
www.landesbioscience.com Communicative & Integrative Biology 641

Communicative & Integrative Biology 5:6, 641–644; November/December 2012 © 2012 Landes Bioscience

ArtICLe ADDeNDum

Addendum to: Coon BG, Hernandez V, 
Madhivanan K, Mukherjee D, Hanna CB, Barinaga-
Rementeria Ramirez I, et al.; Addendum to. The 
Lowe syndrome protein OCRL1 is involved in 
primary cilia assembly. Hum Mol Genet 2012; 
21:1835–47; PMID:22228094;  
http://dx.doi.org/10.1093/hmg/ddr615.

Keywords: primary cilia, cell spreading, 
cell migration, Rac1 and RhoA signaling

Submitted: 08/22/12

Accepted: 08/23/12

http://dx.doi.org/10.4161/cib.21952

*Correspondence to: R. Claudio Aguilar; 
Email: claudio@purdue.edu

Lowe syndrome (LS) is a lethal 
X-linked genetic disease caused by 

functional deficiencies of the phospha-
tidlyinositol 5-phosphatase, Ocrl1. In the 
past four years, our lab described the first 
Ocrl1-specific cellular phenotypes using 
dermal fibroblasts from LS patients. 
These phenotypes, validated in an ocrl1-
morphant zebrafish model, included 
membrane remodeling (cell migration/
spreading, fluid-phase uptake) defects 
and primary cilia assembly abnormali-
ties. On one hand, our findings unrav-
eled cellular phenotypes likely to be 
involved in the observed developmental 
defects; on the other hand, these dis-
coveries established LS as a ciliopathy-
associated disease. This article discusses 
the possible mechanisms by which loss of 
Ocrl1 function may affect RhoGTPase 
signaling pathways leading to actin cyto-
skeleton rearrangements that underlie 
the observed cellular phenotypes.

The oculo-cerebro-renal syndrome of 
Lowe (OCRL) or Lowe syndrome (LS) is 
a recessive X-linked disease characterized 
by congenital cataracts, mental retarda-
tion and renal dysfunction. Unfortunately, 
affected children die at an early age, most 
commonly of renal failure.

This devastating genetic disorder 
was first described by Drs. Lowe, Terrey, 
and MacLachlan1 about 60 y ago and 
its association with mutations in the 
OCRL1 gene was established in the early 
nineties by a team led by Dr. Robert 
Nussbaum.2 The OCRL1 gene product 
is the Inositol 5-phosphatase Ocrl1 (EC 
3.1.3.36) that recognizes and hydrolyzes 
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PhosphatidylInositol (PtdIns) 5-phos-
phates, including the plasma membrane-
enriched lipid PtdIns(4,5) bis-phosphate 
[PtdIns(4,5)P

2
]. Despite this knowledge, 

the actual mechanism by which deficien-
cies in Ocrl1 function leads to this debili-
tating disease still remains unclear.

In that respect, we recently established 
that LS patient cells display defects in the 
assembly of primary cilia;3 and had pre-
viously shown that the same cells exhibit 
severe abnormalities in Rac1-mediated, 
membrane remodeling processes.4-6 These 
findings represent significant advances 
in our understanding of the physiologi-
cal roles of Ocrl1, but they also pose new 
questions. For example, is Ocrl1 a protein 
with two distinct functions or are these 
phenotypes different manifestations of 
the same basic functional abnormality? 
Second, how do these newly observed 
Ocrl1-specific cellular phenotypes con-
tribute toward better understanding of 
LS?

Membrane-Remodelling  
Phenotypes in LS Cells

We identified abnormalities in cell migra-
tion, cell spreading and fluid-phase uptake 
in primary cultured skin fibroblasts 
from two unrelated LS patients. The cell 
migration defect was detected by two 
independent assays: transwell-based and 
“wound”-healing.4 Notably, Ocrl1 phos-
phatase function and its interaction with 
the endocytic machinery (clathrin and 
the endocytic adaptor AP2) were both 
required for its function in cell migration.4 
LS cells also failed to spread isotropically 
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Interestingly, Faucherre et al.10 demon-
strated that Ocrl1 directly binds to the 
RhoGTPase Rac1, a crucial regulator of 
actin dynamics.11 In fact, our lab found that 
the level of activated Rac1 is significantly 
decreased in LS fibroblasts (Fig. 1B).6 
Importantly, Rac1 activation is required 
for stabilizing lamellopodium extension 
during cell spreading12 and to sustain 
velocity and directional persistence during 
migration.13,14 Using time-lapse videomi-
croscopy, we observed that LS cells can-
not sustain cell spreading for long periods 
of time and eventually retract.5,6 Patient 
cells also display a decrease in velocity and 
directional persistence during migration 
(unpublished data).5,6 In addition, Lasne 
et al. suggested aberrant signaling by the 
RhoGTPase RhoA in platelets from LS 
patient cells.15 Taken together, evidence 
collected by our lab and others suggests 
that LS patients show RhoGTPase signal-
ing abnormalities that lead to membrane 
remodeling abnormalities.

What is the Mechanism Leading  
to RhoGTPase Signaling  

Abnormalities in LS Patients?

We speculate that functional deficien-
cies in Ocrl1 may lead to abnormal 
RhoGTPase signaling by at least two non-
exclusive mechanisms:

i) Defects in the activation of Rac1 in 
endomembranes: It has been demonstrated 
that Rac1 is activated in endosomes by its 
GEF Tiam1, following which it is recycled 
to the leading edge of migratory cells.16 
Since Ocrl1 is involved in endosomal traf-
ficking,17,18 it is possible that subsequent 
to Rac1 binding, the Lowe syndrome 
protein facilitates the activation of the 
RhoGTPase and perhaps its re-routing to 
the leading edge.

ii) PtdIns imbalance: It has been dem-
onstrated that the loss of Ocrl1 leads to 
elevated levels of PtdIns(4,5)P

2
.19 Indeed, 

Ueno and coworkers observed that high 
levels of PtdIns(4,5)P

2
, in the presence 

of PI(4)P (product of Ocrl1 phosphatase 
activity) could lead to membrane ruffles 
through Rac1 activation, whereas high 
levels of PtdIns(4,5)P

2
, by consumption 

of PI(4)P lead to endosomal comet tails 
via RhoA activation.20 Since RhoKinase 
inhibitor and dominant negative Rac1 

(NCC).3 Further, this animal model also 
displayed developmental defects, likely 
due to NC migration defects, such as facial 
dysmorphology consisting of short and 
malformed palatoquadrate and Meckel’s 
cartilage, components of the mandibular 
arch, and missing or smaller pharyngeal 
arches.3

What is the Mechanism by Which 
Ocrl1-Deficiency Affects Cell  

Migration/Spreading?

Dynamic actin cytoskeletal rearrange-
ments are required for membrane remod-
eling processes, particularly for cell 
migration and spreading. In fact, previous 
studies have reported deficiencies in actin 
organization in LS cells, namely decreased 
stress fiber staining, punctuate actin struc-
tures8 and abundant actin “comets.”9 

when seeded on fibronectin-coated sur-
faces.4 Consequently, the size distribution 
of LS patient fibroblasts was significantly 
skewed toward cells of smaller area as 
compared with fibroblasts from normal 
individuals.4 In addition, the LS cell pop-
ulation was enriched in irregularly shaped 
cells (Fig. 1A), likely representing early 
spreading intermediates.4

The developing embryo relies on perfect 
timing and synchronization of the above 
mentioned processes, e.g., during organo-
genesis. Therefore, we speculated that the 
LS cellular phenotypes would have impor-
tant developmental consequences. Indeed, 
eye abnormalities observed in LS patients 
have been suggested to be linked to migra-
tion defects of lens cells.7 Further, a zebraf-
ish model of LS confirmed the existence 
of defects in cell migration that affected 
melanocytes as well as neural crest cells 

Figure 1. Cellular phenotypes of Lowe syndrome patient cells. (A) Cell spreading abnormalities. 
Normal and LS cells were resuspended and seeded on fibronectin-coated surfaces. After 30 min, 
the cells were fixed with 4% formaldehyde, stained with rhodamine–phalloidin and imaged. 
Scale bar: 20 microns. (B) rac1 activation deficiencies. Lysates from Normal and LS patient (LS1 
and LS2) fibroblasts were incubated with GSt-PAK1 (CrIB) beads that bind (activated) rac1-GtP. 
Bound rac1-GtP was detected by western blotting using an anti-rac1 antibody. results were 
analyzed by band densitometry. GtPγS -loaded lysates contained equivalent amounts of rac1 in 
all samples. Levels of rac1-GtP (normalized relative to corresponding GtPγS -loaded rac1 signal) 
were calculated as a fraction of Normal cell values. (C) Primary cilia assembly defects. Dermal 
fibroblasts from a normal individual and a LS patient (LS1) were grown on coverslips and induced 
to form primary cilia by serum-starvation. Following fixation with 4% formaldehyde the cells were 
immunostained using an anti-acetylated tubulin specific antibody. Arrows point to primary cilia. 
Scale bar: 20 microns.
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may co-operate with each other to support 
specific processes. For example, the PC 
plays a role in establishing the direction of 
migration;30 therefore, it is expected that 
Ocrl1 deficiency may affect cell crawl-
ing via different mechanisms (membrane 
remodeling and functional PC signal-
ing). Perhaps, depending on the cell type 
or the presence of specific stimuli dur-
ing organogenesis, Ocrl1 deficiency may 
have differential impacts during embryo 
development.

How do these Findings Affect 
our Ideas About and Approaches 

Toward LS?

Though LS and other ciliopathies affect 
common organs and share various pheno-
types, they do differ in the specifics of the 
symptoms suffered by patients (e.g., cata-
racts vs. retinitis pigmentosa; renal tubu-
lopathy vs. renal cysts). These differences 
remain to be explained. Nevertheless, 
something we have already learnt from the 
ciliopathy field is that alterations in the 
functionality of a single organelle, path-
way or gene can lead to a plethora of differ-
ent symptoms.22,23 For example, mutations 
in the CEP290 gene can lead not only 
to Bardet-Biedl syndrome, but also to 
Meckel syndrome, nephronophthisis and 
Joubert syndrome. It should be noted that 
each of these pathologies has its own set of 
clinical manifestations. Similarly, relevant 
to this discussion is the OCRL1 gene itself, 
mutations in which causes both Lowe syn-
drome and Dent-2 disease.31 Among sev-
eral possible reasons for this phenotypic 
variability, mutation-specific effects on 
protein-protein interactions, presence of 
modifier loci, post-translational modifica-
tions and epigenetics are prime suspects.

We expect that these discoveries will 
set in motion synergistic interactions 
between investigators working on Lowe 
syndrome and ciliopathy-associated disor-
ders. Indeed, we hope that breakthroughs 
in terms of mechanistic details or novel 
therapeutic strategies, arising in the field 
of ciliopathies, could be immediately capi-
talized by LS researchers and vice versa.
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Importantly, our studies were followed 
by two other reports that confirmed the 
role of Ocrl1 in ciliary biogenesis.24,25

LS: Ciliopathy-Associated  
or Membrane-Remodeling  

Pathology? Connecting the Dots

As discussed above and elsewhere,3,24-26 LS 
displays similarities with ciliopathies. In 
fact, defects in cell migration and spread-
ing22,23 as well as RhoGTPase signaling 
abnormalities27 have also been observed in 
ciliopathies. However, is the PC assembly 
abnormality linked to membrane remod-
eling defects in LS?

Rho GTPase activation has been 
shown to mediate apical actin enrichment 
required for ciliogenesis,28,29 but it is also 
known that signaling events initiated at 
the PC lead to Rac1/RhoA activation.27 
Therefore, whether RhoGTPase signal-
ing defects are the cause or consequence of 
PC defects should be the subject of further 
investigation.

It should be also noted that while 
membrane remodeling is induced upon 
cell stimulation with growth factors, PC 
stabilization requires serum-“starvation” 
conditions.3,4 Therefore, Ocrl1 participa-
tion in one and the other function occur 
under very different conditions; suggest-
ing that these functions are independent 
of each other.

Our data also indicated a differential 
requirement of the molecular interac-
tions of Ocrl1 for sustaining membrane 
remodeling vs. PC assembly. Most notice-
ably, Ocrl1 binding to clathrin and AP-2 
was required for its ability to support cell 
migration/spreading but was dispensable 
for PC assembly.3,4 Another noteworthy 
observation was that Inpp5b, the auto-
somal paralog of Ocrl1, was unable to 
uphold any of the membrane remodeling 
processes, but showed partial competence 
in sustaining PC assembly.3,4

Therefore, we hypothesize that Ocrl1 
relies on different protein-protein inter-
actions to support different cellular 
functions (membrane remodeling/Rac1 
activation vs. vesicle trafficking to the 
PC). Nevertheless, we do not discard the 
idea that these different Ocrl1 functions 

had opposing effects on the abundance 
of comet tails, a reciprocal antagonism 
between the Rac/RhoA GTPases has been 
suggested.20 Further, the authors proposed 
that defective 5-phosphatase activity 
toward PtdIns(4,5)P

2
 in LS fibroblasts fol-

lowed by abnormal Rac/RhoA activation 
could be responsible for the inability of LS 
fibroblasts to migrate properly.20

Therefore, probing the mechanisms 
underlying decreased levels of GTP-bound 
Rac1 and the related cellular phenotypes 
in LS patients will be an interesting sub-
ject for future investigations.

Primary Cilia Assembly  
Abnormalities in LS Patient Cells

We recently discovered another novel cel-
lular phenotype associated with LS: defi-
ciencies in primary cilia (PC) assembly.3 
The PC is an axoneme-based sensing 
organelle which plays a key role during 
development.21 Importantly, deficiencies 
in PC assembly are the recognized cause of 
a broad, heterogeneous group of patholo-
gies collectively known as ciliopathies.22 
Interestingly, similar to LS, ciliopathy 
patients also display symptoms affecting 
the brain, eyes and kidneys.22,23

Specifically, we found that upon serum-
starvation, fewer LS patient fibroblasts 
were able to assemble PC as compared 
with controls. Moreover, the PC displayed 
by the LS cells were shorter and rudimen-
tary as compared with their normal coun-
terparts (Fig. 1C).3 Mechanistically, our 
studies indicated that Ocrl1 participates 
in vesicle trafficking to the PC and that 
its interaction with its endosomal bind-
ing partners Appl1 and IPIP27/Ses plays 
a crucial role in this novel Ocrl1 function.3

It should be highlighted that zebrafish 
ocrl1-morphants also showed gross cilia 
disorganization and shorter cilia in their 
pronephros as compared with their normal 
counterparts.3 Our zebrafish model also 
showed developmental defects reminiscent 
of those seen in ciliopathies, such as NCC 
patterning defects and facial dysmorphism.

Our findings indicate that LS shares 
characteristics with ciliopathies. In fact, 
this conclusion changes the status of the 
disease from being an isolated syndrome 
to a ciliopathy-associated pathology. 
Therefore, we anticipate that advances 
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