-RPE1 serum starved for 48 h was
performed using rabbit anti-OCRL antibody (green), mouse anti-acetylated a-tubulin antibody (red) and DAPI (blue). Insert shows OCRL colocalization with
acetylated a-tubulin. Scale bar 5 mm. (B) OCRL knockdown hTERT-RPE1 cells were serum starved for 24 h and immunostained with anti-acetylated a-tubulin
(red) and OCRL (green) antibodies (DAPI, blue). Scale bar 5 mm.
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Furthermore, no OCRL staining was detected in hTERT-RPE1
cells that have stable silencing of OCRL expression by shRNA
with lentiviral transduction (Fig. 1B). Additionally, OCRL
was found in the cilia by other methods: enhanced green fluor-
escent protein (EGFP)-tagged OCRL was detected in the cilia
of stably transfected hTERT-RPE cells after 24 h serum star-
vation (Supplementary Material, Fig. S2A); Flag-tagged
OCRL was found in the cilia NHF cells that were serum
starved for 24 h and stained for acetylated a-tubulin (Supple-
mentary Material, Fig. S2B). Finally, endogenous OCRL was
also detected in the cilium of 24 h serum-starved NHF with an
entirely different OCRL antibody, which is a monoclonal (ms)
antibody (Supplementary Material, Fig. S2C and D).

In addition to subcellular localization in cultured cells,
OCRL expression in human tissues was determined. Initially,
cross-sections from human eyes were immunostained with the
previous characterized antibody against OCRL. This revealed
that OCRL is expressed in the retina and the retinal pigment
epithelium (RPE) (Supplementary Material, Fig. S2E).
Further analysis revealed that OCRL localizes to the photo-
receptor outer segment, which is an extension of the specia-
lized photoreceptor sensory cilium (Supplementary Material,
Fig. S2E). As renal disease is observed in Lowe syndrome,
OCRL localization was also examined in rat kidney sections.
Immunostaining of OCRL was detected along the primary
cilium of kidney tubular cells that were marked by co-staining
with antibodies against the acetylated a-tubulin (Supplemen-
tary Material, Fig. S2F). Taken together, OCRL is shown to
partition to the basal body and axoneme of primary cilium
in ocular-ciliated cell lines, retinal tissue, kidney tubular
cells and fibroblasts.

OCRL recruitment to cilia is modulated by RAB8A

Since OCRL was detected in the cilia, the temporal dynamics
whereby OCRL distributes to cilia was examined. OCRL local-
ization was evaluated in hTERT-RPE1 cell lines after serum
starvation for different time points. OCRL predominantly loca-
lizes at the primary cilium at an early time point, within 20 min
of serum starvation (Fig. 2A), as well at 50 and 90 min (data not
shown). Recent structural studies showed that OCRL tightly
binds to RAB8A (20), a small GTPase required for targeting
multiple proteins to the primary cilium (47,48). RAB8A has
been demonstrated to enter cilia during early ciliogenesis
(49). Therefore, we hypothesized that OCRL may be recruited
in early ciliogenesis with RAB8A. When bound to GDP,
RAB8A is located in the cytosol, whereas GTP-bound
RAB8A distributes to the primary cilium in serum-starved
cells (50). Thus, the co-localization of transiently expressed
GFP-tagged RAB8A [wild-type (WT)] or RAB8A (T22N)
(GDP-bound) with endogenous OCRL was examined. This
revealed that OCRL co-localizes with GFP-tagged RAB8A
(WT) (70%) at the primary cilium, but not with the GDP-locked
RAB8A (T22N) (19%) (Fig. 2B and C); thus, overexpression
of RAB8A (WT) increased the degree of OCRL localization
to the cilia.

The impact of silencing the expression of RAB8A on OCRL
accumulation in the primary cilium of hTERT-RPE1 cells was
also determined. Approximately 50% of the cells expressing
an shRNA-targeting RAB8A (Supplementary Material,

Fig. S3A) had undetectable levels of OCRL at the primary
cilium when compared with the 80% of the cells expressing
a scramble control showed OCRL staining with g-tubulin
(Fig. 2D and E). To elucidate the requirement of RAB8A
binding to OCRL for its targeting to the primary cilium, the
localization of a mutant of OCRL (F668V), which abolishes
the interaction with RAB8A (20), was investigated in
hTERT-RPE1 cells. As shown in Figure 2F, OCRL (F668V)
was undetectable in cilia of hTERT-PRE1 cells serum
starved for 48 h.

Enzymatic domain of OCRL regulates its localization
at the primary cilium

To assess the function of OCRL in primary cilia, we generated
hTERT-RPE1 cells stably expressing OCRL-shRNA and
control (scrambled) shRNA. hTERT-RPE1 cells with OCRL
knockdown (Fig. 3A) showed a marked reduction in cells
with detectable cilia when compared with control cells at
both 24 and 42 h following serum starvation (Fig. 3B). In add-
ition, OCRL knockdown cells with cilia showed a 20% reduc-
tion in cilia length versus control cells (Fig. 3C) at 24 h (4.1
versus 3.2 mm, respectively) and 42 h (4.5 versus 3.4 mm,
respectively).

Lowe patients frequently present with mutations of OCRL
in the 5-phosphatase domain or in the RhoGAP domain
(5,51). To better understand the effects of such mutations,
human disease-associated mutants of OCRL, D499A and
D422A (Fig. 3D) in the phosphatase domain as well as a
deletion mutant of OCRL that lacks its RhoGAP domain
(DeltaRhoGAP) were examined for their localization at the
primary cilium. Flag-tagged OCRL WT, OCRL (D499A),
OCRL (D422A) or GFP-tagged OCRL (DeltaRhoGAP) were
transfected into ciliated RPE cells. Immunofluorescence ana-
lysis in Figure 3E showed that although WT OCRL was
detected at cilia, neither of the OCRL D499A or D422A
mutants was visible at cilia. The EGFP-tagged OCRL-
DeltaRhoGAP localized near the base but not along the
length of the cilia (Fig. 3E). Ciliary length analysis in
Figure 3F showed that the cells expressing phosphatase-dead
mutants of OCRL exhibited shorter cilia when compared
with OCRL WT. In addition, the RhoGAP deletion mutant
resulted in the shortened cilia length. We then tested the
ability of these mutant proteins to interact with RAB8A. For
this purpose, Flag-tagged OCRL (WT), OCRL (D499A), or
OCRL (D422A), OCRL (F668V), or OCRL (Delta-RhoGAP)
were transiently co-transfected into HEK-293 cells with
GFP-RAB8A. We observed relatively similar levels of
co-immunoprecipitation of Rab8A with all OCRL forms
except the F668V mutant, which has impaired Rab8A inter-
action (Supplementary Material, Fig. S3B and C).

Primary cilia defect in Lowe patient fibroblasts

We next evaluated the relationship between OCRL and the in-
tegrity of primary cilium in the two Lowe patient fibroblast
cell lines (Lowe 1676 and 3265). First, the length of the
primary cilium was evaluated following serum starvation for
24 h. Both Lowe fibroblast cell lines exhibited �30%
shorter cilia than the NHF controls (Fig. 4A and B). Similar
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findings were observed under 48 h serum starvation (data not
shown). While serum starvation induces ciliogenesis, serum
stimulation leads to the cilia disassembly, allowing the cells
to exit quiescence and re-enter the cell cycle (42). Cilia disas-
sembly was evaluated by measuring cilia length 4 h following
serum stimulation (Fig. 4B). In this case, cilia length
decreased from 4.4 to 2.7 mm in NHF, whereas the cilia
length of the Lowe patient fibroblasts retracted from 2.8 to
1.4 mm in the 1676 mutant and from 2.8 to 1.7 mm in the
3265 mutant.

We then assessed whether the expression of WT OCRL can
rescue the ciliary defects in patient fibroblasts. Flag-OCRL
was observed to localize with acetylated a-tubulin at the
primary cilium of transfected Lowe fibroblasts (Supplemen-
tary Material, Fig. S4A). Upon serum starvation for 24 h,
Lowe patient fibroblasts with transfected WT OCRL devel-
oped cilia with similar lengths as NHF controls (Fig. 4B,
Supplementary Material, Fig. S4B). However, the expression
of OCRL (F668V) did not rescue cilia defects in these cells
(Supplementary Material, Fig. S4C). Taken together, Lowe

Figure 2. OCRL associates with RAB8A in primary cilia. (A) OCRL and RAB8A are recruited to the cilia during early ciliogenesis. hTERT-RPE1 cells were
serum starved for 20 min, and immunofluorescence was performed using rabbit anti-OCRL antibody (green), mouse anti-acetylated a-tubulin antibody (red) and
DAPI (blue). In a parallel experiment, immunofluorescence was performed with mouse anti-RAB8A antibody (red), rabbit anti-acetylated a-tubulin antibody
(green) and DAPI (blue). (B) GFP-RAB8A (WT) and GFP-RAB8A (T22N) were transfected into hTERT-RPE1 cells for 48 h, then cells were serum starved
for 24 h and immunofluorescence was done using rabbit anti-OCRL (red) and mouse anti-acetylated a-tubulin (blue) antibodies. (C) The percentage of
co-localization of OCRL and acetylated a-tubulin was determined for each group and is displayed in the graph (∗P , 0.01, n ¼ 3, total cells counted .100
per group). (D) Loss of RAB8A resulted in decreased OCRL recruitment to the primary cilia. RAB8A and control stable knockdown hTERT-RPE1 cells
were serum starved for 48 h and immunofluorescence was performed using rabbit anti-OCRL (green), mouse anti-acetylated a-tubulin (red) antibody and
DAPI (blue). (E) RAB8A and control stable knockdown hTERT-RPE1 cells were serum starved for 48 h and immunofluorescence was performed using
rabbit anti-OCRL and mouse anti g-tubulin antibodies. The percentage of co-localization of OCRL and g-tubulin was determined for each group and is displayed
in the graph (∗P , 0.01, n ¼ 3, total cells counted .100 per group). (F) Transfection of Flag-OCRL (F668V) into hTERT-RPE1 cells for 48 h, followed by
serum starvation for 24 h and immunostaining using mouse anti-Flag antibody (red), rabbit anti-acetylated a-tubulin antibody (green) and DAPI (blue).
Scale bar 5 mm.
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syndrome fibroblasts exhibit a ciliary defect that can be
rescued by the WT OCRL.

Loss of OCRL expression in zebrafish embryos results
in cilia defects

To determine the functional significance of OCRL in cilia
formation during vertebrate development, ocrl expression
was knocked down in zebrafish embryos. In all cases, the
knockdown effects were confirmed with two different anti-
sense morpholinos against ocrl, MO-1 and MO-2; MO-1
blocks the transcription of ocrl and MO-2 blocks the splicing

of ocrl (splice junction of intron 21 and exon 22). Injection
of either ocrl MO-1 or MO-2 resulted in reduced ocrl
mRNA level when compared with gapdh; a 5 bp mismatch
control MO had no effect (Supplementary Material,
Fig. S5A). Following injection of ocrl MO1, MO2 or mis-
match MO into one-cell embryos, morphant phenotypes
were investigated at 48 h post-fertilization (hpf). Morphants
injected with mismatch MO appeared normal, whereas
those injected with ocrl MO-1 or MO-2 exhibited micro-
phthalmia, body-axis asymmetry, kinked tail and hydroceph-
alus (Fig. 5A). Both morphants also developed ocular defects
including microlentis (a smaller ocular lens) and distorted

Figure 3. OCRL mutants fail to localize to the cilia. (A) Stable knockdown cell lines of OCRL and control shRNA were generated in hTERT-RPE1 cells. Forty
microgram of total protein was separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis followed by immunoblot analysis using rabbit anti-
OCRL and mouse anti-actin antibodies. (B) OCRL knockdown cells exhibit decreased cilia formation. Control and OCRL stable knockdown hTERT-RPE1
cells were serum starved for either 24 or 42 h, and then immunofluorescence was performed using mouse anti-acetylated a-tubulin antibody. The number of
ciliated cells was then quantified (∗P , 0.05, n ¼ 3, total cells counted .100 per group). (C) OCRL knockdown cells exhibit shortened cilia formation.
Control and OCRL stable knockdown hTERT-RPE1 cells were serum starved for 24 or 42 h and then the immunofluorescence was performed using mouse
anti-acetylated a-tubulin antibody. The length of the cilia was quantified (∗P , 0.05, n ¼ 3, total cells counted .100 per group). (D) Structural domains of
OCRL and generated mutants. (E and F) Transfection of Flag-OCRL (WT), Flag-OCRL (D422A), Flag-OCRL (D499A) or EGFP-OCRL (Delta-RhoGAP)
into hTERT-RPE1 cells for 48 h, followed by serum starvation for 24 h and immunostaining using mouse anti-Flag antibody (red), rabbit anti-acetylated
a-tubulin antibody (green) and DAPI (blue). The ciliary length was determined for each group and is displayed in the graph (∗P , 0.05, n ¼ 3, total cells
counted .50 per group). Scale bar 5 mm.
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retinas versus control MO-injected zebrafish (Fig. 5A). These
phenotypes resemble those seen in several zebrafish models
of ciliopathies (52,53). Approximately 70% of ocrl MO-1
or MO-2 injected morphants reproducibly exhibited micro-
phthalmia at 48 hpf (Fig. 5B). The penetrance of micro-
phthalmia, kinked tail and body-axis asymmetry
phenotypes was directly related to the dose of injected
ocrl MO-1 (Fig. 5C) or MO-2 (data not shown). To demon-
strate that the loss of ocrl is causal for these phenotypes,
human OCRL mRNA was co-injected with ocrl MO-1 into
zebrafish embryos. These morphants developed in a similar
fashion as those injected with the mismatch MO (Fig. 5D,
Supplementary Material, Fig. S5B). Thus, defects in cilia
function are proposed to underlie the phenotypes observed
in ocrl depleted morphants.

To further establish that ocrl is necessary for cilia formation
during zebrafish development, the effect of loss of OCRL ex-
pression on Kupffer vesicle (KV) formation was investigated.
The KV is a ciliated, fluid-containing structure in the zebrafish,
orthologous to the mouse embryonic node; it regulates left–right
body axis and organ development through directional cilia rota-
tion (54). Cilia in the KV of morphants injected with ocrl MO-1
or mismatch MO was analyzed by immunohistochemistry using
an antibody against acetylated a-tubulin. Compared with mis-
match MO-injected morphants, ocrl MO-1-injected morphants
displayed an approximate 40% decrease in the number and the
length of cilia in the KV (Fig. 5E, Supplementary Material,
Fig. S5C). Taken together, ocrl is concluded to function in
cilia development in zebrafish.

DISCUSSION

Defects in cilia formation or maintenance have been asso-
ciated with degeneration of multiple organs including the
eye, brain and kidney (55–57). A spectrum of the ciliopathies
range from mild to severe, including Usher Syndrome,
Bardet–Biedl Syndrome, Joubert Syndrome, Leber congenital
amaurosis and Merkel Syndrome (3,38,56,58–62). This study
explored a novel role of inositol phosphatase and phosphoino-
sitide signaling components in the formation and function of
the primary cilium. We show that the OCRL protein, whose
gene mutations cause Lowe and Dent syndromes, is localized
to the primary cilia and involved in ciliary function.

Previously, OCRL has been shown to localize in a number
of subcellular compartments, including the TGN and endo-
somes (7,13,15,63). Our study provides support that phos-
phoinositides play an important role in regulating the
primary cilium. Using multiple approaches, we show that
OCRL localizes to both the basal body and the transition
zone of the primary cilium; the distribution of OCRL to the
basal body and the transition zone of the primary cilia are con-
sistent with several other ciliary proteins (64,65). Additional-
ly, our zebrafish studies showed that ocrl morphants
developed microphthalmia and microlentis, which has been
observed in patients with Lowe syndrome (66); we hypothe-
size that the mechanism of observed microphthalmia may be
related to a defective AKT signaling cascade seen in
INPP5E-associated ciliopathies (42). INPP5E mutations in
the 5-phosphatase domain are associated with Joubert and

Figure 4. Primary cilia instability in Lowe fibroblasts. (A) Representative images of NHF, Lowe 1676 and Lowe 3265 cells that were serum starved for 24 h,
re-stimulated with serum for 4 h and then stained by immunofluorescence using mouse anti-acetylated a-tubulin antibody (red). Scale bar 5 mm. (B) NHF, Lowe
1676 and Lowe 3265 cells were either serum starved for 24 h or serum starved for 24 h and then re-stimulated with serum for 4 h, or transduced with OCRL WT
containing lentivirus and serum starved for 24 h; different treatment groups are shown in graph separately. Immunofluorescence was performed using mouse
anti-acetylated a-tubulin antibody and DAPI (blue). The cilia length was measured by two different observers (∗P , 0.01, n ¼ 3, total cells counted .100
per group, ANOVA analysis).
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MORM syndromes (42,67); similarly, mutations in the 5-
phosphatase domain of OCRL also result in shorten cilia, sug-
gesting that the inositol phosphatase activity is important in
cilia maintenance. In addition, we showed that the loss of
the RhoGAP domain in OCRL affects its ciliary localization,
which may be due to its interaction with the lipid membrane
of vesicles.

RAB GTPases are important regulators of vesicular traffick-
ing and polarity formation (47,48), and OCRL is known to
interact with a number of RAB proteins through its RAB-
binding domain (7,20). Interestingly, RAB8 has been recog-
nized as a common RAB GTPase for both OCRL and
INPP5B (68), and our study shows similar temporal recruit-
ment of both OCRL and RAB8A to the primary cilia. Since
RAB8A is a key regulator of cilia development, it is not

surprising that the interaction between OCRL and RAB8 is
important for its ciliary function.

The identification of OCRL in the primary cilia may
provide a novel mechanism to explain the pathophysiology
of Lowe syndrome, but potentially also Dent syndrome. The
phenotypes seen in patients with Lowe syndrome, such as con-
genital cataract and glaucoma, renal dysfunction and neuro-
logical defects, all involve highly polarized cell types, such
as renal or ocular epithelial cells. Subsequently, it follows
that polarity dysregulation in the renal and neurological
tissues, which can cause primary cilia signaling defects,
could be responsible for the different phenotypes observed
in Lowe syndrome (69). We propose that the endocytic
defects observed in OCRL knockdown cells may be a
consequence of abnormal polarity regulation at the

Figure 5. Zebrafish morphants of OCRL exhibit ciliary defects. (A) Generation of OCRL morphants. (Top panel) Zebrafish embryos were injected with mis-
match control, ocrl MO1 or ocrl MO2 and phenotype assessed at 48 hpf. From lateral side photos on the top, representative phenotypes of microphthalmia (white
arrowhead), hydrocephalus (solid arrowhead), body-axis asymmetry, generalized edema (white arrow), kinked tail (solid arrow) and hypopigmentation were
observed in ocrl MO1 and MO2 morphants. (Bottom panel) Zebrafish embryos injected with control or ocrl MO1 were fixed at 48 hpf, ocular sections were
obtained and subjected to cresyl violet staining (L, lens; NFL, nerve fiber layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epi-
thelium). (B) ocrl MO1 (4 ng) and mismatch MO (4 ng) were injected into one-cell zebrafish embryos. By 48 hpf, all the phenotypes were assessed together
against WT fish and the total numbers of defective morphants in four independent experiments were quantified. (N, the number of injected embryos). (C) Dose-
dependent effect of morpholinos in zebrafish. Indicated doses of ocrl MO1 or mismatch MO were injected into zebrafish embryos and microphthalmia, kinked
tail or body asymmetry were quantified. Data are representative of samples in the same injection experiments (N . 40). (D) Rescue of phenotype by WT hOCRL
mRNA. Zebrafish embryos were injected with ocrl MO1 with hOCRL mRNA and assessed at 48 hpf. Representative image shows a zebrafish that received
co-injection of ocrl MO1 (4 ng) and hOCRL mRNA (500 pg) (N . 40). (E) Representative images and graph show that knockdown of ocrl affects KV cilia
formation. KV cilia were analyzed by immunofluorescence with anti- acetylated a-tubulin (red) at the six-somite stage. Quantification of number (right) of
KV cilia is shown (∗P , 0.01, n ¼ 3, total embryo .10 per group).
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apical/basolateral membrane (17). Given that OCRL has been
shown to localize to the adherens and tight junctions in epithe-
lial cells (8), the breakdown of polarity in these cells may
result in the mistrafficking of endocytic vesicles. Interestingly,
INPP5B, a paralog of OCRL, was shown to be a positive regu-
lator of cilia length in a large functional genomics screen of
modulators of the primary cilia (70). Thus, we propose that
inositol phosphatases such as OCRL and INPP5B both
regulate ciliary function.

While our in vitro studies support a role of OCRL in ciliary
function, the lack of phenotype in the murine knockout model
can be interpreted in the context of the primary cilia and polarity
dysfunction (71). The knockout model of OCRL did not exhibit
phenotypes similar to those seen in humans and the OCRL/
INPP5B double knockout resulted in embryonic lethality,
leading to the hypothesis that INPP5B may compensate for
OCRL in the mouse model (70–72). Recently, Bothwell et al.
(73) developed a murine model of Lowe syndrome that is an
OCRL/INPP5B double knockout with the human OCRL
knock-in to rescue the lethal phenotype. In light of our findings,
it will be important to examine the function of ciliated cells in
the murine models of inositol phosphatase with respect to
processes such as eye and kidney development.

Because of OCRL knockout mouse did not exhibit a pheno-
type, we examined the function of ocrl in motile cilia of zeb-
rafish and presented data to show decreased cilia numbers in
the KVs in ocrl morphant animals. We suggest that OCRL
may assist in the recruitment, modification and distribution
of critical components of the cilia machinery essential for
renewal of the cargo moieties, therefore playing a role in regu-
lating the length of the primary cilium. The maintenance of
cilia length can impact the subtle effects of signaling cascades
on cellular physiology. OCRL may be added to a growing list
of proteins such as IFT components and RPGR that regulate
cilia length (33,74,75). Future work is needed to further
clarify the role of ciliary proteins in maintaining the polarized
distribution of ciliary membrane proteins (76).

During the preparation of this manuscript, Coon et al. (77)
also showed the localization of OCRL to the cilia and a similar
finding of shortened ciliary length in Lowe patient fibroblasts.
Our findings agree with their finding; furthermore, using
human tissue sections and animal tissue, we showed that
OCRL can distribute to the cilia in the absence of RAB8A
overexpression and this localization occurs in a number of cili-
ated cell types, including in ocular cells. In addition, our
mutant analysis shows an important role for the 5-phosphatase
domain of OCRL in its ciliary localization.

Based on our results, we postulate that the diverse pheno-
types present in Lowe syndrome are due to the dysregulation
of the primary cilia, with polarity defects in a number of
cell types in this genetic disorder. The defects in the protein
trafficking in the development and maintenance of the cilia
may be the underlying cause for Lowe and Dent syndromes.

MATERIALS AND METHODS

Reagents

Generation and characterization of anti-OCRL antibodies have
been described (6); anti-OCRL antibody was affinity purified

with beads coated with N-terminal peptide (EPPLPVGAQ-
PLATVE(C) (generous gift of Dr Phil Majerus, Washington
University, St Louis, MO, USA). Blocking concentration for
peptide was 5 mg/ml for immunoblot analysis and 1 mg/ml
for immunofluorescence. The g-tubulin, acetylated a-tubulin,
anti-Flag-M2 and EEA1 monoclonal antibodies were obtained
from Sigma (St Louis, MO, USA). RAB8A mouse monoclonal
antibody was obtained from BD Bioscience (San Diego, CA,
USA). Pericentrin, RAB8A rabbit polyclonal antibody was
purchased from Abcam (Cambridge, MA, USA). Mouse
OCRL monoclonal antibody (OCRL-ms: N166A/26) was
obtained from University of California, Davis, NIH/Neuro-
Mabs. Secondary antibodies AlexaFluor 488 and 594-conju-
gated donkey anti-mouse IgG (1:1000), Cy TM3-conjugated
donkey anti-mouse IgG (1:500), horseradish peroxidase-
conjugated goat anti-rabbit and anti-mouse IgG were from
Jackson ImmunoResearch Laboratories, Inc. (West Grove,
PA, USA). IRDye goat anti-mouse and anti-rabbit (680 and
800; 1:20 000) were obtained from Li-cor Bioscience
(Lincoln, NB, USA).

DNA constructs

GFP-RAB8A(WT) and GFP-RAB8A(T22N) were previously
characterized and obtained from Addgene (47). Flag-
OCRL(D422A), Flag-OCRL(D499A), EGFP-OCRL and
EGFP-OCRL(delta-RhoGAP) constructs were generous gifts
of Dr Alexander Ungewickell (Stanford, CA, USA).
Flag-OCRL (F668V) was generated using QuikChangeII kit
from Stratagene (Santa Clara, CA, USA). Lentiviral citrine/
YFP-OCRL and retroviral RFP-OCRL were generated using
Creator (Clontech)-based vectors as described (78).

Human ocular specimens and animal tissue

Human eyes previously removed due to choroidal melanoma
but with a normal anterior segment were obtained (University
of Michigan IRB no. HUM00034652). Sections were provided
by the Histology core service of the University of Michigan,
Ann Arbor, MI, USA. For kidney sections, adult female
Sprague–Dawley rats (Harlan, Indianapolis, IN, USA) were
perfused with 4% paraformaldehyde (PFA) and kidneys
were removed and cryosectioned.

Cell culture and transfection

hTERT-RPE1 (American Type Culture Collection) were
grown in Dulbecco’s Modified Eagle Media (DMEM)/F-12+
GlutaMAX (GIBCO) supplemented with 10% fetal calf serum,
penicillin–streptomycin at 378C in 5% CO2. Lowe patient
fibroblasts (GM1676 and GM3265; Coriell Institute) were cul-
tured in low glucose DMEM 10% fetal calf serum media with
penicillin–streptomycin. Lowe 1676 fibroblasts contain a
R827X mutation in OCRL gene; Lowe 3265 fibroblasts have
markedly decreased OCRL protein levels (Coriell Institute).
Primary RPE cells were generous gifts from Dr Monte Del
Monte (University of Michigan, Ann Arbor, MI, USA).
NPCE cells were generous gifts of Dr Sayoko Moroi (Univer-
sity of Michigan). NHF 588 were generous gifts of Dr
Daniel Spandau (Indiana University, Indianapolis, IN, USA).
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Transfections were performed using Fugene 6 (Roche) or
LipofectAmine 2000 according to the protocol.

Immunofluorescence

Immunofluorescence slides were treated with either PFA for
fixation for 10 min at room temperature (RT) followed by per-
meabilization with 0.5% Triton X-100. For g-tubulin antibody,
methanol/acetone fixation was performed with ice-cold metha-
nol (10 min at 2208C) and permeabilized in ice-cold acetone
(10 min at 2208C). Samples were then blocked with
phosphate-buffered saline (PBS)/0.5% bovine serum albumin
(BSA)/10% normal goat serum (NGS) for 30 min at RT.
Cover slips were incubated with the primary antibodies over-
night at 48C followed by secondary antibodies for 45 min at
RT, and mounted in ProLong Antifade reagent (Invitrogen).
The hTERT-RPE1 cells were synchronized by serum starva-
tion according to previous protocols (48). Cells were imaged
on Olympus FV-500 or LEICA SP6 confocal microscope.
To evaluate cilia length, Lowe fibroblasts were grown to con-
fluence for 48 h followed by serum deprivation. Cells were
then fixed with 4% PFA and cilia growth was analyzed by
immunostaining with anti-acetylated a-tubulin antibody from
z-stacks (0.25 mm step size) taken with LEICA SP6 confocal
microscope or a Zeiss LSM-500 confocal microscope.
Ciliary length was measured with NIH Image J software and
statistical analysis was performed with SAS. Live imaging
was performed using a c-apochromat ×63 oil immersion
objective (Zeiss). Cells were grown in 35 mm dishes with
embedded cover slips from MatTek at 5% CO2 at 378C in
an environmental chamber. Live cell images were processed
with Zeiss Axiovision 4.8. Confocal images and optical
sections were acquired via an Apotome (Zeiss). Time-lapsed
movies were taken with CoolSnap camera at indicated time
intervals.

Stable cell line generation

RPE cells were transfected with the indicated DNA constructs
containing a puromycin selection sequence. Cells were placed
in puromycin selection media beginning on day 2 post-
transfection. Stable clones were obtained post-selection, cell
lysates were made for sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and immunoblot analysis
was performed to select for cells expressing indicated protein.

Immunoblot analysis

Cell lysates were subjected to SDS–PAGE followed by immu-
noblot analysis with the indicated antibodies. Equal amounts
of protein were run on 10–12% gel and transferred to nitrocel-
lulose membrane (BioRad). Membranes were blocked in 5%
non-fat dried milk in PBS. Primary and secondary antibodies
were diluted in concentrations described above. Odyssey
Imaging system (Li-Cor Bioscience) was used to analyze the
immunoblots.

Knockdown of RAB8A and OCRL1 in cells

RAB8A and control knockdown shRNA lentivirus was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). OCRL siRNA (GGTTCCCTGCCATTTTTCA) was
provided by A. Ungewickell and knockdown performed as
described (11). The OCRL1 shRNA lentiviral construct was
generated using Lentiviral vector pFLRu was gift of Dr
Yunfeng Feng, Washington University in St Louis, MO,
USA (79). Lentiviral particles were transduced into
hTERT-RPE1 cells using as described (79). Knockdown
of OCRL1 and RAB8A expression was verified by immuno-
blotting.

Zebrafish immunohistochemistry and KV cilia
measurements

Zebrafish (WT strain: AB tevbigan) were raised and main-
tained at the Laboratory Animal Resource Center of Indiana
University. All animal procedures were subject to Institutional
animal care and use committee of Indiana University and per-
formed with prior approved protocols. Embryos were fixed
overnight at 48C in 4% PFA and 1% sucrose in PBS.
Embyros were dechorionated and washed with PBST for six
to eight times 10 min each. After blocking them for 2–4 h
with 10% NGS and 0.5% BSA, immunostaining was per-
formed with 1:200 anti-acetylated a-tubulin monoclonal anti-
body and 1:500 Alexa Fluor 568 goat anti-mouse conjugate
separately at 48C overnight. KV cilia measurements were per-
formed as described (65). Cresyl violet staining was performed
as described (53).

Morpolino antisense oligonucleotides knockdown
and mRNA rescue in zebrafish

Antisense MOs were designed and purchased from Gene
Tools, Inc. Two morpholinos were generated; OCRL ATG ini-
tiation codon sequence (OCRL MO1: sequence CGGAAA
TCCCAAAT GAAGGTTCCAT) and exon splice donor se-
quence (OCRL-MO2: sequence ACAAACAGAGAGTCTAC
TCACTTGA). A mismatch (MM: sequence ATGCGAAAT
CAAGGTTCGATCATCA) morpholino served as a negative
control. Morpholinos stocks were dissolved at 1 mM in
water: 2 or 4 nl of injection solution (0.25% phenol red) con-
taining 125–500 mM morpholino was injected into fertilized
eggs at the one- to two-cell stage using a pressure injector
(Pressure System IIe, Toohey Company, Fairfield, NJ, USA).
Synthetic mRNA was prepared from linearized human
OCRL-pcDNA3.1 DNA with Ambion mMessage mMachine
high-yield Capped RNA transcription kit, purified with
phenol-chloroform and mRNA was coinjected for rescue
experiments. Reverse-transcriptase PCR was performed as
described (65).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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