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Abstract: The primary cilium (PC) is a plasma membrane-derived structure of great importance
for cell and organismal physiology. Indeed, abnormalities in assembly or function of the PC
trigger the onset of a group of genetic diseases collectively known as ciliopathies. In recent
years, it has become evident that the integrity and function of the PC depends substantially on
signaling elements such as phosphoinositides (PI) and their regulators. Because phospholipids
such as PI(4,5)P, constitute recruitment platforms for cytoskeleton, signaling, and trafficking
machinery, control over their levels is critical for PC function. Although information about
phosphoinositol phosphate (PIP) kinases in the PC is scarce, a growing body of evidence sup-
ports a role for PIP phosphatases in cilia assembly/maintenance. Indeed, deficiencies in two
5" PIP phosphatases, Inpp5E and Ocrl1, are clearly linked to ciliopathies like Joubert/MORM
syndromes, or ciliopathy-associated diseases like Lowe syndrome. Here, we review the unique
roles of these proteins and their specific site of action for ensuring ciliary integrity. Further, we
discuss the possibility that a phosphatase relay system able to pass PI control from a preciliary
to an intraciliary compartment is in place to ensure PC integrity/function.
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Introduction

The primary cilium (PC) is an antenna-like, microtubule-based structure that senses
and transduces extracellular signals to the intracellular space, leading to changes in
cellular activity.'? Given the crucial function that this plasma membrane specializa-
tion plays in the control of developmental signaling pathways, a substantial amount
of effort has been invested in understanding how signaling molecules are function-
ally articulated in the PC. For example, given their signaling relevance, the role of
phosphoinositides in integrity and function of the cilia has been the object of intense
research in recent times.

In this review, we summarize the importance of phosphoinositides for the general
cell physiology to then focus on known details concerning their ciliary distribution,
regulation, and proposed functions. The emerging role of the lipid phosphatases
Inpp5SE and Ocrll (as well as its paralog, InppSB) in ciliogenesis and cilia mainte-
nance is highlighted. We also describe the impact on protein function and signaling
of disease-causing mutations in the INPP5E and OCRLI genes. Finally, we propose
and discuss the existence of a “relay” mechanism by which Inpp5SE and Ocrll act in
a sequential manner to control phosphoinositide function to sustain cilia assembly
and maintenance.
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Relevance of phosphoinositides for

general cell physiology
Phosphatidylinositol (PI) phosphates or PIPs are low-
abundance, highly labile phospholipids that play a substan-
tial role in cell physiology. These phospholipids transiently
accumulate in discrete areas of different cell membranes,
where they constitute platforms for the recruitment of specific
PIP-binding proteins. Turnover of PIPs chiefly contributes
to the disassembly of PIP-binding protein complexes and
their consequent deactivation. Because proteins involved in
the regulation of cell signaling, cytoskeleton assembly, and
vesicle trafficking are among the PIP-recruited elements, PIP
dynamics directly affect these cellular processes, and there-
fore, impact crucial cell functions such as cell homeostasis,
phagocytosis, cytokinesis, and cell migration. Therefore, it
is not surprising that mutations affecting PIP regulators give
rise to serious genetic diseases.’

The seven PIP species [PI3P, P14P, PISP, PI(3,4)P,,
PI(3,5)P,, PI(4,5)P, and P1(3,4,5)P,] present in eukaryotic
cells are spatiotemporally regulated by several kinases and
phosphatases, which add and remove phosphate groups
from their substrates, respectively (Figure 1A).¢ Concerted
action of these regulators results in the accumulation of
specific PIPs in distinct cellular compartments that con-
fers identity and triggers characteristic signaling events
(Figure 1B).

One of the best studied PIP species is P1(4,5)P,, which is
often produced by action of PI4P-5 kinase (PISK) on PI4P.
PI(4,5)P, is plasma membrane (PM) enriched and is required
for initiation and regulation of several processes, such as
Arp2/3-mediated actin nucleation, cell-cell and cell-matrix
adhesion, and assembly of endocytic sites. Like many other
cell signaling elements, PI(4,5)P, is further modified to par-
ticipate in different pathways or to terminate its signaling
activity. For example, upon activation by G-protein coupled
receptors (GPCR), phospholipase C acts on PI(4,5)P, to
produce two second messengers: diacylglycerol (DAG) and
inositol trisphosphate (IP,).” Among the multiple activities of
these agonists, DAG activates members of the protein kinase C
family, while IP, promotes the release of Ca** from intracel-
lular stores resulting in the activation of signaling cascades.”
Along the same lines, in response to growth factors, PI3K is
activated and phosphorylates PI(4,5)P, at position 3" lead-
ing to the production of PI(3,4,5)P, at the PM. The resulting
increase in the levels of this phospholipid provides sites for
the recruitment of the basic components of the Akt signaling
pathway.” This signaling event can be turned off by the action
of the PI3 phosphatase PTEN that removes the phosphate

group from position 3 in the inositol ring of PI(3,4,5)P..”
Similarly, PI(4,5)P, is depleted from membranes by the action
of 5" phosphatases such as synaptojanin or Ocrl1 (Figure 1A),
leading to disassembly of PI(4,5)P,-binding complexes and
termination of their biochemical activity. Therefore, inability
to regulate these phosphoinositide surely leads to abnormal
signaling and protein trafficking.

The PIP content of different cellular compartments has
been well established with PI(4,5)P, found predominantly
in the PM, PI4P in the Golgi, PI3P in early endosomes, and
PI(3,5)P, in late endocytic organelles (Figure 1B). Recent
studies have also unveiled the PIP content of the specialized
signaling organelle known as the primary cilium,%° which
has a strikingly different PIP content from the PM, though in
principle they are continuous with each other. The following
section will highlight the importance of PIP regulation in the
maintenance of the PC.

Phosphoinositides in the primary
Cilium

During the last decade, we have witnessed a surge of studies
centered on the PC, an immotile, hair-like membrane structure
present in almost every cell type. The PC is a dynamic struc-
ture that assembles/disassembles in a cell cycle—dependent
manner. At the core of the PC lies a microtubule-based core
(9+0 arrangement) comprising the axoneme nucleated from
the basal body. The axoneme is ensheathed by the ciliary
membrane that is continuous with the PM. However, several
lines of evidence indicate the presence of barriers at the cili-
ary base that avoids free diffusion of molecules, maintaining
the composition of the ciliary membrane different from that
of the bulk of the PM (Figure 1B).!*"

This PM protrusion houses a high concentration of
receptors that can sense and respond to a number of chemi-
cal, mechanical, and other extracellular cues. Examples of
receptors localized in the PC include rhodopsin, polycystin-1
and 2, transforming growth factor-3, somatostatin receptor-3,
melanin-concentrating hormone receptor-1, serotonin recep-
tor, platelet-derived growth factor-o,, and members of the

16-23 As a result,

Hedgehog and Wnt signaling pathways.
the PC hosts a plethora of signaling pathways critical for
growth, differentiation, development, sensory perception,
hormonal regulation, and mechanosensing.? Consequently,
abnormal PC function leads to widespread effects on the
physiology of the organism. Indeed, abnormal PC have
been linked to a heterogeneous group of multiorgan diseases
known as ciliopathies, caused by single-gene mutations in

more than 50 loci.?* These illnesses can be lethal and are
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Figure | Phosphoinositides metabolism and distribution.

Notes: (A) The schematic representation shows the kinases and phosphatases involved in the interconversion of the seven species of Pl-phosphates in the cell. (B) The panel

highlights the major Pl-phosphate found in different cellular compartments.

characterized by overlapping phenotypes that may include
retinal degeneration, kidney dysfunction, infertility, cognitive
impairment, polydactyly, situs inversus, obesity, diabetes, and
other manifestations. The medical relevance of this organ-
elle has resulted in an immense surge of research aimed at
understanding the mechanisms of assembly, maintenance,
and function of the PC.

What PIPs localize to the PC?

Although PI3P is known to be enriched at the base of the
cilia in the PI3K-C2a-containing pericentriolar endosomal
compartment (PRE),? information concerning the PIP
composition of the PC has only recently started to emerge.
Indeed, two recent studies®’ specifically addressed PIP com-
position within the PC. While one study used Pl-specific
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antibodies to examine the neural stem cell cilium,? the other
relied on genetically encoded markers known to bind PI4P
(EGFP-2xp4M5™) and PI(4,5)P, (EYFP-PH™®') in differ-
ent cell lines.” Both these studies concluded that the major
PIP in the cilium is PI4P, while P1(4,5)P, is restricted to the
ciliary base.

What is known in terms of PIP

functional relevance?

The PI3P pool at the PRE compartment is required for Rab8
and Rabl1 activation,” and in consequence, for ciliary
elongation and cargo (eg, Smoothened and PKD?2) trans-
location.?2¢ Although less is known about the role of PI4P,
depletion of PI4P-binding protein FAPP2 (involved in the
transport of newly synthesized apical proteins) led to a delay
in ciliogenesis with accumulation of vesicles at the ciliary
base.”” PI(4,5)P, is only transiently present in the PC where
itis involved, for example, in the recruitment of the bridging
protein TULP3, that in turn is required for the transport of
GPCRs.* The lack of PI(4,5)P, regulation inside the cilia
is expected to result in aberrant signaling, in part due to
abnormal GPCRs levels.?

The concentration of PI(4,5)P, is controlled by both 5
kinases and phosphatases.” However, besides immunoflu-
orescence-based detection of PIP5KYy at the ciliary base,®
no information is available concerning the localization and
function of PIP5 kinases in the PC. Also taking into account
the abundance of intraciliary PI4P, proteins such as the PIP5
phosphatases — Inpp5B, Inpp5E, and Ocrll — are predicted
to be among the major PIP regulators implicated in ciliary
function.? Further, results that will be summarized in this
review are consistent with the existence of a relay mechanism
by which, during vesicle trafficking to the PC, PI(4,5)P,
control is transferred from Ocrll at the PC base to InppSE
within the cilia.

Phosphatases in ciliogenesis and

ciliary maintenance

Three 5" phosphatases Ocrll, Inpp5B, and Inpp5E (EC
3.1.3.36) have been localized to the ciliary base and shaft.?*
In general 5" phosphatases are classified in four categories
(I-IV) based on their substrate specificity.” While the Ocrl1
and Inpp5SB paralogs (~45% identity) belong to type II,
InppSE is the sole member of the type IV category. Phos-
phatase activity of all members requires the presence of two
signature motifs, (F/Y)WXGDXN(F/Y)R and P(A/S)(W/Y)
(C/T)DR(I/V)L(W/Y), separated by ~60—75 residues. Ocrl1,
Inpp5B, and Inpp5SE are conserved in mice, zebrafish, and

frogs. However, only one homologue is present in flies and
worms, which are similar to Ocrll and Inpp5B. The closest
homologue to Inpp5E in worms is the Cil-1 phosphatase.®

Ocrll and Inpp5B have similar substrate specificity
wherein they can remove the 5-phosphate from P1(4,5)P,
PI(3,4,5)P, PI(1,4,5)P, and PI(1,3,4,5)P,.*** However, fur-
ther studies using purified, recombinant phosphatase domains
showed that Ocrl1 displays its highest affinity for PI(4,5)P ,*
while Inpp5E does it for P1(3,4,5)P,.”

In the following sections, we will review domain orga-
nization, interactions, and function of these 5" phosphatases
as well as the diseases associated with mutations in their
corresponding genes.

Oculocerebrorenal syndrome of
Lowe protein |, Ocrll

Domain organization

Both Ocrll and its paralog Inpp5B display four major
domains, from N- to C-terminus: PH (pleckstrin homology),
5’ phosphatase, ASH (ASPM-SPD2-Hydin), and a RhoGAP
(Rho GTPase-activating protein) domains (Figure 2). The PH
domains of Ocrll and Inpp5B are structurally very similar
and do not have any lipid-binding partners described yet.*
In contrast to Innp5b, the PH domain of Ocrll contains a
clathrin-binding motif (CBM) and is followed by a linker
region containing a clathrin-associated adaptor protein
AP2 binding site (ABS). Ocrll has a second CBM toward
its C-terminal region (Figure 2), with enhanced affinity for
clathrin in the nervous system-enriched isoform A.** There-
fore, a major difference between Ocrl1 and Inpp5B is the lack

Human Inpp5b

[P | | ppc  [asH | [rnocar]
1 993a.a
Human Ocrl1, isoform a

CBM ABS CBM

pH| | e [AsH| Rnoeap |

901a.a
Human Inpp5e
PRD Prc |

1 644a.a

Figure 2 Domain organization of phosphatidylinositol 5" phosphatases Inpp5B,
Ocrll, and Inpp5E.

Notes: Different domains are represented as colored boxes (numbers indicate
amino acid where domains approximately start and end). Blue inverted triangle —
clathrin-binding motif (CBM); brown inverted triangle — AP2 binding site (ABS);
adaptor protein 2 (AP2).

Abbreviations: PH, pleckstrin homology; IPPc, inositol polyphosphate phosphatase
catalytic domain; ASH, ASPM-SPD2-Hydin motif; RhoGAP, Rho GTPase-activating
protein domain; PRD, proline-rich domain; CAAX, prenylation motif.
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of CBM and ABS in the latter. The 5" phosphatase domain
displays conserved motifs required for its phosphatase func-
tion and substrate binding.*’ Although found across the gene,
majority of mutations in Lowe Syndrome (LS) patients affect
the phosphatase domain in the mutated protein.

The ASH and RhoGAP-like domains synergistically
interact with the endosomal F&H motif-containing proteins,
APPL1 and IPIP27A/B (the latter also known as Sesl/
Ses2).#4 The ASH domain also constitutes a binding site for
Rabs, with the highest affinity for Rab8a,***¢ leading to an
interaction that is critical for Ocrl1 role in ciliogenesis.?%3!47
The RhoGAP-like domain does not exhibit GTPase-activating
protein (GAP) activity but mediates binding to the Rho
GTPases Racl and Cdc42.484

The ability of Ocrl1 to interact with several Rabs ensures
its localization in several cellular compartments. Ocrll has
been observed in early endosomes (Rab5), recycling endo-
somes (Rab35), and at the Golgi apparatus (Rab1, Rab6),>%>!
and it localizes at the ciliary base because of its interaction
with Rab8.%° Ocrll also has been observed in membrane
ruffles following Racl activation.* Notably, Ocrll phos-
phatase activity requires Rab GTPase binding and membrane
recruitment.’!

Functions of Ocrl|

Most functions of Ocrll can be rationalized taking into
consideration its PIP phosphatase activity and substrate
preference. Specifically, Ocrll-dependent hydrolysis of
PI(4,5)P, and PI(3,4,5)P, removes from targeted membranes
the recruitment platforms for different protein complexes,
such as those involved in actin cytoskeleton remodeling and
vesicle trafficking.

Ocrll function is also intimately linked with its ability
to localize to different intracellular stations, which in turn
depends on binding to different Rab GTPases (see “Domain
organization” section) and perhaps clathrin and AP2. In addi-
tion, some of these interactions can affect Ocrll’s catalytic
activity (eg, by binding to Rabs) or may have a phosphatase-
independent signaling relevance (eg, by recognition of the
Rho GTPases Racl and Cdc42).

Vesicle trafficking and cilium assembly

Several studies have shown that upon depletion or abnor-
mal function of Ocrll, endosome-to-TGN trafficking and
recycling to the plasma membrane is affected, leading to
cargo accumulation in enlarged endosomes.’>>* In addi-
tion, mannose-6-phosphate receptor (M6PR) missorting
to the plasma membrane was also observed upon Ocrll

deficiency.’** Although some authors found no major
defects in uptake of transferrin, epidermal growth factor,
and low-density lipoprotein upon Ocrll deficiency, other
studies described aberrant endocytic vesicles and abnormal
internalization.*%%57 Recycling defects in LS patient proximal
tubule cells lead to low cell surface levels (and endosomal
accumulation) of the multiligand receptor megalin and
explains the low molecular weight (LMW) proteinuria char-
acteristic of LS patients.** This phenotype in kidney cells was
also confirmed by knockdown (KD) of Ocrl1 in the HK2 and
MDCK cell lines. A recent study showed in vivo evidence in
Ocrl17 zebrafish of defective megalin recycling and hence
reduced uptake of its ligand RAP.*® However, another study
reported no defect in megalin recycling or megalin ligand
uptake upon Ocrll KD.** Absence of Ocrll function also
triggers the accumulation of PI(4,5)P, on endosomes that in
turn leads to enhanced, N-WASP-dependent actin polymer-
ization producing the so-called “actin comet tails”.>*> This
phenotype could be rescued by Ocrll with a catalytically
active phosphatase domain or by use of low concentrations
of actin-depolymerizing drugs.**

Ocrll also participates in the trafficking of membrane
proteins (but not soluble cargoes) to the PC*® (Figure 3).
Results suggest two PC routes with Ocrll involvement:
1) a Rab8-dependent route from the TGN or from clathrin-
independent recycling to the PC; and 2) an indirect route in
which cargo is rerouted from the plasma membrane to the
PC via the endosomal compartment® (Figure 3). The latter
route, however, does not seem to require Ocrll binding to
clathrin and AP2, but its interaction with the endosomal
proteins APPL1 and IPIP27/Ses instead.* It has been shown
that these proteins recognize the same binding site in Ocrl1.4?
Interestingly, experimental evidence indicates that Ocrl1 first
binds APPL1 on Rab5-positive endosomes to then transition
to IPIP27/Ses-containing complexes on a different endosomal
compartment (Figure 3A). This Ocrl1-binding relay event
suggests a maturation of the Ocrll-containing endosomal
compartment.

During ciliogenesis, Ocrl1 localizes to different intracel-
lular compartments including the basal body of the cilium*
and to the PC itself in some cell types.’! Importantly, Ocrl1
depletion resulted in reduced targeting of ciliary-localized
rhodopsin®® (Figure 3B), suggesting a defect in protein sort-
ing to the PC. Further, Ocrll-deficient patient fibroblasts
as well as 3T3 fibroblasts and RPE Ocrll KD cells showed
a reduction in their ability to assemble PC and a reduction
in cilia length.***! However, Ocrll KD in MDCK cells was
reported to cause an increase in ciliary length.*’
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.v Trans Golgi network

Figure 3 Ciliary role of Ocrll.

©©©

Notes: (A) Ocrll plays a role in trafficking of ciliary destined cargoes via the endocytic and secretory routes involving Rab5- and Rab8-labeled endosomes, respectively.
Cargo trafficked via both compartments might be pooled together before entry to the cilium. (B) In the case of Lowe Syndrome, where Ocrll is mutated and not functional,

ciliary growth and delivery of ciliary cargoes is disrupted.

Ocrll has been implicated in the ciliary trafficking
and localization of transient receptor potential vanilloid 4
(TRPV4).”* TRPV4 plays a role in the ciliary-dependent
pressure-sensing pathways and in the regulation of the tran-
scriptional activity of TNF-ocand TGF-f1. In normal ocular
trabecular meshwork (TM), an increase in pressure results in
a decrease in ciliary length and an increase in transcription of

TNF-o and TGF-B1.> Consequently, loss of Ocrll resulted
in nonresponsiveness to an increase in intraocular pressure
in the ocular TM.%

Ocrll-deficient zebrafish exhibit underdeveloped eyes
and brain, laterality defects, and cystic kidneys, which
are characteristics seen in other ciliopathy models.33!
In addition, defective cilia were also observed in Ocrll
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morphant fish, especially in pronephros and in Kupffer’s
vesicle.?03147

Membrane dynamics

Other cellular processes requiring PI(4,5)P,/P1(3,4,5)P, control
also showed Ocrl1-dependence, such as phagocytosis, macro-
pinocytosis, cell migration, and cytokinesis. These processes
involve Rho GTPase signaling and active actin cytoskeleton
reorganization leading to substantial membrane reorganization.
Although the RhoGAP domain in Ocrll does not have GAP
activity, it binds to both activated and inactivated forms of
Racl.* In fact, although mechanistically unclear, loss of Ocrl1
has been linked to Racl inactivation and Rho hyperactiva-
tion.*%° Abnormalities in the actin cytoskeleton organization
upon Ocrl1 lack of function have been reported as well.!

Phagocytosis and macropinocytosis

Ocrl1’s phosphatase activity is required for the hydrolysis of
PI(4,5)P, and the consequent termination of actin polymer-
ization at the phagocytic cup during closure.®>** A similar
mechanism was proposed to explain defects in fluid phase
uptake observed in LS patient fibroblasts as compared to
normal cells.*

Cell migration

Wound healing and transwell migration assays using LS
patient fibroblasts and in Ocrl1 KD NIH3T3 cells established
a role for Ocrll in cell migration.*® Further, the cell migra-
tion defects were also confirmed in a zebrafish model of LS
as deficiencies in melanophore and neural crest cell (NCC)
migration.* Notably, the phosphatase function of Ocrll and
its binding to the endocytic machinery (clathrin and AP2)
were required for its role in cell migration and for localiza-
tion to membrane ruffles.>

Cytokinesis

Cytokinesis defects have been observed in fly and mammalian
cells lacking Ocrl1, causing the accumulation of multinucle-
ated cells.”*® In the absence of Ocrl1, high levels of P1(4,5)P,
were detected on endomembranes, leading to the mistargeting
of the cytokinesis machinery. In Ocrl1-deficient mammalian
cells, the presence of PI(4,5)P, on intercellular bridges resulted
in the accumulation of actin structures, which blocked abscis-
sion of the dividing cells at the last stage of cytokinesis.®

Lowe syndrome versus Dent-2 disease
In 1952, Lowe et al®® described a developmental disease
mainly affecting the eye, brain, and kidneys, which is

currently known as the oculocerebrorenal syndrome of Lowe
(OCRL) or Lowe syndrome (LS). This lethal X-linked discase
was later found to be caused by mutations in the OCRLI
gene** and is known to affect approximately 1 in 500,000
births.®” LS is characterized by mental retardation, congenital
bilateral cataracts, and renal dysfunction.®® Kidney symptoms
include LMW proteinuria, renal proximal tubule acidosis,
hypercalciuria, and hypokalemia. Patients eventually develop
end-stage renal disease, which often results in death after the
second decade of life.*” Nervous system abnormalities lead
to different degrees of mental retardation®® and obsessive
compulsive disorder, and motor development delays may
become apparent during the third year of life.”

OCRLI mutations were also identified as causative
of another disease mostly restricted to renal symptoms,
referred to as Dent-2 disease (to differentiate it from the
classical Dent disease caused by CLCN5 mutations’). In
some cases, Dent-2 disease patients also developed mild
peripheral cataracts and presented cognitive abnormalities,
although with later onset than LS.>” The contribution of
the different phenotypes (eg, PC vs membrane remodeling
abnormalities®) to the patient symptomatology still needs
to be fully investigated. Also, the genotype—phenotype cor-
relation leading to LS versus Dent-2 disease is still unclear.
Moreover, mutations affecting the phosphatase domain can
result in a variety of patient symptom manifestations and
severity,’* and abnormalities in other domains of the protein
can affect protein expression and/or phosphatase activity.”
Strikingly, the same missense mutation may result in a severe
LS symptoms in one patient, and Dent-2 in another.? This
suggests that genetic modifiers may contribute to symptom
severity. Nevertheless, some mutations seem to be prone to
lead to Dent-2 versus LS.™*7 Specifically, frameshift and
nonsense mutations clustered in exons 1-7 seem to be linked
to Dent-2 disease, while the mutations leading to LS are
clustered between exons 823 (most frequently affecting the
phosphatase domain of the mutated protein).’ Interestingly,
the presence of an alternative start site in exon 8 explains the
existence of Ocrll transcripts lacking exons 1-7.7%" These
alternative transcripts would give origin to Ocrll variants
starting at the phosphatase domain that would be enriched
in Dent-2 patients.”

Functions of Inpp5B

As mentioned earlier, Inpp5B is the closer paralog to Ocrll
and a partially redundant 5" phosphatase. Indeed, murine
models of LS failed to recapitulate the characteristics of
the human disease’” because of the differential expression
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and splicing patterns of Inpp5B versus Ocrll in humans
and mice.”

It has been clearly established that the LS fibroblast cel-
lular phenotypes of cell spreading and cell migration are
independent of Inpp5B.°® Most recently, fibroblasts of LS
and Dent-2 patients were compared for phenotypic defect.”
Fibroblasts from both disease groups showed the same cate-
gory of defects such as lesser F-actin fibers, disorganized
o-actinin staining, and ciliogenesis defects. However, Dent-2
disease fibroblasts exhibited milder phenotypes than those
from LS patient cells.” Notably, the levels of PI1(4,5)P, and
Inpp5B were very similar in LS and Dent patient fibroblasts.”
These results suggest that InppSB does not contribute to the
milder phenotypes exhibited by the Dent-2 patient fibro-
blasts and that, in addition to the phosphatase activity, other
functions contribute to the phenotypic manifestations seen
in patients.

Although no disease has been identified as a result of
INPP5B mutations, Inpp5B has ciliary localization.* Indeed,
KD of Inpp5B in zebrafish resulted in edema, body asym-
metry, kinked tail, and microphthalmia, which are classical
characteristics observed in ciliary disease zebrafish models.
These animals showed defective ciliary formation in the
Kupffer’s vesicle, with lesser and shorter cilia in comparison
to controls.®® These defects were rescued upon reintroduc-
tion of InppSB mRNA, thereby establishing a ciliary role
for Inpp5B.¥ In addition, Ocrll and Inpp5B morpholino
coinjected fish showed more severe phenotypes suggesting
that they play a synergistic role in the ciliary function in
zebrafish.® Studies using LS fibroblast also showed partial
rescue of the ciliogenesis phenotype upon overexpression
of Inpp5B.30&

Inositol polyphosphate-5’

phosphatase, E: Inpp5E

InppSE has an N-terminus proline-rich domain (PRD) with
approximately 13 PxxP consensus sequences that bind SH3
domain-containing proteins, two immunoreceptor tyrosine-
associated motif (ITAM), the 5" phosphatase domain, and
a C-terminus CAAX box that undergoes prenylation for
membrane anchoring. An alternative splice variant of InppSE
that lacks the 34 amino acid region that contains the ITAMs
has been described (Figure 2).378!

InppSE is known to be tyrosine phosphorylated by
activated insulin receptor®? and Ser/Thr-phosphorylated by
Aurora kinase A (AurkA).® In addition to hydrolyzing the
product of PI3K enzymatic activity, it has been reported
that Inpp5SE interacts with p85 subunit of PI3K, negatively
regulating the Akt pathway, and also binds Insulin receptor

substrate 2(IRS2).82%* A yeast two-hybrid screen identified
Rab20, a Golgi- and phagosome-localized protein as the
only Rab GTPase that interacts with Inpp5E.*® Interestingly,
InppSE preferentially binds to the GDP-bound form of Rab20
over the GTP-bound form, and they colocalize in the Golgi
apparatus.* However, the role of this interaction in protein
targeting is not clear. Indeed, it has been demonstrated that
the N-terminus PRD of Inpp5E is sufficient to localize it to
the Golgi,**! suggesting that Rab20 binding is not the main
factor for Inpp5SE targeting. In proliferating cells, InppSE
localizes at the trans-Golgi network®! while in quiescent cells,
Inpp5E localizes to the primary cilium.3>%

Tandem affinity purification using Inpp5E as bait has
revealed that Inpp5E interacts with several proteins in the
ciliary network including the centrosomal protein CEP164,
RUVBLI, RUVBL2, and 14-3-3¢/y.% Although CEP164 is
involved in PC formation and the 14-3-3 signaling proteins
have been observed to localize in the cilia, little is known
about the relevance of RUVBLI1 and 2 in ciliary processes;
therefore, the role of these latter interactions is still under
investigation.®

Although InppSE displays a typical ciliary targeting
signal located between the phosphatase domain and the
CAAXDbox, its ciliary localization depends on the highly con-
served sequence FDRELYL. Biochemical studies revealed
that the ciliary recruitment of InppSE is mediated by the
GTPase Arl13B, which interacts with the phosphatase via
its FDERLYL sequence.® In addition, the phosphodiesterase
and prenyl-binding protein PDE6D was found to form a
complex with Inpp5E in a CAAX box-dependent manner
and to play a role in Inpp5E ciliary localization.® Indeed,
absence of PDE6D was linked to InppSE mislocalization
and to Joubert syndrome.*” PDE6D binding to prenylated
proteins is known to be regulated by the ARF-like proteins
Arl2 and Arl3; however, whether Arl2/3 or Arl13, directly or
indirectly control the formation of a PDE6D-Inpp5SE-targeted
complex needs to be further clarified.

Functions of Inpp5E

The cellular functions of InppSE directly depend on its
interaction partners and its 5" phosphatase activity [mainly
directed against P1(3,4,5)P.]. As indicated earlier, binding to
p85 has been proposed to lead to PI3K inhibition.*? Synergis-
tic to this effect, InppSE-mediated hydrolysis of P1(3,4,5)P,
is linked to inhibition of the PI3K/AKT signaling pathway.
As expected, InppSE-deficient cells displayed high levels of
PI(3,4,5)P.* and increased phospho-Akt levels;* further,
cells expressing Joubert syndrome Inpp5SE mutants also
show high levels of phosphorylated Akt.** Recently, mouse
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embryonic fibroblasts (MEFs) from InppSE"~mice and NSCs
lacking InppSE have been show to express high levels of
PI(4,5)P, at the cilia, underscoring the role of Inpp5E as a
5’ phosphatase.®’

Importantly, Plotnikova et al®* showed that Inpp5E
directly interacts with AurkA, resulting in the phosphoryla-
tion of InppSE by AurkA and the enhancement of its catalytic
activity toward PI(3,4,5)P, (particularly at the base of the PC
where the kinase localizes®®). Interestingly, AurkA is one of
the targets modulated by the Akt signaling pathway®® and
has been involved in the regulation of PC stability through
complex formation with histone deacetylase 6 (HDAC6).5

As expected, because of its role in the inhibition of the
PI3K/AKT pathway, InppSE has a multiplicity of effects
on cellular processes. For example, Inpp5SE diminishes the
anti-apoptotic effects mediated by PI3K/AKT signaling.”
Overexpression of InppSE led to up to 20% increase in
apoptotic cells and cell accumulation in G1 phase of cell
cycle. Prolonged exposure to high levels of InppSE shifted
the cell population to G,/M phase and induced cell growth
arrest; these observations led to propose a tumor-suppressive
role for this enzyme.*

In addition, and since P1(3,5)P, is required for phagocytic
cup closure, InppSE inhibits phagocytosis.’! Also, Inpp5E
has been shown to interact with the phagosome-located
Rab20.%2 In InppSE knockdown cells, recruitment of Rab20
to the phagosome was unaffected, but Rab20’s retention time
was significantly lower®?, and so was Rab5’s retention time.*
These results suggest that Inpp5E is involved in tethering
these Rabs to the phagosome. Interestingly, Rab5 inactiva-
tion and subsequent removal from phagosome is thought to
contribute to phagosomal maturation.”® Therefore, Inpp5E
seems to impair phagocytosis by depleting PI(3,5)P, and by
delaying the release of Rabs.

Phylogenetic analysis predicts that Inpp5E is the closest
mammalian protein to the Caenorhabditis elegans 5" phos-
phatase Cil-1.% This protein is involved in the trafficking of
the transient receptor potential-polycystin (TRPP) complex
by regulating the levels of PI(3,5)P, and PI3P; therefore, it is
possible that InppSE would play a role in protein trafficking
in mammalian cells.*

Neural stem cells (NSCs) rely on cilium for differentiation
and proliferation via the Sonic Hedgehog (Shh) pathway.”
Inpp5E has been shown to be the key 5” phosphatase that
maintains high levels of localized PI4P in the cilium of these
cells while ensuring low PI(4,5)P, levels (Figure 4). Studies
in mice have shown that absence of the enzyme resulted in
activation of Akt signaling and proliferation (likely due to
excess of PI(3,4,5)P,).** Interestingly, lack of InppSE also

led to PI(4,5)P, accumulation, but this enrichment was found
to be more pronounced at the ciliary tips rather than at the
base.® PI(4,5)P, served as a site for recruitment of the tubby-
like protein Tulp3 and its ciliary cargo the GPCRs Gprl61
(Figure 3), which negatively regulates Shh pathways.?%°
NSCs isolated from INPP5E-null mice exhibited stunted
cilium with a bulged tip, which stained positive for accumula-
tion of Tulp3 and Gpr161.% In consequence, inhibition of Shh
signaling was observed in these cells, despite stimulation with
Shh ligand and normal levels or trafficking of Shh proteins.**
It should be noted that mutations in /NPP5E lead to Joubert
and mental retardation, truncal obesity, retinal degeneration
and micropenis (MORM) syndromes, which are character-
ized by polydactyly and exencephaly causative of aberrant
Shh signaling.”® The work of Chavez et al® further solidifies
the model by showing that lack of InppSE causes the P1(4,5)P,
accumulation at the PC tip and subsequently leads to Gprl61
enrichment in the ciliary membrane.

A recent study by Garcia-Gonzalo et al® determined that
InppSE is critical for limiting the levels of PI1(4,5)P, in the
PC. In agreement with the observations of Chavez et al,®
InppSE depletion led to accumulation of PI(4,5)P, in the cilia,
followed by enrichment in Tulp3 (which recognizes PI(4,5)P,
and its cargo Gprl61). Further, loss of Inpp5E also led to
increase in the levels of negative regulators of Shh signaling
such as the IFT-A complex proteins Ift139 (also known as
Thm1 or Ttc21b) and Ift140.° Taken together, these studies
provide a mechanistic link between Inpp5SE’s phosphatase
activity and modulation of Shh signal transduction at the PC
for tissue patterning and development.

Insulin signaling and glucose homeostasis

The PI3K/AKT pathway is turned on following receptor
tyrosine kinase activation by ligands such as insulin.®” This
is the clear in the case of the insulin receptor/insulin system,
where the production of PI(3,4,5)P, is required for initia-
tion of Akt-dependent cell survival and metabolic signal-
ing. Therefore, because of its catalytic activity, Inpp5E is
predicted to exert anti-insulin effects, primarily through its
phosphatase activity and interaction with the p85 subunit
of PI3K.% Indeed, Inpp5E participates in growth factor
signaling, primarily controlling hypothalamic responses to
insulin stimulation.?>%% It helps regulate basal levels of
PI(3,4,5)P, in the hypothalamus, the main central nervous
system (CNS) regulator of insulin signaling.®? Inpp5E is
abundantly expressed in the hypothalamus and is tyrosine
phosphorylated by activated insulin receptor.®? Physiological
consequences of these signaling events are highlighted by
a corresponding CNS-mediated reduction in food intake in

Research and Reports in Biology 2016:7

submit your manuscript 23

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Madhivanan et al

Dove

—— PI(4,5)P, enriched
— PI(4)P enriched

@ Primary cilia cargo
? Plasma membrane cargo

¢ Prenylated inppSE
B Tulp3

© Adaptor proteins
IFTB complex
A [IFT-B particle
Kinesin motor

IFTA complex
A IFT-A particle

. Dynein motor

MW Gpri61

Figure 4 Ciliary role of Inpp5E.

Notes: (A) Inpp5E converts the PI(4,5)P, into PI(4)P by functioning as a 5" phosphatase in the cilium. It has been shown to interact with the adaptor protein Tulp3 to traffic
ciliary cargo. (B) In the absence of a functional Inpp5E, primary cilium accumulates PI(4,5)P, and the cilium sequesters intraflagellar transport particles and the adaptor protein.

As a result, ciliary disassembly is affected.

an insulin-dependent manner and a reinstatement of glucose
homeostasis.®% Inpp5E overexpression studies resulted in
increase in obesity and insulin-resistant diabetes in mice
models, suggesting that this protein could constitute a target
for diabetes and obesity drug therapies.?

Diseases associated with mutations in
INPP5E

Mutations in INPPSE result in two ciliopathies namely,
Joubert and MORM syndromes; however, their clinical

manifestations are starkly distinct. Most /NPP5SE missense
mutations causative of Joubert syndrome affect the catalytic
domain of the protein, impairing its enzymatic activity.5>
Although the ability of the mutated Inpp5SE to localize in
the cilium is not compromised, cells bearing these INPP5SE
mutations exhibit greater PC instability and are more
sensitive to serum-stimulated cilium disassembly.®® Further,
mice models lacking InppSE show embryonic lethality, dis-
playing renal cysts and neurological defects at early stages
of development but with very mild or no ocular defects.® It
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is interesting to note that cells expressing mutated InppSE
display normal number and morphology of cilium but have
bulged ciliary tips, which is believed to be because of accu-
mulation of cargo.?*®* Evidence indicates that Inpp5E is
required to regulate phosphoinositide metabolism inside
the PC and is particularly critical for the tight regulation of
the PDGF-PI3K—-Akt pathway, which mediates cell cycle
entry.®

The only /NPP5SE mutation identified to cause MORM
syndrome (Q627X) is a nonsense mutation that renders
a truncated Inpp5E protein lacking the CAAX box at the
C-terminus.* In contrast to the Inpp5E variants that cause
Joubert syndrome, the MORM mutated protein is only found
at the base of the cilium but retains full enzymatic activity.
Further, the major clinical symptoms of MORM include
ocular defects not observed in Joubert syndrome. Despite
full phosphatase activity, the MORM-related InppSE muta-
tion was unable to rescue ciliary instability,* suggesting that
without proper localization, enzymatic activity is necessary
but not sufficient for ciliary maintenance. This idea is sup-
ported by the observation that mutations in PDE6D produce
mice with renal, ocular, and neurological defects reminiscent
of defects observed in INPPSE deficient mice.’” As indicated
earlier, binding to PDE6D is required for its PC localization,*
and the mutated InppSE MORM variant is unable to sustain
interaction with PDE6D and therefore, is unable to localize
in the PC.¥” As a whole, these results indicate that Inpp5E-
mediated ciliary stability requires both proper localization to
the cilium as well as a fully functional phosphatase.

Inpp5E and cancer

In addition, and similar to the 5" phosphatases SHIP1 and
SHIP2, InppSE is upregulated in cancers (non-Hodgkins
lymphoma, cervical, and uterine cancers); however, its role
in cancer progression is still unclear.'®

Conclusions and perspectives:
is there a 5’ phosphatase relay
mechanism in PC assembly/

maintenance?

The PC is a plasma membrane specialization that all eukary-
otic cells (except lymphocytes) display at a certain point in
their lifespan. The crucial signaling role that this structure
plays in cell physiology is highlighted by the fact that assem-
bly or function abnormalities invariably leads to the onset
of a group of heterogenecous genetic diseases collectively
known as ciliopathies. In fact, the medical relevance of the
PC justifies the attention that this subcellular structure has
received in recent times. Part of these efforts has been devoted

to establish the role of well-known signaling elements such
as the phosphoinositides in PC function, assembly, and
maintenance.

In addition to the well-known IP, second messenger,
phospholipids such as PI(4,5)P, and PI(4)P are among
the inositol-related species to be found in the PC. These
phospholipids are known to serve as recruitment platforms
for cytoskeleton signaling and trafficking machinery, and
they greatly differ in their PC steady-state levels, with
PI(4)P concentration being much higher than the one
from PI(4,5)P,. Importantly, abundance of these species is
under control of PIP kinases and phosphatases. Although
little is known about the presence or activity of PI kinases
in the PC (with the exception of PI3K), deficiencies in
two 5" PIP phosphatases, Inpp5E and Ocrll, have been
linked to ciliopathies (Joubert and MORM syndromes)
or ciliopathy-associated diseases such as LS. Since 5° PIP
phosphatases are responsible for catalyzing the conversion
of PI(4,5)P, into PI(4)P, these enzymes are predicted to be
key for maintaining the characteristic steady-state levels
of these PIPs.

Although Ocrll plays a role in vesicle trafficking
toward the PC, Inpp5E activity is intraciliary and seems to
be directed to inhibit the AKT pathway and its PC disas-
sembly effects (Figure 5). The preciliary function of Ocrll
depends on its interaction with Rab8 (a well-known player
in ciliogenesis) and is part of the “supply” route from the
Golgi apparatus to the PC. Interestingly, this phosphatase is
also involved in an indirect, Rab5-dependent, protein sorting
pathway rerouting cargo from the plasma membrane to the
PC. Further, this indirect route involves interactions with the
endosomal proteins APPL1 and IPIP27/Ses at endosomal
compartments. Because both APPL1 and IPIP27/Ses bind
the same Ocrll region, this competitive reaction implies a
relay-type mechanism (Figure 5). Specifically, Ocrl1 is first
recruited to Rab5-containing endosomes where it interacts
with the adaptor protein APPL1 to then be passed on to
another endosomal structure by binding the IPIP27/Ses
proteins. Evidence suggests that membrane carriers from
both Ocrl1-dependent routes coalesce at the base of the PC.
Whether Ocrll remains periciliary or also moves inside the
PC is still unclear (Figure 5). However, there is no doubt
that the C-terminal prenylated Inpp5E is translocated into
the PC. In contrast to Ocrll, Inpp5E localization does not
seem to be Rab-dependent (although this phosphatase binds
Rab20), but it involves a sequence motif and the immediately
downstream prenylation target: the CAAX box. Interestingly,
Ocrll lacks a CAAX motif that is, nevertheless, present
in its functional homologue Inpp5B. Consistent with their
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Notes: Ocrll is transferred from APPLI- to IPIP27/Ses-positive structures. Once at the base of the cilium (and/or at the proximal region of the cilium — along with Inpp5B),

control over the levels of Pl (4,5)P, is passed on to Inpp5E at the ciliary tip.

localization and function, deficient Ocrll phosphatase
activity leads to high PI(4,5)P, cellular levels, whereas
InppSE abnormalities cause accumulation of this phospho-
lipid at the tip of the PC. This constitutes a second relay event
in which the 5" phosphatase-mediated control over PI(4,5)
P, is transferred from Ocrll to InppSE. Whether this relay
between Ocrll and InppSE occurs at the PC base (where
Ocrll and the Inpp5SE activator AurkA localize) and/or in
the proximal segment of the PC is unclear. Neither is it
fully established what role Inpp5B, the prenylation compe-
tent, functional homologue of Ocrll, plays in this process.
Although redundancy between these 5" phosphatases is sup-
ported by evidence, patient fibroblasts have been shown to
contain substantial levels of Inpp5B and still display Ocrl1-
dependent PC defects and other LS cellular phenotypes. In
contrast to OCRLI, no disease involving /NPP5B mutations
has been described yet; however, it is possible that the two

different gene products play partially overlapping but unique
roles in PC assembly/function.

Other questions that remain open in the field are: what
are the sources of PI(4,5)P, at the base and within the PC
that requires continuous 5’ phosphatase activity? Are the 5’
phosphatase activities coupled with PI(4, 5)P, production
to generate signaling cycles required for normal assembly,
maintenance, and function of the PC?

No doubt, future investigations will be focused
on answering these questions, and we will surely wit-
ness important developments in the fascinating area of
the cell biology of the PC and mechanisms leading to
ciliopathies.
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