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Abstract

Phosphoinositide lipids play a key role in cellular physiology, partici-
pating in a wide array of cellular processes. Consequently, mutation
of phosphoinositide-metabolizing enzymes is responsible for a growing
number of diseases in humans. Two related disorders, oculocerebrorenal
syndrome of Lowe (OCRL) and Dent-2 disease, are caused by mutation
of the inositol 5-phosphatase OCRL1. Here, we review recent advances
in our understanding of OCRL1 function. OCRL1 appears to regulate
many processes within the cell, most of which depend upon coordina-
tion of membrane dynamics with remodeling of the actin cytoskeleton.
Recently developed animal models have managed to recapitulate fea-
tures of Lowe syndrome and Dent-2 disease, and revealed new insights

Overview of Phosphoinositides

Phosphoinositides are membrane phospholipids that reg-
ulate diverse cellular processes including gene expression,
cytokinesis, cell motility, actin cytoskeleton remodeling,
membrane trafficking and cell signaling (1,2). There are
seven phosphoinositide species found in nature, generated
by reversible phosphorylation of phosphatidylinositol at
the 3'-, 4'- and/or 5 -positions of the inositol ring. Con-
version between the different phosphoinositide species is
mediated by specific kinases and phosphatases, of which
there are more than 50 in vertebrates (3). Although
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into the underlying mechanisms of these disorders. The continued use of
both cell-based approaches and animal models will be key to fully unrav-
eling OCRL1 function, how its loss leads to disease and, importantly,
the development of therapeutics to treat patients.

Keywords actin, ciliogenesis, Dent disease, endocytosis, inositol
5-phosphatase, OCRL1, oculocerebrorenal syndrome of Lowe, phago-
cytosis, phosphoinositide, zebrafish

Received 20 December 2013, revised and accepted for publication 3
February 2014, uncorrected manuscript published online 5 February
2014, published online 7 March 2014

extremely important, phosphoinositides comprise less
than 1% of total cellular phospholipids, with PtdIns4P
and PtdIns(4,5)P, being the most abundant.

Phosphoinositides regulate cellular processes through
direct interaction with effector proteins, which is mediated
by phosphoinositide-binding domains found in these
proteins (4,5). The best-described phosphoinositide-
binding domains are the PH (pleckstrin homology),
PX (phox homology), FYVE (Fabl, YOTB, Vacl and
EEA1), ENTH (epsin amino-terminal homology) and
FERM (band 4.1, ezrin, radixin and moesin) domains.
Of these, the PH domain is the most promiscuous, binding
to PtdIns3P, PtdIns4P, PtdIns(3,4)P,, PtdIns(4,5)P, and
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PtdIns(3,4,5)P;. Binding to effectors most typically leads
to effector recruitment to the membrane. However, as
exemplified by the PH domain, binding of an effector
protein to a particular phosphoinositide can be inherently
weak or lack specificity (6). In such cases, the fidelity of
effector recruitment is conferred by additional interactions
with the membrane, often in the shape of a protein partner,
such as a small GTPase. This type of targeting has been
coined ‘coincidence detection’ (7). In addition to recruiting
effectors to membrane surfaces, phosphoinositides can
also induce conformational changes in effector proteins
to alter their biological activity. Examples include the
PtdIns(4,5)P,-dependent activation of ion channels at
the plasma membrane (8), or the PtdIns(4,5)P,-mediated
conversion of the actin nucleation-promoting factor N-
WASP from a closed, autoinhibited state to an open,
activated state (9).

Each phosphoinositide species has its own unique
subcellular distribution and most organelles appear to
be enriched in a specific phosphoinositide; for example,
PtdIns(4,5)P, is abundant at the plasma membrane,
whereas PtdIns3P and PtdIns4P are enriched at early
endosomes and the Golgi apparatus, respectively (1,10).
Thus, phosphoinositides contribute to compartmental
identity (11). Interestingly, the sequential conversion from
one phosphoinositide species to another can lead to a
switch in compartment identity, as seen in the maturation
of compartments within the early endocytic pathway
(12,13). Segregation of phosphoinositides to different
membranes may also promote directionality of membrane
traffic between distinct compartments (14). Although
most compartments appear to be associated with a
particular phosphoinositide, as would be expected if they
impart compartment identity, there is evidence that more
than one phosphoinositide can reside on the same com-
partment. For example, in addition to the Golgi apparatus,
PtdIns4P is abundant at the plasma membrane (15), where
it has functions distinct from that of PtdIns(4,5)P, (16).
In addition to PtdIns3P, pools of PtdIns4P, PtdIns(4,5)P;
and PtdIns(3,4,5)P3 have also been detected on endosomes
(17-19). Moreover, PtdIns3P can also be generated at
the plasma membrane or endoplasmic reticulum during
insulin signaling or autophagy, respectively (20,21). It is
likely that distinct phosphoinositides residing on the same
compartment are tightly controlled both spatially and
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temporally to ensure the coordinated recruitment of down-
stream effector proteins to specific membrane domains.

Phosphoinositide Kinases and Phosphatases

The generation and turnover of phosphoinositides is
determined primarily by the activity of specific phos-
phoinositide kinases and phosphatases, which themselves
are highly regulated (3). This regulation can occur at
the level of expression, or through localized recruitment
and/or activation of catalytic activity, which is often medi-
ated through binding to small GTPases. Additionally,
binding to scaffolding proteins can help recruit these
enzymes, and post-translational modification may also
regulate their activity. The various enzymes are classi-
fied based on substrate preference and conservation of
sequence and predicted domains. In addition to phospho-
inositide kinases and phosphatases, it is also worth bearing
in mind that levels of PtdIns(4,5)P, can be affected by
phospholipase C (22). In response to various stimuli, this
enzyme hydrolyzes PtdIns(4,5)P, to generate the second
messengers diacylglycerol (DAG) and Ins(1,4,5)P; (IP3)
that are responsible for protein kinase C activation and
mobilization of intracellular calcium stores, respectively.

OCRLL, the focus of this review, is 1 of 10 inositol 5-
phosphatases present in vertebrates (23). Of these, only one
(INPP5A) acts on soluble inositol polyphosphates, whereas
the remainder prefer the lipid substrates PtdIns(4,5)P; and
PtdIns(3,4,5)P3. These enzymes use a common mechanism
to catalyze hydrolysis of the phosphate at the 5'-position
of the inositol ring (24,25). The different 5-phosphatases
are localized to distinct cell types or distinct subcellular
compartments within the same cell, where they regulate
the abundance and turnover of distinct phosphoinositide
pools. Consequently, the 5-phosphatases are important
for various cellular and physiological processes, and
dysfunction of a number of 5-phosphatases is associated
with human disease (23,26,27). For example, mutation of
OCRLLI results in Lowe syndrome and Dent-2 disease,
discussed in further detail below. Mutations in INPP5E
lead to Joubert and MORM syndromes, ciliopathies
associated with mental impairment and various other
developmental defects, whereas mutation of synaptojanin
1 is associated with early onset Alzheimer’s disease in
Down’s syndrome. In contrast, SHIP1 and SHIP2 have

Traffic 2014; 15: 471-487



been linked to immunity, and cancer and metabolic
syndrome, respectively.

Lowe Syndrome and Dent-2 Disease

Mutation of OCRLI1 was originally shown to be the cause
of the rare X-linked disorder oculocerebrorenal syndrome
of Lowe (OCRL), or Lowe syndrome, by Nussbaum and
coworkers in 1992 (28). More recently, patients diagnosed
with a related X-linked disorder, called Dent disease,
were also found to have mutations in OCRL1 (29). This
was surprising because Dent disease is typically caused
by mutation of CLC5, an endosomal chloride/proton
antiporter (30). Hence, Dent disease attributed to OCRL1
mutation has been named Dent-2 disease, with Dent-
1 describing patients with CLC5 mutation (31). Both
Lowe syndrome and Dent-2 disease are characterized by
a selective proximal tubulopathy, caused by impairment
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of proximal tubular cells in the kidney (31,32). Symptoms
include low-molecular-weight proteinuria, renal tubular
acidosis, hypercalciuria and aminoaciduria (Figure 1).
These symptoms can lead to progressive glomerular
dysfunction, eventually resulting in renal failure. In
addition to the renal symptoms, Lowe syndrome, and to a
lesser extent Dent-2 disease, also causes defects in the eyes
and nervous system (31,33). Ocular manifestations include
congenital cataracts and glaucoma, while the neurological
symptoms comprise hypotonia and mental retardation
and an increased susceptibility to seizures. Magnetic
resonance imaging has shown that some Lowe syndrome
patients have white matter abnormalities, mainly cystic
lesions in the periventricular region. The severity of
Lowe syndrome and Dent-2 phenotypes varies widely
between patients, even those carrying the same mutation in
OCRLYI, suggesting that genetic background is important,
with genetic ‘modifiers’ determining the severity of the

Brain and CNS (Cerebro-)

- Mental Retardation

- Increased susceptibility to seizures
- Cystic lesions in brain

- Hypotonia

- Behavioural problems

Figure 1: Schematic diagram showing the organs affected in Lowe syndrome. Oculocerebrorenal syndrome of Lowe affects
the eyes, central nervous system and kidneys, with specific manifestations in each organ as indicated. Dent-2 affects the same
organs and displays similar manifestations, although the ocular and neurological defects are typically milder than those seen in Lowe
syndrome. Renal tubular acidosis is also less frequently observed in Dent-2 disease.
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phenotype (34,35). Disease-causing mutations in OCRL1
typically result in loss of 5-phosphatase activity, or the
absence of the protein itself due to loss of expression or
degradation as a consequence of misfolding (35). Presently,
it is not yet understood how loss of OCRLI function leads
to the symptoms associated with Lowe syndrome and
Dent-2 disease.

This review will discuss recent progress on the cellular
functions of OCRL1 and advances made using recently
described animal models of Lowe syndrome and Dent-2
disease. Although we will briefly discuss OCRL1 domain
organization and its various interaction partners, the focus
of this review will be OCRLI function, both at the cellular
and organismal level. For a more detailed discussion of
OCRLI1 structure and physical interactions, we refer the
reader to an excellent recent review by Pirruccello and De
Camilli (25).

Domain Organization and Interactions
of OCRL1

OCRLI1 is a multidomain protein with an N-terminal PH
domain, a central 5-phosphatase domain and C-terminal
ASH and RhoGAP-like domains (25). The PH domain
is not evident from the amino acid sequence, and was
discovered using 3D-NMR spectroscopy; it lacks the basic
patch required for phosphoinositide binding and does
not bind phosphoinositide-containing liposomes, but may
be involved in interactions with other proteins (36). It
also contains a loop outside of the domain fold with
a clathrin-binding motif that helps recruit OCRL1 to
endocytic clathrin-coated pits (36,37). The PH domain is
connected to the 5-phosphatase domain via a flexible linker
that contains an FEDNF motif responsible for binding the
AP2 clathrin adaptor (38).

The structure of the catalytic 5-phosphatase domain of
OCRLI has not been determined. However, the structures
of related 5-phosphatases, including the closest homolog
of OCRLI1, INPP5B, have been determined (24,25).
Consequently, we have a good appreciation of the catalytic
mechanism, which is similar to that used by Mg**t-
dependent nucleases, and the residues that contribute to
the domain fold. OCRLI1 preferentially dephosphorylates
PtdIns(4,5)P, although it also displays significant activity
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in vitro toward PtdIns(3,4,5)P; (39,40). Cell lines and
zebrafish embryos deficient in OCRL1 display elevated
PtdIns(4,5)P, levels, indicating that this is a relevant in
vivo substrate (41 -44).

Following the catalytic domain is the ASH (ASPM, SPD2
and Hydin) domain, a domain with an immunoglobulin-
like fold that is found in many proteins localized near
cilia and centrosomes (45). The ASH domain of OCRL1
binds to members of the Rab GTPase family, which is
important for the subcellular targeting of OCRL1 (46).
Interestingly, OCRL1 binds to Rabs in a manner atypical
for effector proteins, which may explain the ability of
OCRLL to interact with many members of the Rab family
(47). The RhoGAP-like domain is localized at the C-
terminal end of the protein, directly adjacent to the ASH
domain. This domain is catalytically inactive, but is able to
bind to Racl and Cdc42, which may help localize OCRL1 to
sites of actin assembly (48-50). Additionally, a conserved
region within the RhoGAP-like domain binds to the F&H
motif of the endocytic adaptor proteins APPL1 (adaptor
protein containing pleckstrin-homology domain, PTB
phosphotyrosine-binding domain and leucine zipper/bin-
amphiphysin-rvs domain 1) and IPIP27A and B (inositol
polyphosphate phosphatase-interacting protein of 27 KDa,
also known as Ses1 and 2), which links OCRL1 to endocytic
signaling and trafficking (50-53). As in the PH domain,
there is a loop that extends outside the RhoGAP-like fold
containing a clathrin-binding motif (38,50,54). As a result
of alternative splicing, the region directly adjacent to the
unstructured loop is different in the two known isoforms of
OCRLI (55). OCRLI isoform a has a longer loop, leading
to better accessibility to clathrin and higher affinity clathrin
binding than isoform b, which has a shorter loop (37).

Cellular Functions of OCRL1

OCRLI1 is localized to several cellular compartments and
has been implicated in a number of processes, which are
described below (Figure 2; see also Figure 3).

Membrane trafficking

Most available evidence supports a role for OCRLI
in membrane trafficking (36, 37, 50, 52, 54, 56-58).
OCRLI is localized to early and recycling endosomes
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Figure 2: Cellular localization of OCRL1. A) OCRL1 (blue hexagons) has been localized to a number of cellular compartments.
It is present at the TGN and various compartments of the endocytic pathway, where it resides at late-stage clathrin-coated pits,
clathrin-coated vesicles, signaling endosomes, early or sorting endosomes and on recycling endosomes. OCRL1 has also been localized
to the basal body of primary cilia, and it may also localize to the cilium itself. In maturing epithelia, OCRL1 transiently localizes to
adherens and tight junctions. OCRL1 is recruited to phagosomes at a late stage in their formation, and is important for closure of
the phagocytic cup as well as signaling events that occur post-sealing. OCRL1 is recruited to phagosomes generated by invading
pathogenic bacteria such as Yersinia or Listeria, and has also been localized on intracellular inclusions generated by certain bacteria,
e.g. Legionella or Chlamydia. B) OCRL1 localizes to the midbody in cells undergoing cytokinesis. C) OCRL1 has been localized to the

lamellipodia of migrating fibroblasts.

(38,50,52,54), and several studies have shown defective
trafficking from endosomes to the trans-Golgi network
(TGN) in OCRLI-deficient cells, or in cells expressing
a dominant negative OCRLI construct (54, 56-58).
Defective receptor recycling to the plasma membrane
and sorting of mitogenic receptors to lysosomes has
also been reported in OCRLI1-deficient cells (57).
These receptors were instead retained in enlarged early
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endosomes that had excessive amounts of PtdIns(4,5)P,
and actin on their cytoplasmic face (57). PtdIns(4,5)P,
promotes endosomal actin accumulation in two ways:
activation of the nucleation-promoting factor N-WASP
and inhibition of the actin-severing protein cofilin
(9,57,59). Phosphorylation of cofilin, which also inhibits
actin severing, has also been observed in OCRLI-

deficient cells, suggesting a second, indirect, mechanism
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Figure 3: Network diagram showing the cellular func-
tions of OCRL1. OCRL1 interaction partners are shownin green,
and associated functions are indicated in blue boxes. Purple
boxes highlight the two universal processes that are influenced
by OCRL1, namely membrane trafficking and actin cytoskeleton
remodeling. Both are relevant for all the functions shown in blue,
and are linked accordingly. Note the diagram is not exhaustive,
and some of the OCRL1-binding partners are likely to participate
in several of the processes indicated. Although endocytosis and
endocytic recycling are types of membrane trafficking, they are
also shown separately as distinct processes given their reliance
on different OCRL1-binding proteins.

for cofilin inactivation (58). OCRLI1 therefore appears
to regulate or limit the assembly of actin on endosomal
membranes. Endosomal actin plays an important role in
sculpting membranes during the formation of trafficking
intermediates that mediate recycling to the TGN and
plasma membrane (60). We may therefore predict that
OCRLI1 regulates this process, in which case we can
think of OCRLI as constituting part of the trafficking
machinery. However, an alternative viewpoint is that
OCRLI functions to maintain endosomal homeostasis,
preventing ectopic accumulation of PtdIns(4,5)P,, rather
than directly contributing to trafficking per se. Further
studies will be required to make the distinction between
these two possibilities.

OCRLI directly interacts with clathrin heavy chain and the
AP?2 clathrin adaptor, and is recruited to clathrin-coated
pits (36-38, 50, 54). OCRLI recruitment occurs at a late
stage in the vesicle formation process, and coincides with
release of actin and actin-associated proteins required
for carrier morphogenesis (50,61). These observations
implicate OCRLI in a late stage of vesicle biogenesis,
possibly removal of the actin scaffold to allow release
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and movement of a newly formed vesicle into the cell.
Although overexpression of mutant OCRL1 can perturb
endocytic uptake (37), several studies have failed to detect
any effects of OCRLI depletion upon this process (56 -58).
As two other inositol 5-phosphatases, synaptojanin and
SHIP2, are also present in clathrin-coated pits, OCRL1
may simply be redundant there. However, one should
bear in mind that studies to date have only been carried
out in tissue culture cells. It remains possible that cells
with a higher rate of endocytic flux, such as neurons,
will have a greater dependency upon OCRLI1-mediated
PtdIns(4,5)P, hydrolysis. A third possibility is simply that
OCRLI, although recruited into clathrin-coated pits, has
no function there. It may be recruited at this early stage to
allow delivery to the downstream endocytic compartments
where it functions.

OCRLLI is also abundant at the TGN, and has been
detected in clathrin-coated buds on this compartment
(54,62). Again, the extent to which OCRL1 participates in
trafficking from the TGN to the plasma membrane or endo-
somal compartments remains to be determined. One study
reported reduced secretory trafficking of the TRPV6 cal-
cium channel in OCRL1-deficient cells, but the exact steps
affected and underlying mechanisms remain obscure (63).

Phagocytosis

OCRLLI plays an important role in phagocytosis. This
was first observed in Dictyostelium discoideum, where
mutation of the OCRL1 homolog Dd5P4 leads to a failure
to close the phagocytic cup (64). A role for OCRLI in
phagocytosis in mammalian cells has subsequently been
shown (65,66). OCRLI is recruited to phagosomes and
catalyzes removal of phagosomal PtdIns(4,5)P, at the
closure stage. This helps remodel actin for phagosome
closure as well as terminating synthesis of PtdIns(3,4,5)Ps,
thereby attenuating downstream Akt signaling. OCRLI
can be delivered to phagosomes in TGN- or endosome-
derived vesicles, and is retained there through binding to
APPL1 at the phagosome membrane (65,66).

OCRL1 plays an important role during infection by
the pathogenic bacteria Yersinia pseudotuberculosis and
Listeria monocytogenes, responsible for Far East scarlet-
like fever and listeriosis, respectively (67,68). In both
cases, OCRLI recruitment to the invading bacterial
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phagosome coincides with removal of PtdIns(4,5)P;
and dissociation of bound actin, which is required for
closure of the bacterial inclusion. Given its demonstrated
importance in phagocytosis in studies to date, it is
likely that other bacterial pathogens will exploit OCRL1
during their phagocytic entry into cells. Interestingly,
OCRLI1 also appears to function at the post-entry stage
during infection by Chlamydia and Legionella (69,70). It
localizes to the surface of bacterial inclusions formed
by these organisms, and helps maintain the correct
phosphoinositide composition for replication within the
inclusion.

Cell adhesion and migration

OCRLI has been localized to lamellipodia, consistent with
a possible role in cell migration (71,72). This was shown to
be the case, as OCRL1-deficient Lowe syndrome fibroblasts
or cells depleted of OCRL1 using RNA interference
migrate poorly in vitro (72). Cell adhesion was also found
to be defective in OCRLI1-deficient cells (72). Loss of
OCRLI1 could perturb cell adhesion and migration in
several ways, but the most likely mechanism is through
dysregulation of the actin cytoskeleton. Indeed, levels of
active Racl and cofilin, both important for actin dynamics
within lamellipodia, are decreased in OCRLI-deficient
cells (58). These effects could be direct, via modulation
of PtdIns(4,5)P, within lamellipodia that in turn impacts
upon Racl activation and cofilin inactivation, or may
arise indirectly through defective endocytic trafficking.
Because Racl activation can occur on endosomes (73),
defective endocytic cycling of Racl or its GEF could
account for reduced Racl activation in OCRLI1-deficient
cells. This would be consistent with the observation
that binding of OCRLI1 to clathrin and AP2 is required
for its function in cell migration (72). Further studies
will be required to decipher the precise mechanisms
involved.

Cell polarity

The tissues affected in Lowe syndrome and Dent-2 disease
comprise polarized cells, prompting the investigation
of OCRLI involvement in cell polarity. OCRL1 can
transiently localize to adherens and tight junctions during
establishment of cell polarity (74), and loss of OCRL1
leads to a failure to polarize effectively in both 2D and
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3D culture (74,75). This could reflect a direct effect
upon the localized assembly of junctional components,
or a more indirect effect downstream from altered
actin dynamics or endocytic trafficking. We favor the
latter hypothesis, with defective endocytic recycling of
junctional proteins leading to a failure to establish cell
contacts and apicobasal polarity. Again, further studies
are required to distinguish between these possibilities. It
will also be important to determine the degree to which
polarity of renal, lens and neuronal cells is affected in the
disease state.

Ciliogenesis

Several recent studies have found that OCRLI1 plays a role
in the biogenesis of cilia (75-77). Two studies reported
fewer and shorter primary cilia upon loss of OCRL1
(76,77), whereas a third study reported longer cilia (75).
One study reported that OCRL1 was present within the
primary cilium (77), whereas another found OCRLI at the
base of the cilium, near the basal body, but not within
the cilium itself (76). Regardless of these differences, it
would appear that OCRLI is important for ciliogenesis,
leading to the suggestion that Lowe syndrome is a type of
ciliopathy (75-77). However, it should be noted that even
though ciliopathies have a broad phenotypic spectrum
(78), the most common manifestations are distinct from
those seen in Lowe syndrome (discussed in greater detail
below) (79).

How might OCRL1 regulate ciliogenesis? The most
likely mechanism is by modulating trafficking of ciliary
components into the cilium. Indeed, in cells depleted of
OCRLYI, trafficking of membrane marker proteins into the
cilium is impaired (76). OCRL1 binds to Rab8, which is a
key factor in polarized secretory trafficking into the cilium
(46,47). Rab binding is important for OCRL1 function in
ciliogenesis. IPIP27A, which links OCRLI to endocytic
trafficking, also appears to function in ciliogenesis (76).
These observations suggest a role for OCRLI in regulating
trafficking into the cilium from both the secretory and
endocytic pathways.

Cytokinesis

Cytokinesis defects have been observed in Drosophila
and mammalian cell lines lacking OCRL1 (80,81). The
phenotype is highly penetrant in Drosophila cells, with
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abortive furrow ingression leading to division failure
and accumulation of binucleated cells (80). Interestingly,
PtdIns(4,5)P,, which is typically enriched at the cleavage
furrow and midbody, accumulates on enlarged endosomes
in OCRLI-depleted cells, leading to the endosomal
mistargeting of actin and associated cytokinesis machinery.
Dysregulation of PtdIns(4,5)P, and actin can therefore
explain the observed cytokinesis failure in Drosophila cells.
Similarly, although the cytokinesis defect is more subtle
in OCRLI1-depleted mammalian cells, dysregulation of the
actin machinery also occurs (81). In this case, there is a
failure to remove PtdIns(4,5)P, from the midbody, which
is required for actin remodeling during the final abscission
step. Hence, cells stall at abscission and fail to complete
cytokinesis. OCRLI is recruited to the midbody by binding
to Rab35, suggesting a direct role in modulating the pools
of PtdIns(4,5)P, and actin relevant for completion of
abscission (81).

Intracellular signaling

APPL1 is a Rab5 effector that functions as an endocytic
scaffolding and signaling adaptor (82). APPL1 is localized
to a subset of early endosomes, sometimes referred to
as signaling endosomes, and participates in numerous
signaling pathways. It interacts with many receptor
proteins and notably can bind directly to Akt and
modulate signaling from this kinase, which is important
for cell survival, growth and proliferation. The interaction
of OCRL1 with APPL1 therefore implicates OCRLI in
endocytic signaling (50). This could occur in a number
of ways. OCRLI could physically influence the binding of
APPL1 to Akt, but this would seem unlikely. Alternatively,
binding to APPL1 may help localize OCRLI to sites
of signaling, where it could attenuate Akt activation
by reducing PtdIns(3,4,5)P; levels, either through direct
hydrolysis or by removal of PtdIns(4,5)P,, the precursor of
PtdIns(3,4,5)P5 in mitogenic signaling. The latter has been
observed in signaling that occurs during phagocytosis
(65). In contrast, OCRL1-deficient zebrafish embryos
have decreased levels of active Akt (43), suggesting
that OCRLLI can influence signaling outputs in different
ways, depending on the context. It is worth noting
that dephosphorylation of PtdIns(3,4,5)P3 by OCRLI will
generate PtdIns(3,4)P,. Endosomal PtdIns(3,4)P, has been
shown to be important for Akt signaling and cell survival
and proliferation (83,84). Hence, loss of OCRL1 could
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also impact upon Akt signaling by affecting the levels of
endosomal PtdIns(3,4)P,.

OCRLI1 may also influence signaling through modulation
of intracellular calcium. Indeed, altered calcium signaling
has been seen in OCRLI1-deficient cells (75,85). This could
be a direct effect, with elevated PtdIns(4,5)P, leading to
increased IP; production (via phospholipase C-mediated
hydrolysis) and mobilization of intracellular calcium.
Alternatively, OCRLI could influence calcium signaling,
as well as other signaling pathways, through its effects
upon ciliogenesis (cilia are key sites for the transduction of
many signaling pathways). Further studies will be required
to determine the extent to which OCRLI may influence
calcium signaling and the mechanisms involved.

Common themes

At first glance, OCRLI seems to participate in a myriad
of cellular processes that are distinct from one another.
However, closer analysis suggests that there may be a
common underlying mechanism (see Figure 3). Most
of the processes affected by loss of OCRLI are actin
dependent. The substrates of OCRLI1, PtdIns(4,5)P, and
PtdIns(3,4,5)Ps, strongly promote actin assembly (86).
Hence, OCRL1 may influence the processes described
above by regulating actin dynamics. Indeed, it has been
known for several years that OCRLI1-deficient cells have
reduced numbers of stress fibers and increased punctate
actin staining (87). Aberrant actin assembly has been
observed on endosomes, phagosomes and at the midbody
in OCRL1-deficient cells, which can explain the observed
defects in endocytic trafficking (57), phagocytosis (65,66)
and cytokinesis (80,81), respectively. As OCRLI is also
localized to lamellipodia, cellular junctions and may also
be at the cilium or basal body, it could in principle
directly regulate actin turnover at these locations to
influence cell migration, adhesion, polarity and ciliogenesis
(71,72,74,76,77). However, an alternative viewpoint is
that OCRLI indirectly affects the various processes,
with a primary defect in endocytic trafficking leading
to downstream consequences upon these other processes.
This model is attractive in that all these processes are
dependent upon endocytic trafficking. Hence, defective
trafficking will have consequences upon phagocytosis,
cytokinesis, cell adhesion and migration, cell polarization
and ciliogenesis. It is important to remember, however,
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that the two models are not mutually exclusive, and it
is possible that OCRLI1 can affect various processes in
both a direct and an indirect manner, either through
localized actin remodeling and/or endocytic trafficking.
Given the widespread localization of OCRLI, it remains
possible that it will also influence other, as yet unrealized,
actin-dependent processes within the cell.

Phosphoinositide homeostasis

Cells lacking OCRLI have elevated levels of PtdIns(4,5)P,
despite the presence of other inositol 5-phosphatases
(41-44). Hence, it has been suggested that OCRL1 acts
in a housekeeping capacity, preventing ectopic accumu-
lation of PtdIns(4,5)P, [and possibly PtdIns(3,4,5)P3] on
intracellular membranes to help maintain phosphoinosi-
tide homeostasis within the cell (88). In support of this
model, ectopic accumulation of PtdIns(4,5)P, on endo-
somes has been observed in OCRL1-deficient mammalian
and Drosophila cells (57,80). Thus, loss of OCRL1 could
impact upon the processes described above through dis-
ruption of phosphoinositide homeostasis, leading to loss of
compartment identity and dysregulation of downstream
processes. Importantly, this model implies a more gen-
eralized, non-specific disruption of cellular function, as
opposed to the specific regulation of spatially distinct,
physiologically relevant pools of PtdIns(4,5)P, [and pos-
sibly PtdIns(3,4,5)P3], as mentioned in the above section.
Of course, the two possibilities are not mutually exclu-
sive, and a role for OCRLI both in regulating distinct
functional phosphoinositide pools in addition to having
a more general function in maintaining phosphoinositide

homeostasis is possible.

It remains unclear where the ectopically accumulated
endosomal PtdIns(4,5)P, seen upon OCRL1 deficiency
comes from. It may be delivered from the plasma
membrane by endocytic vesicles or, conversely, generated
de novo at the endosomal membrane. The latter hypothesis
is somewhat contentious, but the recent identification of
an endosomally localized PtdIns4P 5-kinase indicates that
synthesis of PtdIns(4,5)P, can occur on endosomes (89).
It will therefore be interesting to determine the extent to
which PtdIns(4,5)P, synthesis takes place not only at the
endosome but also at other endomembrane compartments
within the cell.
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Analysis of OCRL1 in Animal Models

OCRL1 is almost ubiquitously expressed in humans, absent
only from cells of hematopoietic origin (90). It is not
entirely clear why only certain tissues are affected by loss
of function mutations in OCRLI, but a major factor is
INPP5B, a related inositol 5-phosphatase (23). INPP5B
has a similar substrate preference to OCRLI1, the same
domain organization, overlapping subcellular distribution
and shared interaction partners with OCRLI, although it
does not bind clathrin or AP2 (50,91). OCRLI1 and INPP5B
are the only human 5-phosphatases with a RhoGAP-like
domain. All vertebrates appear to have both OCRLI and
INPP5B, whereas lower eukaryotes’ such as D. discoideum,
Drosophila melanogaster and Caenorhabditis elegans have
only a single homolog with a RhoGAP-like domain (64,88).
INPP5B is also widely expressed in human tissues (92),
and, based on the similarities it has with OCRLI, it
is reasonable to propose that INPP5B can compensate
for loss of OCRLI, i.e. these proteins are functionally
redundant in most cells within the body. However, another
explanation that is not mutually exclusive is that the
cellular processes dependent upon OCRLI are of most
importance to the cell types affected in Lowe syndrome
and Dent-2 disease. In order to determine the extent to
which these two possibilities can explain the nature of the
symptoms seen in Lowe syndrome and Dent-2 disease, and
to define the underlying pathophysiological mechanisms,
several animal models have been developed. These are
described below.

Mouse

A knockout mouse for OCRL1 was generated in 1998, but
surprisingly failed to recapitulate the symptoms seen in
human Lowe syndrome and Dent-2 disease (92). Knockout
of INPP5B in mice also has little effect (apart from a male
sterility defect), but when both genes are knocked out, the
result is early embryonic lethality (92). This observation
strongly supports the notion that OCRL1 and INPP5B
can functionally compensate for one another in vivo.
Why the degree of compensation is greater in mice than
humans is unclear, but appears to be due to two factors:
higher expression levels of mouse INPP5B in the tissues
affected in humans, and unusual splicing of the mouse
INPP5B gene resulting in a slightly longer version of the
protein (92,93). Although the effect of this murine-specific
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splicing, which results in an extended N-terminal linker
domain, upon INPP5B function is unclear, confirmation of
its importance in vivo has come from analysis of a human-
ized” mouse strain expressing human INPP5B in a double
murine OCRL1/INPP5B knockout background (94). This
mouse displays reduced growth and a renal tubulopathy
similar to that seen in humans, with low-molecular-weight
proteinuria and aminoaciduria. Therefore, it represents
a good model to investigate the mechanisms underlying
the renal dysfunction in Lowe syndrome and Dent-2
disease. Interestingly, the mouse does not display ocular
or neurological defects, which may be a consequence of
the way it was generated, with BAC-driven expression
of human INPP5B resulting in a 5- to 10-fold greater
expression level than that of the endogenous murine
INPP5B (94). It will be interesting to observe the phe-
notype of a mouse expressing human INPP5B at a more
physiological level.

Zebrafish (Danio rerio)

OCRL1 and INPP5B are well conserved in zebrafish in
terms of sequence, domain organization and the presence
of the known protein interaction motifs (43). The tissue-
specific splicing of OCRLLI is also conserved in zebrafish,
with isoform a, which has better clathrin-binding ability
(37), expressed in all tissues, and isoform b expressed in all
tissues apart from the brain, as seen in humans (43). Both
OCRL1 and INPP5B are expressed during embryogenesis,
with maternal and zygotic transcripts observed in the initial
stages of embryonic development (43, Oltrabella et al.,
unpublished data). This implies a role for these proteins in
early development. A mutant zebrafish in which OCRL1
expression is attenuated by insertion of a retrovirus in the
promoter region has been generated (43). This mutant
displays neurodevelopmental defects including delayed
brain and eye development, with reduced cell proliferation
and increased apoptosis observed in the neural tissue. The
OCRL1 mutant also exhibits an increased susceptibility
to febrile seizures, and has cystic lesions in the brain,
with accompanying gliosis, both of which have been
observed in Lowe syndrome patients (33). The mechanisms
responsible for these neurological manifestations remain
to be determined, but rescue experiments in the mutant
line indicate an important role for clathrin binding,
suggesting that defective clathrin-mediated trafficking is
responsible (43). This could impact upon presynaptic
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function through perturbation of synaptic vesicle recycling,
or postsynaptic function through altered trafficking of
neurotransmitter or growth factor receptors or their
downstream signaling components, which are essential
for neuronal survival and function. Evidence for the latter
comes from the reduced Akt signaling seen in the OCRL1
mutant (43). An alternative and not mutually exclusive
explanation for the neurodevelopmental defects is the
defective biogenesis or maintenance of cilia in the OCRL1
mutant.

Three independent studies have indicated a role for OCRL1
in ciliogenesis during zebrafish development (75-77).
These studies used depletion of OCRLI by injection of
antisense morpholinos (75-77), with one study also using
the OCRL1 mutant described above (76). In two cases cilia
were fewer and shorter (76,77), whereas one study reported
longer cilia (75). In all cases there were morphological
defects consistent with defective cilia, namely a curved
body axis, smaller head and eyes, craniofacial malforma-
tion, reduced pigmentation, reversed heart looping and
cystic pronephros (embryonic kidneys). Based on these
observations, and because the organs affected in Lowe syn-
drome and Dent-2 disease are similar to those affected in
ciliopathies (brain, eyes and kidneys), it has been suggested
that Lowe syndrome and Dent-2 disease are a type of cil-
iopathy (75-77). However, the ocular and renal symptoms
of Lowe syndrome and Dent-2 disease (cataracts, glau-
coma and renal tubulopathy) are not typically observed in
ciliopathies, which usually result in retinopathy and renal
cysts, as well as additional defects not seen in Lowe syn-
drome and Dent-2 patients (liver disease, polydactyly and
situs inversus) (78). Hence, it is probably oversimplistic to
classify Lowe syndrome and Dent-2 as ciliopathies. Nev-
ertheless, it is likely that loss of cilia function contributes
to some of the pathophysiological manifestations of these

disorders.

Clearly INPP5B cannot fully compensate for loss of
OCRLLI in zebrafish, because depletion of OCRLI alone
results in a phenotype. However, there does appear to be
overlapping functionality because morpholino-induced
depletion of INPP5B also results in a ciliogenesis defect,
with a phenotype similar to that seen in OCRL1 morphants
(95). Overexpression of INPP5B can also partially restore
the ciliogenesis defect of OCRL1 morphants, supporting
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the idea that both proteins function in ciliogenesis (76).
This raises the question of why loss of either protein gives
a phenotype. One possibility is that OCRL1 and INPP5B
are required for ciliogenesis in different cells, consistent
with the apparent localization of the proteins to distinct

cell types in the eye (95).

It has been proposed that defective endocytic trafficking
can account for the renal tubulopathy seen in Lowe
syndrome and Dent-2 disease (96). The multiligand
receptor megalin (also called LRP2) is abundant at the

apical pole of the proximal tubule and mediates the

Cellular and Physiological Functions of OCRL1

retrieval of numerous low-molecular-weight proteins from
the renal filtrate (97) (Figure 4). Mutation of megalin
in humans causes Donnai-Barrow syndrome, which is
characterized by low-molecular-weight proteinuria similar
to that seen in Lowe syndrome and Dent-2 disease (98).
In both megalin-deficient mice and zebrafish there is a
profound apical endocytic defect in the proximal tubular
cells (99-101). In Dent-1 disease, which has the same renal
pathology as Lowe syndrome and Dent-2, there is also an
endocytic defect (102-104). Dent-1 disease is caused by
mutation of the endosomal chloride/proton antiporter
CLC5, which helps maintain endosomal pH and chloride

A

recycling
f tubules

endocytic
vesicles
Vsoseep ' 4 vacuolar
endosome
Wild-Type

LS/Dent-2

Figure 4: Model for OCRL1 function in endocytic trafficking of megalin in the renal tubule. A) The multiligand receptor
megalin (purple helices) is abundant at the apical membrane of the epithelial cells lining the proximal tubule, where it binds to
low-molecular-weight proteins in the renal filtrate (green ovals). Megalin is internalized by endocytosis and delivered via endocytic
vesicles to the large vacuolar sorting endosomes found in this cell type. The low pH in the vacuolar endosome dissociates the megalin
ligands, which in most cases are delivered to the lysosome for degradation. Megalin is sorted into recycling tubules that bud from
the vacuolar endosome and deliver the receptor back to the plasma membrane for further rounds of endocytosis and recycling. B)
Upon OCRL1 deficiency, megalin trafficking is impaired. Recycling of megalin from vacuolar early endosomes to the plasma membrane
occurs less efficiently owing to aberrant accumulation of actin at the endosomal membrane. This results in endosomal accumulation of
the receptor and missorting to the lysosome. The reduced abundance of megalin at the plasma membrane is responsible for reduced
endocytosis of low-molecular-weight proteins from the renal filtrate, explaining the low-molecular-weight proteinuria seen in Lowe
syndrome and Dent-2 disease.
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levels (30, 102-105). Knockout of CLC5 in mice causes
impaired recycling of megalin from endosomes to the
plasma membrane, explaining the failure to internalize
proteins from the renal filtrate (102,103).

Defective endocytic trafficking of megalin could therefore
explain the low-molecular-weight proteinuria in Lowe
syndrome and Dent-2 disease (Figure 4). Studies in tissue
culture cells are consistent with this hypothesis (57),
and recent work in our laboratory using OCRL1 mutant
zebrafish has shown that OCRLI does indeed play a role in
endocytic trafficking within the renal tubule (Pietka et al.,
unpublished data). There is reduced endocytosis from the
renal filtrate in OCRL1 mutant embryos, and an accom-
panying mislocalization of megalin within the endocytic
pathway. These defects are independent of effects upon
cilia, indicating that it is the endocytic function of OCRL1
that is important for the renal tubulopathy phenotype. The
mechanisms underlying the endocytic defect within renal
tubules remain to be determined, but dysregulation of
endosomal actin resulting in impaired receptor recycling
may be responsible, as shown in vitro (57).

Dictyostelium discoideum

The slime mold D. discoideum contains a single
OCRL1/INPP5B homolog called Dd5P4 (64). Deletion of
this gene results in a defect in phagocytosis (64). Whether
other cellular processes are also affected in this organism
remains to be determined. It is interesting to note that D.
discoideum does not appear to have homologs of the two
known F&H domain proteins APPL1 and IPIP27, yet the
binding interface for the F&H motif is conserved in Dd5P4
(53). This suggests that additional F&H domain proteins
exist in this species that may also be conserved in higher
eukaryotes.

Other models

Although the established model organisms D. melanogaster
and C. elegans both contain a single OCRL1/INPP5B
homolog (64,88), they have so far not been used to
explore the in vivo functions of this protein. However,
the presence of only a single homolog is likely to
prevent the redundancy that occurs in vertebrate models,
making these attractive model organisms for such
analysis. Future studies in these organisms are therefore
likely to yield important information on the in vivo

482

functions of both OCRLI and INPP5B. Studies in
other eukaryotes with a single OCRL1/INPP5B homolog
are also likely to prove informative. For example, the
Trypanosoma brucei OCRL1 homolog (TbOCRL) is the
only RhoGAP-like protein in this organism, pointing to
an important evolutionary conserved function for the
protein (106).

A Single Mechanism for Lowe Syndrome
and Dent-2 Disease?

The wide array of interaction partners for OCRLI and the
multitude of cellular functions affected by loss of OCRL1
function make elucidating the mechanisms underlying
Lowe syndrome and Dent-2 disease a complex task. This is
further compounded by the redundancy with INPP5B and
the likelihood of other so far unknown genetic ‘modifiers’
that impact upon the severity of the phenotype. Defects
in cilia formation and function are likely to contribute to
the pathophysiological manifestations of Lowe syndrome
and Dent-2 disease, but, as described above, are unlikely
to be the sole cause. Defective endocytic trafficking is
also likely to contribute to the phenotype, certainly in
the proximal tubule. It is interesting that the cell types
affected in Lowe syndrome and Dent-2 disease (neurons,
proximal tubular cells and lens epithelial cells) have high
intrinsic rates of endocytosis, which may make them more
sensitive to loss of OCRLI function. Conversely, these
cell types are also polarized, suggesting that defective cell
polarity is important, although evidence for this in vivo
is currently lacking. However, there are many other cell
types in the body that have high endocytic rates or that
are polarized, which remain unaffected in Lowe syndrome
and Dent-2 disease. Hence, it is likely a combination of
factors that determine the Lowe syndrome and Dent-
2 phenotype. These include redundancy with INPP5B,
which is likely to vary between cells, and the particular
requirement of cell types in the body upon the various
cellular processes that are affected by loss of OCRLI1. As
loss of OCRLI affects a number of cellular processes, it is
possible that rather than having a single underlying cellular
basis, the disease phenotype reflects a manifestation of
several cellular defects. A careful approach will be required
to properly address this issue, combining cell biology with
studies in animal models.
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Conclusions and Future Directions

Studies on OCRLI indicate that a loss of a single

phosphoinositide-metabolizing enzyme can impact
upon a large number of cellular processes. Moreover,
studies in animal models indicate that loss of OCRL1
can affect different tissues in apparently different ways.
Thus, although Lowe syndrome and Dent-2 disease are
monogenic disorders, deciphering the disease mechanisms
is far from trivial. Nevertheless, through the combination
of careful cell-based experiments combined with the
generation of animal models significant progress has been
made. It is likely that the continued application of both
approaches will lead to new discoveries relevant not only
to OCRLI and Lowe syndrome/Dent-2 disease but also our
understanding of cellular and organismal physiology as

a whole.

Our improved understanding of OCRLI biology and
the development of animal models should lead to the
better design of and improved screening for potential
therapeutics to treat Lowe syndrome and Dent disease.
A recent example of a rationally designed compound is
provided by PHDM (small-molecule PH domain mimetic),
which can sequester cellular PtdIns(4,5)P, and attenuate
PtdIns(4,5)P,-dependent processes such as endocytosis
and actin dynamics (107). The further development of
this compound and other compounds that influence
cellular PtdIns(4,5)P; levels may prove a useful strategy to
develop new therapeutics. Moreover, the ability to screen
compound libraries both at the cellular and organismal
level should prove beneficial, providing that robust and
specific assays for high-throughput analysis of OCRL1
function can be developed (108,109). The development of
such assays should pave the way for identification of novel
potential treatments for both Lowe syndrome and Dent-2
disease.

Acknowledgments

We would like to thank Prof. Philip Woodman and Dr Tim Levine for
critical reading of the manuscript. Z. B. M. was supported by a Wellcome
Trust PhD studentship (086810). G. P. was supported by a research grant
from the Lowe Syndrome Trust (ML/MU/DEC07). Work in the Lowe
Lab is additionally supported by grants from the BBSRC (BB/1007717/1),
MRC (MR/K000810/1) and Lowe Syndrome Trust (MU/ML/1010 and

Traffic 2014; 15: 471-487

Cellular and Physiological Functions of OCRL1

ML/MU/2012). We apologize to those authors whose work we did not

cite owing to space constraints.

References

1. Di Paolo G, De Camilli P. Phosphoinositides in cell regulation and
membrane dynamics. Nature 2006;443:651-657.

2. BallaT, Szentpetery Z, Kim YJ. Phosphoinositide signaling: new tools
and insights. Physiology (Bethesda) 2009;24:231-244.

3. Sasaki T, Takasuga S, Sasaki J, Kofuiji S, Equchi S, Yamazaki M,
Suzuki A. Mammalian phosphoinositide kinases and phosphatases.
Prog Lipid Res 2009;48:307-343.

4. Balla T. Inositol-lipid binding motifs: signal integrators through
protein-lipid and protein-protein interactions. J Cell Sci 2005;118(Pt
10):2093-2104.

5. Lemmon MA. Membrane recognition by phospholipid-binding
domains. Nat Rev Mol Cell Biol 2008;9:99—111.

6. Lemmon MA. Pleckstrin homology domains: not just for
phosphoinositides. Biochem Soc Trans 2004;32(Pt 5):707-711.

7. Carlton JG, Cullen PJ. Coincidence detection in phosphoinositide
signaling. Trends Cell Biol 2005;15:540-547.

8. Suh BC, Hille B. Regulation of ion channels by phosphatidylinositol
4,5-bisphosphate. Curr Opin Neurobiol 2005;15:370-378.

9. Prehoda KE, Scott JA, Mullins RD, Lim WA. Integration of multiple
signals through cooperative regulation of the N-WASP-Arp2/3
complex. Science 2000;290:801-806.

10. De Matteis MA, Godi A. Pl-loting membrane traffic. Nat Cell Biol
2004;6:487-492.

11. Behnia R, Munro S. Organelle identity and the signposts for
membrane traffic. Nature 2005;438:597-604.

12. Shin H-W, Hayashi M, Christoforidis S, Lacas-Gervais S, Hoepfner S,
Wenk MR, Modregger J, Uttenweiler-Joseph S, Wilm M, Nystuen A,
Frankel WN, Solimena M, De Camilli P, Zerial M. An enzymatic
cascade of Rab5 effectors regulates phosphoinositide turnover in the
endocytic pathway. J Cell Biol 2005;170:607-618.

13. Zoncu R, Perera RM, Balkin DM, Pirruccello M, Toomre D, De Camilli
P. A phosphoinositide switch controls the maturation and signaling
properties of APPL endosomes. Cell 2009;136:1110—1121.

14. Niu Y, Zhang C, Sun Z, Hong Z, Li K, Sun D, Yang Y, Tian C, Gong W,
Liu JJ. PtdIns(4)P regulates retromer-motor interaction to facilitate
dynein-cargo dissociation at the trans-Golgi network. Nat Cell Biol
2013;15:417-429.

15. Balla A, Tuymetova G, Tsiomenko A, Varnai P, Balla T. A plasma
membrane pool of phosphatidylinositol 4-phosphate is generated by
phosphatidylinositol 4-kinase type-Ill alpha: studies with the PH
domains of the oxysterol binding protein and FAPP1. Mol Biol Cell
2005;16:1282—-1295.

16. Hammond GR, Fischer MJ, Anderson KE, Holdich J, Koteci A, Balla T,
Irvine RF. PI4P and PI(4,5)P2 are essential but independent lipid
determinants of membrane identity. Science 2012;337:727-730.

17. Sato M, Ueda Y, Takagi T, Umezawa Y. Production of PtdInsP3 at
endomembranes is triggered by receptor endocytosis. Nat Cell Biol
2003;5:1016—1022.

483



18. Jovi¢ M, Kieken F, Naslavsky N, Sorgen PL, Caplan S. Eps15
homology domain 1-associated tubules contain
phosphatidylinositol-4-phosphate and
phosphatidylinositol-(4,5)-bisphosphate and are required for efficient
recycling. Mol Biol Cell 2009;20:2731-2743.

19. Fields IC, King SM, Shteyn E, Kang RS, Folsch H. Phosphatidylinositol
3,4,5-trisphosphate localization in recycling endosomes is necessary
for AP-1B-dependent sorting in polarized epithelial cells. Mol Biol
Cell 2009;21:95-105.

20. Maffucci T, Brancaccio A, Piccolo E, Stein RC, Falasca M. Insulin
induces phosphatidylinositol-3-phosphate formation through TC10
activation. EMBO J 2003;22:4178-4189.

21. Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL,
Habermann A, Griffiths G, Ktistakis NT. Autophagosome formation
from membrane compartments enriched in phosphatidylinositol
3-phosphate and dynamically connected to the endoplasmic
reticulum. J Cell Biol 2008;182:685—-701.

22. Berridge MJ, Irvine RF. Inositol phosphates and cell signalling.
Nature 1989;341:197-205.

23. Ooms LM, Horan KA, Rahman P, Seaton G, Gurung R, Kethesparan
DS, Mitchell CA. The role of the inositol polyphosphate
5-phosphatases in cellular function and human disease. Biochem J
2009;419:29-49.

24. Tsujishita Y, Guo S, Stolz LE, York JD, Hurley JH. Specificity
determinants in phosphoinositide dephosphorylation: crystal
structure of an archetypal inositol polyphosphate 5-phosphatase.
Cell 2001;105:379-389.

25. Pirruccello M, De Camilli P. Inositol 5-phosphatases: insights from
the Lowe syndrome protein OCRL. Trends Biochem Sci 2012;37:
134-143.

26. McCrea HJ, De Camilli P. Mutations in phosphoinositide metabolizing
enzymes and human disease. Physiology (Bethesda) 2009;24:8—16.

27. Conduit SE, Dyson JM, Mitchell CA. Inositol polyphosphate
5-phosphatases; new players in the regulation of cilia and
ciliopathies. FEBS Lett 2012;586:2846—2857.

28. Attree O, Olivos IM, Okabe I, Bailey LC, Nelson DL, Lewis RA,
Mclnnes RR, Nussbaum RL. The Lowe's oculocerebrorenal syndrome
gene encodes a protein highly homologous to inositol
polyphosphate-5-phosphatase. Nature 1992;358:239—-242.

29. Hoopes RR Jr, Shrimpton AE, Knohl SJ, Hueber P, Hoppe B, Matyus J,
Simckes A, Tasic V, Toenshoff B, Suchy SF, Nussbaum RL, Scheinman
SJ. Dent disease with mutations in OCRL1. Am J Hum Genet
2005;76:260—-267.

30. Fisher SE, Black GC, Lloyd SE, Hatchwell E, Wrong O, Thakker RV,
Craig IW. Isolation and partial characterization of a chloride channel
gene which is expressed in kidney and is a candidate for Dent's
disease (an X-linked hereditary nephrolithiasis). Hum Mol Genet
1994;3:2053-2059.

31. Bokenkamp A, Backenhauer D, Cheong HI, Hoppe B, Tasic V, Unwin
R, Ludwig M. Dent-2 disease: a mild variant of Lowe syndrome. J
Pediatr 2009;155:94-99.

32. Bockenhauer D, Bokenkamp A, van't Hoff W, Levtchenko E, Kist-van
Holthe JE, Tasic V, Ludwig M. Renal phenotype in Lowe syndrome: a

484

33.
34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

selective proximal tubular dysfunction. Clin J Am Soc Nephrol
2008;3:1430—-1436.

Loi M. Lowe syndrome. Orphanet J Rare Dis 2006;1:16.

Leahey AM, Charnas LR, Nussbaum RL. Nonsense mutations in the
OCRL-1 gene in patients with the oculocerebrorenal syndrome of
Lowe. Hum Mol Genet 1993;2:461-463.

Hichri H, Rendu J, Monnier N, Coutton C, Dorseuil O, Poussou RV,
Baujat G, Blanchard A, Nobili F, Ranchin B, Remesy M, Salomon R,
Satre V, Lunardi J. From Lowe syndrome to Dent disease: correlations
between mutations of the OCRL1 gene and clinical and biochemical
phenotypes. Hum Mutat 2011;32:379-388.

Mao Y, Balkin DM, Zoncu R, Erdmann KS, Tomasini L, Hu F, Jin MM,
Hodsdon ME, De Camilli P. A PH domain within OCRL bridges
clathrin-mediated membrane trafficking to phosphoinositide
metabolism. EMBO J 2009;28:1831—-1842.

Choudhury R, Noakes CJ, McKenzie E, Kox C, Lowe M. Differential
clathrin binding and subcellular localization of OCRL1 splice
isoforms. J Biol Chem 2009;284:9965-9973.

Ungewickell A, Ward ME, Ungewickell E, Majerus PW. The inositol
polyphosphate 5-phosphatase Ocrl associates with endosomes that
are partially coated with clathrin. Proc Natl Acad Sci U S A 2004;
101:13501-13506.

Zhang X, Jefferson AB, Auethavekiat V, Majerus PW. The protein
deficient in Lowe syndrome is a
phosphatidylinositol-4,5-bisphosphate 5-phosphatase. Proc Natl
Acad Sci U S A 1995;92:4853-4856.

Schmid AC, Wise HM, Mitchell CA, Nussbaum R, Woscholski R. Type
I phosphoinositide 5-phosphatases have unique sensitivities towards
fatty acid composition and head group phosphorylation. FEBS Lett
2004;576(1-2):.9-13.

. Zhang X, Hartz PA, Philip E, Racusen LC, Majerus PW. Cell lines from

kidney proximal tubules of a patient with Lowe syndrome lack OCRL
inositol polyphosphate 5-phosphatase and accumulate
phosphatidylinositol 4,5-bisphosphate. J Biol Chem 1998;273:
1574-1582.

Wenk MR, Lucast L, Di Paolo G, Romanelli AJ, Suchy SF, Nussbaum
RL, Cline GW, Shulman GI, McMurray W, De Camilli P.
Phosphoinositide profiling in complex lipid mixtures using
electrospray ionization mass spectrometry. Nat Biotechnol
2003;21:813-817.

Ramirez IB, Pietka G, Jones DR, Divecha N, Alia A, Baraban SC,
Hurlstone AF, Lowe M. Impaired neural development in a zebrafish
model for Lowe syndrome. Hum Mol Genet 2012;21:1744—1759.
Jones DR, Ramirez IB, Lowe M, Divecha N. Measurement of
phosphoinositides in the zebrafish Danio rerio. Nat Protoc
2013;8:1058-1072.

Ponting CP. A novel domain suggests a ciliary function for ASPM, a
brain size determining gene. Bioinformatics 2006;22:1031-1035.
Hyvola N, Diao A, McKenzie E, Skippen A, Cockcroft S, Lowe M.
Membrane targeting and activation of the Lowe syndrome protein
OCRL1 by rab GTPases. EMBO J 2006;25:3750—-3761.

Hou X, Hagemann N, Schoebel S, Blankenfeldt W, Goody RS,
Erdmann KS, Itzen A. A structural basis for Lowe syndrome caused by

Traffic 2014; 15: 471-487



62.

48.
49.

50.

52.
53.
54.
55.
56.
57.
58.

59.

60.

61.

mutations in the Rab-binding domain of OCRL1. EMBO J
2011;30:1659-1670.

Faucherre A, Desbois P, Satre V, Lunardi J, Dorseuil O, Gacon G.
Lowe syndrome protein OCRL1 interacts with Rac GTPase in the
trans-Golgi network. Hum Mol Genet 2003;12:2449-2456.
Lichter-Konecki U, Farber LW, Cronin JS, Suchy SF, Nussbaum RL.
The effect of missense mutations in the RhoGAP-homology domain
on ocrl1 function. Mol Genet Metab 2006;89(1-2):121-128.
Erdmann KS, Mao Y, McCrea HJ, Zoncu R, Lee S, Paradise S,
Modregger J, Biemesderfer D, Toomre D, De Camilli P. A role of the
Lowe syndrome protein OCRL in early steps of the endocytic
pathway. Dev Cell 2007;13:377-390.

. Swan LE, Tomasini L, Pirruccello M, Lunardi J, De Camilli P. Two

closely related endocytic proteins that share a common OCRL-binding
motif with APPL1. Proc Natl Acad Sci U S A 2010;107:3511-3516.
Noakes CJ, Lee G, Lowe M. The PH domain proteins IPIP27A and B
link OCRL1 to receptor recycling in the endocytic pathway. Mol Biol
Cell 2011;22:606-623.

Pirruccello M, Swan LE, Folta-Stogniew E, De Camilli P. Recognition
of the F&H motif by the Lowe syndrome protein OCRL. Nat Struct
Mol Biol 2011;18:789—795.

Choudhury R, Diao A, Zhang F, Eisenberg E, Saint-Pol A, Williams C,
Konstantakopoulos A, Lucocq J, Johannes L, Rabouille C, Greene LE,
Lowe M. Lowe syndrome protein OCRL1 interacts with clathrin and
regulates protein trafficking between endosomes and the trans-Golgi
network. Mol Biol Cell 2005;16:3467—-3479.

Johnson JM, Castle J, Garrett-Engele P, Kan Z, Loerch PM, Armour
CD, Santos R, Schadt EE, Stoughton R, Shoemaker DD.
Genome-wide survey of human alternative pre-mRNA splicing with
exon junction microarrays. Science 2003;302:2141-2144.

Cui S, Guerriero CJ, Szalinski CM, Kinlough CL, Hughey RP, Weisz
OA. OCRL1 function in renal epithelial membrane traffic. Am J
Physiol Renal Physiol 2010;298:F335—F345.

Vicinanza M, Di Campli A, Polishchuk E, Santoro M, Di Tullio G, Godi
A, Levtchenko E, De Leo MG, Polishchuk R, Sandoval L, Marzolo
M-P, De Matteis MA. OCRL controls trafficking through early
endosomes via PtdIns4,5P,-dependent regulation of endosomal
actin. EMBO J 2011;30:4970-4985.

van Rahden VA, Brand K, Najm J, Heeren J, Pfeffer SR, Braulke T,
Kutsche K. The 5-phosphatase OCRL mediates retrograde transport
of the mannose 6-phosphate receptor by regulating a Rac1-cofilin
signalling module. Hum Mol Genet 2012;21:5019-5038.
Gorbatyuk VY, Nosworthy NJ, Robson SA, Bains NP, Maciejewski
MW, Dos Remedios CG, King GF. Mapping the
phosphainositide-binding site on chick cofilin explains how PIP2
regulates the cofilin-actin interaction. Mol Cell 2006;24:511-522.
Anitei M, Hoflack B. Bridging membrane and cytoskeleton dynamics
in the secretory and endocytic pathways. Nat Cell Biol 2011;14:
11-19.

Taylor MJ, Perrais D, Merrifield CJ. A high precision survey of the
molecular dynamics of mammalian clathrin-mediated endocytosis.
PLoS Biol 2011;9:1000604.

Traffic 2014; 15: 471-487

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

Dressman MA, Olivos-Glander IM, Nussbaum RL, Suchy SF. Ocrl1, a
PtdIns(4,5)P(2) 5-phosphatase, is localized to the trans-Golgi
network of fibroblasts and epithelial cells. J Histochem Cytochem
2000;48:179-190.

Wu G, Zhang W, Na T, Jing H, Wu H, Peng JB. Suppression of
intestinal calcium entry channel TRPV6 by OCRL, a lipid phosphatase
associated with Lowe syndrome and Dent disease. Am J Physiol Cell
Physiol 2012;302:C1479-C1491.

Loovers HM, Kortholt A, de Groote H, Whitty L, Nussbaum RL, van
Haastert PJM. Regulation of phagocytosis in Dictyostelium by the
inositol 5-phosphatase OCRL homolog Dd5P4. Traffic 2007;8:
618-628.

Bohdanowicz M, Balkin DM, De Camilli P, Grinstein S. Recruitment
of OCRL and Inpp5B to phagosomes by Rab5 and APPL1 depletes
phosphoinositides and attenuates Akt signaling. Mol Biol Cell
2011;23:176-187.

Marion S, Mazzolini J, Herit F, Bourdoncle P, Kambou-Pene N,
Hailfinger S, Sachse M, Ruland J, Benmerah A, Echard A, Thome M,
Niedergang F. The NF-kappaB signaling protein Bcl10 regulates actin
dynamics by controlling AP1 and OCRL-bearing vesicles. Dev Cell
2012;23:954-967.

Sarantis H, Balkin DM, De Camilli P, Isberg RR, Brumell JH, Grinstein
S. Yersinia entry into host cells requires Rab5-dependent
dephosphorylation of PI(4,5)P(2) and membrane scission. Cell Host
Microbe 2012;11:117-128.

Kuhbacher A, Dambournet D, Echard A, Cossart P, Pizarro-Cerda J.
Phosphatidylinositol 5-phosphatase oculocerebrorenal syndrome of
Lowe protein (OCRL) controls actin dynamics during early steps of
Listeria monocytogenes infection. J Biol Chem 2012;287:
13128-13136.

Moorhead AM, Jung JY, Smirnov A, Kaufer S, Scidmore MA. Multiple
host proteins that function in phosphatidylinositol-4-phosphate
metabolism are recruited to the chlamydial inclusion. Infect Immun
2010;78:1990-2007.

Weber SS, Ragaz C, Hilbi H. The inositol polyphosphate
5-phosphatase OCRL1 restricts intracellular growth of Legionella,
localizes to the replicative vacuole and binds to the bacterial effector
LpnE. Cell Microbiol 2009;11:442—-460.

. Faucherre A, Desbois P, Nagano F, Satre V, Lunardi J, Gacon G,

Dorseuil O. Lowe syndrome protein Ocrl1 is translocated to
membrane ruffles upon Rac GTPase activation: a new perspective on
Lowe syndrome pathophysiology. Hum Mol Genet 2005;14:
1441-1448.

Coon BG, Mukherjee D, Hanna CB, Riese DJ 2nd, Lowe M, Aguilar
RC. Lowe syndrome patient fibroblasts display Ocrl1-specific cell
migration defects that cannot be rescued by the homologous Inpp5b
phosphatase. Hum Mol Genet 2009;18:4478—4491.

Palamidessi A, Frittoli E, Garre M, Faretta M, Mione M, Testa |,
Diaspro A, Lanzetti L, Scita G, Di Fiore PP. Endocytic trafficking of
Rac is required for the spatial restriction of signaling in cell
migration. Cell 2008;134:135—-147.

485



74. Grieve AG, Daniels RD, Sanchez-Heras E, Hayes MJ, Moss SE, Matter
K, Lowe M, Levine TP. Lowe syndrome protein OCRL1 supports
maturation of polarized epithelial cells. PLoS One 2011;6:624044.
75. Rbaibi Y, Cui S, Mo D, Carattino M, Rohatgi R, Satlin LM, Szalinski 91
CM, Swanhart LM, Folsch H, Hukriede NA, Weisz OA. OCRL1

modulates cilia length in renal epithelial cells. Traffic

2012;13:1295-1305. 92

Coon BG, Hernandez V, Madhivanan K, Mukherjee D, Hann CB,

Ramirez IB, Lowe M, Beales PL, Aguilar RC. The Lowe syndrome

protein OCRL1 is involved in primary cilia assembly. Hum Mol Genet

2012;21:1835-1847.

77. Luo N, West CC, Murga-Zamalloa CA, Sun L, Anderson RM, Wells

CD, Weinreb RN, Travers JB, Khanna H, Sun Y. OCRL localizes to the

primary cilium: a new role for cilia in Lowe syndrome. Hum Mol

Genet 2012;21:3333-3344.

Waters AM, Beales PL. Ciliopathies: an expanding disease spectrum.

Pediatr Nephrol 2011;26:1039—-1056.

Schurman SJ, Scheinman SJ. Inherited cerebrorenal syndromes. Nat

Rev Nephrol 2009;5:529-538.

Ben El Kadhi K, Roubinet C, Solinet S, Emery G, Carreno S. The

inositol 5-phosphatase dOCRL controls PI(4,5)P2 homeostasis and is

necessary for cytokinesis. Curr Biol 2011;21:1074—1079.

81. Dambournet D, Machicoane M, Chesneau L, Sachse M, Rocancourt
M, El Marjou A, Formstecher E, Salomon R, Goud B, Echard A.
Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for
successful cytokinesis. Nat Cell Biol 2011;13:981-988.

82. Miaczynska M, Christoforidis S, Giner A, Shevchenko A,
Uttenweiler-Joseph S, Habermann B, Wilm M, Parton RG, Zerial M.

76.

78.

79.

80.

APPL proteins link Rab5 to nuclear signal transduction via an 97.

endosomal compartment. Cell 2004;116:445-456.
83. Ivetac |, Munday AD, Kisseleva MV, Zhang XM, Luff S, Tiganis T,
Whisstock JC, Rowe T, Majerus PW, Mitchell CA. The type lalpha
inositol polyphosphate 4-phosphatase generates and terminates
phosphainositide 3-kinase signals on endosomes and the plasma
membrane. Mol Biol Cell 2005;16:2218-2233.
Ivetac I, Gurung R, Hakim S, Horan KA, Sheffield DA, Binge LC,
Majerus PW, Tiganis T, Mitchell CA. Regulation of PI(3)K/Akt
signalling and cellular transformation by inositol polyphosphate
4-phosphatase-1. EMBO Rep 2009;10:487—-493.
85. Suchy SF, Cronin JC, Nusshaum RL. Abnormal bradykinin signalling
in fibroblasts deficient in the PIP(2) 5-phosphatase, ocrl1. J Inherit
Metab Dis 2009;32:280-288.
Hilpela P, Vartiainen MK, Lappalainen P. Regulation of the actin
cytoskeleton by PI(4,5)P2 and PI(3,4,5)P3. Curr Top Microbiol
Immunol 2004;282:117-163.
87. Suchy SF, Nusshaum RL. The deficiency of PIP2 5-phosphatase in
Lowe syndrome affects actin polymerization. Am J Hum Genet
2002;71:1420-1427.
Lowe M. Structure and function of the Lowe syndrome protein
OCRL1. Traffic 2005;6:711-719.
Sun 'Y, Hedman AC, Tan X, Schill NJ, Anderson RA. Endosomal type
Igamma PIP 5-kinase controls EGF receptor lysosomal sorting. Dev
Cell 2013;25:144—155.

84.

100.

86.

88.

89.

486

93.

94.

95.

96.

98.

99.

101.

102.

90.

Olivos-Glander IM, Janne PA, Nussbaum RL. The oculocerebrorenal
syndrome gene product is a 105-kD protein localized to the Golgi
complex. Am J Hum Genet 1995;57:817—-823.

. Williams C, Choudhury R, McKenzie E, Lowe M. Targeting of the type

Il inositol polyphosphate 5-phosphatase INPP5B to the early
secretory pathway. J Cell Sci 2007;120(Pt 22):3941-3951.

. Janne PA, Suchy SF, Bernard D, MacDonald M, Crawley J, Grinberg

A, Wynshaw-Boris A, Westphal H, Nussbaum RL. Functional overlap
between murine Inpp5b and Ocrl1 may explain why deficiency of the
murine ortholog for OCRL1 does not cause Lowe syndrome in mice. J
Clin Invest 1998;101:2042—2053.

Bothwell SP, Farber LW, Hoagland A, Nussbaum RL. Species-specific
difference in expression and splice-site choice in Inpp5b, an inositol
polyphosphate 5-phosphatase paralogous to the enzyme deficient in
Lowe syndrome. Mamm Genome 2010;21(9—10):458—-466.
Bothwell SP, Chan E, Bernardini IM, Kuo YM, Gahl WA, Nussbaum
RL. Mouse model for Lowe syndrome/Dent disease 2 renal
tubulopathy. J Am Soc Nephrol 2011;22:443—-448.

Luo N, Kumar A, Conwell M, Weinreb RN, Anderson R, Sun Y.
Compensatory role of inositol 5-phosphatase INPP5B to OCRL in
primary cilia formation in oculocerebrorenal syndrome of Lowe. PLoS
One 2013;8:e66727.

Norden AGW, Lapsley M, Igarashi T, Kelleher CL, Lee PJ, Matsuyama
T, Scheinman SJ, Shiraga H, Sundin DP, Thakker RV, Unwin RJ,
Verroust P, Moestrup SK. Urinary megalin deficiency implicates
abnormal tubular endocytic function in Fanconi syndrome. J Am Soc
Nephrol 2002;13:125-133.

Christensen El, Birn H. Megalin and cubilin: multifunctional endocytic
receptors. Nat Rev Mol Cell Biol 2002;3:256—266.

Kantarci S, Al-Gazali L, Hill RS, Donnai D, Black GC, Bieth E,
Chassaing N, Lacombe D, Devriendt K, Teebi A, Loscertales M,
Robson C, Liu T, MaclLaughlin DT, Noonan KM, et al. Mutations in
LRP2, which encodes the multiligand receptor megalin, cause
Donnai-Barrow and facio-oculo-acoustico-renal syndromes. Nat
Genet 2007;39:957-959.

Leheste JR, Rolinski B, Vorum H, Hilpert J, Nykjaer A, Jacobsen C,
Aucouturier P, Moskaug JO, Otto A, Christensen El, Willnow TE.
Megalin knockout mice as an animal model of low molecular weight
proteinuria. Am J Pathol 1999;155:1361—1370.

Anzenberger U, Bit-Avragim N, Rohr S, Rudolph F, Dehmel B,
Willnow TE, Abdelilah-Seyfried S. Elucidation of
megalin/LRP2-dependent endocytic transport processes in the larval
zebrafish pronephros. J Cell Sci 2006;119(Pt 10):2127-2137.

Kur E, Christa A, Veth KN, Gajera CR, Andrade-Navarro MA, Zhang
J, Willer JR, Gregg RG, Abdelilah-Seyfried S, Bachmann S, Link BA,
Hammes A, Willnow TE. Loss of Lrp2 in zebrafish disrupts pronephric
tubular clearance but not forebrain development. Dev Dyn
2011;240:1567-1577.

Gunther W, Piwon N, Jentsch TJ. The CIC-5 chloride channel
knock-out mouse — an animal model for Dent's disease. Pflugers
Arch 2003;445:456—-462.

Traffic 2014; 15: 471-487



103.

106.

Guggino SE. Mechanisms of disease: what can mouse models tell us
about the molecular processes underlying Dent disease? Nat Clin
Pract Nephrol 2007;3:449—-455.

. Gorvin CM, Wilmer MJ, Piret SE, Harding B, van den Heuvel LP,

Wrong O, Jat PS, Lippiat JD, Levtchenko EN, Thakker RV.
Receptor-mediated endocytosis and endosomal acidification is
impaired in proximal tubule epithelial cells of Dent disease patients.
Proc Natl Acad Sci U S A 2013;110:7014-7019.

. Novarino G, Weinert S, Rickheit G, Jentsch TJ. Endosomal

chloride-proton exchange rather than chloride conductance is crucial
for renal endocytosis. Science 2010;328:1398—1401.

Abbasi K, DuBois KN, Leung KF, Dacks JB, Field MC. A novel Rho-like
protein ThRHP is involved in spindle formation and mitosis in
trypanosomes. PLoS One 2011,6:€26890.

Traffic 2014; 15: 471-487

107.

108.

109.

Mak LH, Georgiades SN, Rosivatz E, Whyte GF, Mirabelli M, Vilar R,
Woscholski R. A small molecule mimicking a phosphatidylinositol
(4,5)-bisphosphate binding pleckstrin homology domain. ACS Chem
Biol 2011;6:1382—1390.

Lieschke GJ, Currie PD. Animal models of human disease: zebrafish
swim into view. Nat Rev Genet 2007;8:353-367.

De Matteis MA, Vicinanza M, Venditti R, Wilson C. Cellular assays
for drug discovery in genetic disorders of intracellular trafficking.
Annu Rev Genomics Hum Genet 2013;14:159—190.

487



