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Abstract

Mutations in the phosphoinositide -phosphatase OCRL1 cause Lowe Syndrome
and Dents2 disease, both involvingelective renal proximal tubulopathigpithelial

cells lining renal proximal tubules are highly polarised with distinct apical and
basolateral membranes separated by intercellular junctions. Using Madin Darby
canine kidneyMDCK) cellas a model of theenal tubular epithelium, we found a
pool of OCRL1 targed intercellular junctions and was required for the correct
organisation of apical and basolateral membranes. One of the first events when
cells were depleted of OCRL1 was a block in apical recycling. Apical cargo
accumulated in exaggerated Rabl1l positreeycling compartments with ectopic
accumulationof the OCRL1 substrate PI(4,2)Rmong the apical cargo were Gp135
and key regulators of apical membrane formationcludingCdc42 and the Par6
aPKC polarity complex. Rescue of recycling required {pleoSphatase domain of
OCRL1, suggesting doweygulation of 5phosphoinositides is necessary for cargo
exit from apical recycling endosomes. Eventudlig, Rabll positive vesicles
containing apical cargo were targeted to the plasma membrane tioma the
apical domain. However, instead of being targeted to the cell apex, the apical
vesicles were trafficketbwards the lateral membrane where lumens formed,
resembling the bile canaliculi in hafpcytes.This process was awrdinated with

cell division Llateral lumens formed close to the midbody formed during
cytokinesis.During cytokinesis Rabldormally regulates a trafficking pathway to
the midbody. Therefore, in cells lacking OCRL1 apical dse@gb up n Rabll
positive compartments may be aberrantly traffezk along this pathway when cells
divide. We also found that the orientation and subsequent resolution of mitoses
was altered in cells lacking OCRWiich may contribute to improper positioning of
the midbody and subsequent failure to polarise correcklysummary, these results
implicate OCRL1 in multiple steps of the process thabrdmnates apical recycling

and cell division in polarised cells.
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OCRL1 and human disease

Overview

Mutations in the OCRL1 gene are associated with Lowe Syndrome and a subset of
5SyiQa RA&SIASP [ 2-inked disdbrdeRr MBchng thel eyes,lthe NI NB
kidneys, and the central nervous system (Loi, 2006; Lowe et al., 1952). Lowe
Syndrome patients n@sent with cataracts at birth and frequently develop
additional ocular abnormalities such as glaucofftae central nervous system (CNS)
involvement is attributed by low muscle tone (hypotonia), cognitive delay and
behavioural problems. However the mostdhaspect of the disease is the renal
selectiveproximal tubulopathy, characterised bgw molecular weight proteinuria

and hypercalciuria. Der2 disease has similar renalefects but only mild

neurological and ocular symptonShrimptonet al, 2009 Utschet al,, 2008.

All Lowe Syndrome patients @iay loss of function mutations in the OCRL1 gene,
O2RAY3 F2NJ I LIK2aLK2AY2aAGARS LIK2AaLKI G a
mutations in the CLCN5 geneoding for a chlade transporter. However

F LILINRPEAYIF GSte wmpo: 2F | tngin GCRYGatdEnot ICEONS, Sy i

Qx

when it is known as Deri® disease Hoopeset al, 2003. The overlapping renal
adyLlizya 2F [26S {@YRNRBYS lafcRCLGNS yhay®ei RA a

involved in similar reabsorption pathways in the renal proximal tubule.

Phosphoinositides

OCRL1 is involved in the metabolism of phosphoinositittesse are minor but
essential components of all eukaryotic cell membranes. Phosphoinositides contain
two fatty acyl chains and a glycerol backbone esterified to a polar inositol head
group that extends into the cytoplasm. There are seven different contbms

which are formed by differential phosphorylation of the inositol ring at positions
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D3, D4 and D5 (Liu and Bankaitis, 2010). A single phosphorylation event at one of
these sites forms either @)P, P@)P, or RB)P, and multiple phosphorylations can
give rise to PI(3,43PPI(4,5)F, PI(3,5)R, or PI(3,4,5)F The different combinations

of phosphoinositides can be interconverted in a manner that is spatially and
temporally regulated by phosphoinositide kinases and phosphatases. In addition,
phospholpases hydrolyse some phosphoinositide species to produce a variety of

inositol phosphates.

Phosphoinositide metabolising enzymes are heterogeneously localised in the cell,
which in turn results in the accumulation of different species at distinct ordgesmel
(figure 1.1). PI(3)P is typically enriched on early endocytic membranes and the
multivesicular body (MVB) compartment (Gillooly et al., 2000). The Golgi apparatus
has a high P#-kinase activity (Wang et al., 2003) and therefd?§4)P is the
dominant species on membranes of the Golgi apparatdsy and Levine., 20D4
P1(4,5)R and PI(3,4,5)Pare particularly enriched at the plasma membrane (Czech
et al., 2000). Most of the plasma membrane PI(45)® generated by
phosphorylation of PI(4)P WP 5kinases which localise there (Mao and Yin, 2007).
P1(3,5)R concentrates on late compartments of the endocytic pathway, the MVB,
and the lysosome (Ikonomov et al., 2006). PI(5@¥sis present on endosomes and

iIs thought to localise to the nucleus (Clarket al., 2001). This pattern of
phosphoinositide distribution represents the most abundant species at each
organelle but small functionally relevant pools of other phosphoinositides are
present in membrane micrkdomains;for example, pools of PI(4)P exidt the
plasma membrane which is predominantly rich in Pl(4,%%lla et al., 2005; Roy
and Levine, 2004) and small pools of Pl(4,3f thought to be present on
intracellular membranes that predominantly contaiti(3)P or PI(4)PMatt et al.,
2002.
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Figure 1.1: Predominant localisation of the major phosphoinositides in the cell.
The main phosphoinositide species in the plasma membrane is PK4GoR)i
membranes are enriched in PI(4)P. Early endosomes mostly contain PI(3)P and late
compartments irthe endocytic pathway are enriched in PI(35)P

A number of human diseases have been linked to phosphoinositide metabolising
enzymes.emphasising the importance of this proces<@ll function Mutations in
myotubularin (MTM) Zphosphatases have been linked to myotubular myopathy
and CharcotMarie-Tooth disease Clague et al., 2005 In addition the 3
phosphatase PTENpHosphatase and tensin homologuéd a potent tumour
suppressomutated in many human cancerd\(i et al., 1999 Of the 10 members of

the 5phosphatase family, several have been linked to human disease. SHIP2 (SH2
containing inositol phoshatase 2) has been implicated in diabetes through its role

in regulating the cellular respwse to insulin Clement et al., 2001) and
synaptojaninl may play a role in the onset of Down Syndrome associated
lfT KSAYSND&a RA&ASFAS O60+x2NRYy20 Sl 5D HAr
phosphatase associated with Lowe Syndrome and D2ndssease.Pathological
mutations in the OCRL1 gene cause complete loss of the protein product either
because of gene deletion mutations or because mutations cause the protein to be
unstable and subsequently enzymatically degradeuderéfore a lack of enzyme

activity is thought to underlie the disease and not truncated protein induced
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dominant effects OCRLemoves thephosphate group at the ®position of both
P1(4,5)R and PI(3,4,5)(Lowe et al., 2005). Skin fibroblasts derived from Lowe
Syndrome patients haveeduced 5phosphatase activitySuchy et al., 1995) and
concurrentlyelevated levels of Pl(4,5Psuggesting that this may contribute to the

symptoms of the disease (Wenk et al., 2003; Zhang et al., 1998).

Phosphoinositide binding domains

One of themain functions of phosphoinositides is the recruitment and regulation of
effector proteins that contain phosphoinositide binding domains. Each species of
phosphoinositide recruits a specific complement of proteins appropriate for each
membrane compartmentBinding of proteins to phosphoinositides is often through
electrostatic interactions with the negative charges of the phosphate groups on the
inositol ring Lemmon, 2008)Some proteinsincluding the small GTPases interact
with phosphoinositides throughunstructured cytoplasmic regions rich in basic
residues(Heo et al., 2006), while other proteins contdirghly conserved modular
domains Lemmon, 2008) The best studied of these domains are the PH, PX,
ANTH/ENTH and FYVE families (Lemmon, 2003). Mog¢pl&tkstrin homology)
domains interact with multiple phosphoinositides, however a subset of PH domains
are specific for PI(3,4)PPI(4,5)RPor PI(3,4,5)FP(Lietzke et al., 2000). The majority

of PX (phox homology) domains, and all FYB-1, YGL023,Vps27, andEEA)
domains specifically recognise endosomal PI(3)P (Kutateladze, 2010), while the
ANTH (AP180 -Mrminal homology) and ENTH (Epsintekminal homology)
domains are specific for plasma membrane PI(4,%)®h et al., 2006). Proteins
containing phosphoinositide binding domains become associatiétul avparticular
membrane in part because of its phosphoinositide composition, however other
factors ceoperate with phosphoinositides to recruit peripheral prots to

membranes, particularly GTPase proteins, discussed next.
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Phosphoinositides and GTPases

Phosphoinositides do not function alone to specify membrane identity, members of
the Ras superfamily of small GTPases including the Rab and AffiljaBdion

factor) families act together with phosphoinositides to create distinct membrane
domains (MizuneYyamasaki et al., 2012). In a similar manner to phosphoinositides,
GTPases are heterogeneously localised in the cell and function to recruit a specific
repertoire of effectorproteins to the membraneHutagalung and Novick, 2011)
Another parallel between phosphoinositides and GTPase proteins involves their
dynamic regulation. GTPases can exist in either an active (GTP bound) or inactive
(GDP) state. Guaninaucleotide exchange factors (GEFs) convert the inactive GDP
bound protein to an active GTP bound form, whilst GTPase activating proteins
(GAPs) promote GTP hydrolysis to deactivate the protBexr(and Lambright,
2010) Effector proteins only interact wi the active form of the GTPase and
therefore effector proteins can be recruited to membranes temporally by switching
the GTPase to an active state. Membrane recruitment of OCRIhbgphatase is
thought to be mediated by interactions with Rab proteirtdyola et al., 2006),

discussed in more detail below (Cellular roles of OCRL1)

Thespatiotemporal regulation of phosphoinositides and the Rab GTPases is critical
for membrane trafficking and organelle maturation. The transportanigo through
successive membrane compartments either through vesicle fusion or membrane
maturation requires the membrane to change identity by modifying its
phosphoinositide and Rab GTPase composit#taone species of phosphoinositide

is replaced by artber during vesicle trafficking or membrane maturation, a
different set of peripheral proteins is recruited to the membraie. achieve such a
transition, some phosphoinositides and Rab GTPases have been shown to recruit
regulators that lead to production of the next phosphoinositide or activation of the
downstream Rab (Jean and Kiger, 2012). In addition Rab and phosphoinositide
activities can lead to the recruitment of enzymes that inactivate their own function,
which ensures aequential progression of membrane identity (Jean and Kiger,

2012). For example, during endosome maturation, Rab5 on early endosomes

22



recruits a Rab7 GHE®& contribute to Rab7 activation on late endosomes (Rink et al.,
2005). Similarly, phosphoinositide regulating enzymes can be recruited as
phosphoinositide effectors. For example, PI(3)P on early endosomes facilitates its
own downregulation by recruitinga set ofMTM proteins (myotubularins) with-3
phosphatase activityJean et al., 2012 he MTM proteins are recruited to PI(3)P

on membranes through FYVE domdidsan et al., 2012).

Some Rab GTPases and phosphoinositides have common effectors, stremgthe
membrane specificity further. Many of these effector proteins require both the Rab
and phosphoinositide for membrane recruitment (Jean and Kiger, 2012). These
effector proteins have only weak and transient interactions with phosphoinositides
but the presence of another binding partner, such as a Rab GTPase, increases the
binding strength of the effector protein to the membran@drlton et al., 2005)For
example, recruitment of EEA1 (early endosome antigen 1) to endosomes requires
both PI(3)P and Rab&imonsen et al., 1998)in this way, Rab GTPases and
phosphoinositides coperate to maintain distinct identities of organelles and
ensure the correctiming and location of a variety of events. Some examples of
proteins regulated by phosphoinositides, wsll astheir cellular function are given

next.

Cellular roles of phosphoinositides

The ability to rapidly turnovephosphoinositides makes them optimal mediators in
signalling pathways. At the plasma membrane, PI(4 &)BPI(3,4,5)Rare involved
in the intracellular transduction of extracellular signdl§pon stimulation of G
protein coupled receptorsphospholipase CPLC) hydrolyses PI(4,5)Rto second
messengers nositol(1,4,5)P3 (IP3and 1,2-Diacylglycerol (DAG) which activate
downstream signalling pathways that promote transcription factor activation
(Czech, 2000R1(3,4,5)Ris normally present at very low levels in cells at rest but
upon growth factor stimulation the levels of this pdmhoinositide rapidly rise

where it recruits effectors of numerous signalling pathways (Cantley, 2002).
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Phosphoinositides, particularly PI(4,5)hd PI(3,4,5)fare key regulators of the
organisation and dynamics of the actin cytoskeleton (Czech, 200D0gse
phosphoinositides act as platforms to recruit regulators of the actin cytoskeleton as
well as actin binding proteins to the membrane. Membrane associated actin
dynamics contribute to the force required for events such as shape change,
migration and edocytosis. One wayhwsphoinositides affect actin dynamics is
through regulating theactivities of Rho GTPases, which activate signalling cascades
involved in actin organisation. & example, GEFs of Racl (Sosl and Vav) are
activated by interactions withPI(3,4,5); through PH domains (Das et al., 2000).
P1(3,4,5; mediated Racl activation leads to theduction of actin filament
assembly near membranes containing this phosphoinositideaddition,most of

the Rho family members contain a cluster of piesiy charged residues which may
bind to acidic phospholipids, for example, Rhol and Cdc42 become associated with
the membrane in part through interactions of their polybasic sequence with
PI(4,5)R (Johnson et al., 201X oshida et al., 2009As well agegulating the Rho
family of GTPases, these phosphoinositides also regulate the actin nucleating
Arp2/3 complexln one mechanism, Pl(4,5)Bcts together with the GTPase Cdc42

to recruit NWASP to the plasma membrane, resulting in the activation of Arp2/
(Rohatgi et al., 2000). PI(4,5)Rrther contributes to actin filament assembly by
directly interacting with numerousctin binding proteins, as well asegatively
regulating proteins that inhibit actin filament assembly (Yin et al., 2003). As a
consequence of these activities, membranes rich in Pl(4&@Pusually associated
with actin filament assemblies and disrupting the levels of this phosphoidesiti

affects the organisation of these structurd®aucher et al., 2000

As well as cytoskeletal dynamics, phosphoinositides are involved in multiple stages
of membrane trafficking including cargo selection, vesicle budding, tethering and
fusion. At the plasma membrane, PI(4,3)Regulates both endocytosis and
exocytosis (Czech, 2000). Pl(4;5)Reracts with numerous components of the
clathrin mediated endocytic machinery such as the adaptor protex2 APaidarov

and Keen, 1999 and epsin {bh et al, 200J). SimilarlyPI(4)P recruits components

of the clathrin machinery to the Golgi apparatus. Without PI(4)P, the clathrin
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adaptor protein AP1 dissociates from the TGahd all APL dependent trafficking
events are inhibited (Wang et al., 2003). Phogpbeitides can facilitate vesicle
budding by recruitingeffector proteins with BAR domains (Bin, Amphiphysin; Rvs
homology) which dimerize and form a curved structure to drive membrane
deformation (van Weering et al.,, 2010). In addition, Pl(4,5)fediated actin
filament assembly (discussed above) contributes to the force required to induce
membrane curvature and scission of endocytic vesicles (Sun et al.,, 2007). In
addition, phosphoinositides can facilitate membrane trafficking specificity by
recruiting tehering proteins to particular membrane compartments. PI(3)P recruits
EEA1 which functions to dock incoming vesicles to the endosome and RI(4,5)P
interacts with several components of the exocyst complex to target vesicles to the

plasma membranéHe et al, 2007; Zhang et al., 2008).

OCRL1 domain organisation and binding partners

OCRL1 is a member of the type Il family of inositol polyphosphateoSphatases
which include synaptojanins 1 and 2, SHBAZ containing inositol-phoshatase)l

and 2, SKIPPSKeletal muscle and kidney enriched inositol polyphosphate
phosphatase)and INPP5BIr{ositol polyphosphaté-phosphatase BjAstle et al.,
2006) Members of this family share the centrapfosphatase domain, but differ in

additional doman structures.

The Nterminus of OCRLtontains a PHike domain (figure 1.2), which lacks
residues required for phosphoinositideaognition and therefore does not bind to
membranes (Mao et al.,, 2009). Adjacent to the PH domain isctmral 5
phosphatse domairfollowed by a short helix connecting toASPMSPB2-Hydin

(ASH) domainRonting,2006) and a Rho GAiRe domain Faucherre et al., 2003),
indicated in figure 1.2The ASH domain has an immunoglobiike fold similar to

VAP (vesiclassociatd membrane proteirassociated protein) and is frequently
associated with cilia and centrosomal proteins (Ponting et al., 2006). The RhoGAP

domain lacks the catalytic arginine residue and is enzymatically inactive but is able
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to interact with various smalbTPases, such as Cdc42, Racl and Arf family members

Arfl and Arf6 (LichteKonecki et al., 2006). The Rho @#&E domain and ASH

domain is required for OCRL1 to associate with several members of the Rab GTPase
family. OCRL1 has a broad specificity of Rading partners includingd®1, Rab5,
Rab6,Rab8 Rabl4 (Hyvola et al.,, 2006s well as Rab3, Rabl3, Rab22, Rab35
(Fukuda et al., 2008) and Rab31 (Rodrig@ebin et al., 2010).nteractions of

OCRL1 with Rab5, Rab6 and Rab35 have been confirmed liorfiah@nd ce

localisation studies (Dambournet et al., 2011; Hyvola et al., 2006) and OCRL1 has
recently been crystallised in complex wiRab8a(Hou et al., 2011). Interactions

GAUK wl oy NBIljdzANSE GKS 02 YLX Gaix&omthed5 R2 Y A
phosphatase domain (Hou et al., 2011). This binding mode is unusual, whereas
20KSNJ {y26y wlko STTFSOG hdlidal soustyfdR eleim&nSA NI wl
h/ wlm AYyGSNI OGa o isheéts of thed ASH doin&iNaB dzll &s theé K S |
2 y Shelix (Hou éal., 2011).

As well as interacting with Rab GTPases, the ASH dom&@ERL1 is also required

for interactions with the endocytic proteins APPL1 (adaptor protein,
phosphotyrosine interaction, PH domain and leucine zipper containing 1) and
IPIP27A/B (iositol polyphosphate phosphatase interacting protein of 27 kDa A/B),
also known a$es1/2, forsesquipedaliafErdmann et al., 200 oakeset al, 2011,
Swan et al, 2010). These proteins interact with OCRL1 through Ennk&if, a
short amino acid sequence withinhahelix containing phenylalanine and histidine
residues essential for binding to OCRNbgkeset al, 2011; Swan et al, 2010). The
ASHRhoGARike domain of OCRL1 has been crystallised in complex with the F&H
peptide of IPIP27A/Sesl (Pirruccello et al., 2011). The binding site for IPIP27A/Ses1
is distinct from the binding site for Rab proteins, with F&H proteins interacting with
the RhoGAHke domain and not the ASH domain of OCRL1. However, the
requirement ofthe ASH domain for binding of OCRL1 to F&H proteins might be due
to the ASH domain stabilising the Rho@&E domain fold iHagemann et al., 2012).
Interestingly the F&H binding surface in OCRL1 is evolutionary conserved in

organisms that do not have honogues of IPIP/Ses proteins or APPL1 (Pirruccello
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et al.,, 2011), indicating the presence of additional proteins containing the F&H

motif.

As well as the modular domains, OCRL1 also contains several short motifs-that co
ordinate interactions with additional binding partners. On either side of the central
5-phosphatase domain are several clathrin box motifs: LIDLE and LIDIA which
interact with clathrin heavychain. In the linker between the®PH domainand 5
phosphatase domairs a short motif (FEDNEF) that binds to the adaptor protein AP

2. These interactions have been shown to facilitate the formation of clathrin cages
in vitro (Choudhury et g312005).

FElDNF

 PH| Sphosphatase | AsH [ | GAP ]
|

|
LIDIA LIDLE

Figure 1.2: Schematic diagram showing domain structure of OCRLlhe C
terminus of the protein are a catalytically inactive Rho &kédomain and an ASH
domain which facilitates Rab GTPase binding. At theridinus is a PHike domain

and in the centre is the catalytic-phosphatase domain. OCRL1 contains several
short motifs: LIDLE and LIDIA interact with clathrin heavy chain and FEDNF binds to
adaptor protein 2 (AR).

OCRL1 and INPP5B are the only members of the typpHbgphatas family that

contain the ASH domain and RhoGA® domain at the @erminus. INPP5B has no
clathrin or AP2 binding sites (Jefferson and Majerus, 1995) but shares all other
binding partners of OCRL1, suggesting the possibility that OCRL1 and INPP5B have
partially overlapping functions. Lowe Syndrome cannot be reproducedGRL-
knockout mice, probablydue to compensation by INPP5Bagne et al.,, 1998
Evidence for INPP5B compensating for loss of OCRL1 in mice comes from the
observation that loss ofINPBB and OCRLI1singularly produces only minor

phenotypesbut loss of both INPP5B and OCRL1 together is |éd#éane et al.,
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1998). Splice site variation between species may explain the lack of compensation
in humans Bothwell et al., 201D However, the pantial for INPP5B to

compensate for OCRL1 is a possible explanation for the tissue specificity of Lowe
Syndrome. Variations in the level of expression of INPP5B in the relevant tissues

may affect the severity of the OCRL1 loss of function phenotype.

OCRL exists as two splice isoforms (a and b) that differ by the presence or absence
of eight amino acids (EDSFLEKE) downstream of the kl&hEn box motif
(Nussbaum, 1999)The longest isoform (Isoform a) is only expressed in the brain,
whilst both isoforms are present in all other tissues, with thlgorter isoform
usually the most abundant (Johnson et al., 2008jernative splicing of OCRL1
Y2RATASA A G Qalathkinf QCRNI ig0forin 2 Yindg dathRaavy chain

with higher affinity than isoform b (Choudhury et al., 2009).

Cellular roles of OCRL1

Membrane localisation of OCRL1 is thought to be primarily mediated by
interactions with Rab proteingyith Rabl andRab6 recruiting OCRL1 to the Golgi
apparatus, Rabb recruiting OCRL1 to endocytic membrahas(a et al., 2006) and
Rab8 recruiting OCRLL1 to other trafficking intermediates (Coon et al., 2012). Point
mutations of OCRL1 that render the protein defectineRiab binding fail to target
intracellular membranes (Hyvola et al., 2006). Furthermore, binding tocGR&mases
has been reported tstimulate the 5phosphatase activity of OCRIHyyola et al,
2006, suggesting that OCRL1 is recruited to membrane comgsutsnby Rab
GTPases at least in part to regulate the levels of Pl(# HiRvever, OCRL1 also
localises to clathrin coated trafficking intermediatby directly interacting with
components of the clathrin machineChoudhuryet al., 2005; Ungewickell et al,
2004) and has been found to translocate to plasma membrane ruffles after growth
factor stimulation in a Rat dependent manner (Faucherre et al, 2003; Hyvola et al,
2006). OCRL1 has also been found to localise to theldigidtions of epithelial cells

(Grieve et al., 2011). However, the protein interactions that mediate junctional
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recruitment of OCRL1 and its cellular function there are not currently known. These
findings are explained in more detail in the second sectbrthis introduction:

Epithelial cell polarity.

Thesubcellulardocalisations of OCRL1 and its confirmed binding partners indicate a
role in regulating membrane trafficking. Furthermore, the interaction of OCRL1 with
numerous Rab proteins suggests thatCRL1 may regulate multiple trafficking
pathways. Numerous studies have defined roles for OCRL1 in the endocytic
pathway. Firstly, OCRL1 has been implicated to regulate traffic from endosomes to
the Golgi apparatus (Choudhury et al., 2005; Cui et al., 20h@ewickell et al.,
2004 van Rahderet al., 2012. For example,\eerexpression or depletion of OCRL1

in HelLa cells results in the redistribution the catiodependent mannose -6
phosphate receptor (EMPR) to enlarged endosomes that are defective in
trafficking to the TGNQhoudhuryet al., 2003. In agreement with OCRL1 binding to
Rab5 and components of the clathrin machine@CRL1 also associatesth
endocytic clathrin coated pits and to peripheral early endosomes (Erdmann et al.,
2007). At early endosomes, OCRL1 interacts with the Rab5 effector APPL1, and
IPIP27A/B through an F&H motif that binds thée@ninal ASFRhoGAP domain of
OCRL1Noakeset al, 2011; Swan et al, 201Gs explained in the previous section.
These interactions are mutually exclusive; APPL1 and IPIP27A/B compete for
binding to OCRLL1 as vesicles progress along the endocytic patNewaketet al,

2011; Swan et al.,, 2010). Asarly endosomes acquire PI(3)P and mature, the
OCRLAAPPL1 interaction is replaced by the OCRIR interaction (Swan et al.,
2010), suggesting a regulatory mechanism whereby membrane maturation is

coupled to the modification of OCRL1 binding partners.

Given the localisation pattern and pathways regulated by binding partners of
OCRL1, there may be additional roles for OCRL1 in the endocytic pathway. For
example, as well as the TGN and early endosomes, the IPIPs also localise to Rabl1l
positive recycling mdosomes andparticipate in trafficking of the transferrin
receptor from these compartments to the cell surfa@¢éoakes et al., 2011IAPPL1

has beenimplicated in signalling and sorting of cell surface receptors such as the
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nerve growth factor receptor KA and its binding partner GPIGAIRinteracting
protein, C terminu} (Lin et al., 2006). OCRL1 may regulate this protein complex
since pull downs of OCRL1 from rat brain extracts con@RC and APPL1
(Erdmann et al., 2007). In addition, GIPC has been found to be a binding partner of
megalin (Lou et al., 2002), a protein less abundant on the cell surface in Lowe
Syndrome (Norden et al., 2000). Megakna multiligand receptor that medies
reabsorption of low molecular weight (LMW) proteins from the ultrafiltrate. The
accumulation of LMW proteins in the ultrafiltrate of Lowe Syndrome patients is
consistent with a recycling defect of mega(fDhristensen et al., 2002). In addition,
many d the Rab binding partners of OCRL1 are involved in recycling pathways,
including Rab8 and Rab35 (Hutagalung and Novick, 2011), further suggesting a

possible role for OCRL1 in regulating recycling routes to the plasma membrane.

A recent study directlymplicates OCRLL1 in plasma membrane recycling pathways.
In cells derived fronbowe Syndrome patients and OCRL1 depleted renal cell lines,
trafficking of negalin and the transferrin receptor to the cell surface was reduced
(Vicinanza et al., 2011). In additi to reduced plasma membrane recyclinbis
study also demonstrated a requirement for OCRL1 in trafficking of epidermal
growth factor receptor (EGFR) to late endosomes and confirmed the previous
finding that OCRL1 regulates recycling eMER to the Ggi apparatus \icinanza

et al.,, 2011). Without OCRL1, these receptors accumulated in large early
endosomes, suggesting OCRL1 regulates cargo exit from these compartiients.
block in recycling appeared to be caused by elevated levels of PY4B)P
endomes which in turn increased the levels of filamentous actin associated with

endosomal membranes, as shown in figure 1.3.
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Figure 1.3: Loss of OCRL1 alters trafficking from early endosomrAesOCRL1
removes PI(4,5Pon endocytosed vesicles and early endosomes. Removal of
P1(4,5)R facilitates a phosphoinositide switch towards PI(3)P which is required for
early endosome organelle identity. B: Without OCRL1, PI@&)Bls remain high

on these compartments. PIl(4,5)Pactivates NWASP dependent -&ctin
polymerisation which compromises cargo exit and trafficking to the plasma
membrane, late endosomes/muitiesicular body (MVB) and lysosome is impaired.
Adapted fromVicinanza et al., 2011.

However, asubsequent studyound trafficking of the transferrin receptor and EGFR
was normal in Lowe Syndrome fibroblasts, but defects were observed in the
intracellular sorting of MPRs (van Rahden et al., 201&erestingly, OCRL1
depletion resulted in reduced levels of activad® and increased levels of active
RhoA, affecting the activities of downstream actin regulateuipstratescofilin and

PAK3 (van Rahden et al., 2012), suggesting OCRL1 might similarly regulate
trafficking of MPRs through ndoilatingcellular acth dynamics

A specific trafficking pathway regulated by OCRL1 has been described involving cilia
assembly. Primary cilia are cell surface projections that séhseextracellular
environment and are involved in multiple signal transduction pathw&me{z and
Anderson, 2010) The primary cilium is composed of a basal body differentiated

from the centrosome and a ciliary axoneme consisting of 9 microtubule doublets
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(Sorokin, 1962 OCRL1 has been found to localise to the basal body by numerous
studies Coon et al.2012;Luo et al., 2012Rbaibi et al., 200)2However, dferent
effects have been reported on cilia length in the absence of OGRihlLno clear
consensus as to whether they are shorter than norn@dn et al., 2013;uo et al.,
2012 or elongated Rbabi et al., 2012 OCRL1 appears to effedtia length by
regulating a trafficking pathway involving Rab8 that carries ciliary proteins from the
TGN to theprimary cilium. In addition, OCRL1 regulates trafficking to the primary
cilium from recycling endasnes through interactions with the IPIPs (Coon et al.,
2012). Interestingly, INPP5E a member of the phosphatase family and is
mutated in Joubert Syndrome and MORM Syndrome, characterisedrigtuse

and function defects of cilisB{elas et al., 200Qacoby et al., 2009INPP5Ehares
substrates with OCRLdpwn regulating the levelsf P1(4,5)R and PI1(3,4,5)PThe
prevalence of humadisease with mutations in INPPBIghlights the importance of
phosphoinositide metabolism in éhfunction of cilia.Although not a ciliopathy,
Lowe Syndrome affects the same organs as ciliopayimgromes Adams et al.,
2008) suggesting disruptedil@ary trafficking may play a role in aspects of Lowe

Syndrome pathogenesis.

The substrates of OCRafe key regulators of the actin cytoskeleton, linking OCRL1
to the regulation of cytoskeletal dynamics. In addition to regulating endosomal
actin (figure 1.3), cells from Lowe Syndrome patients have fewer stress fibres and
increased punctate actin staininthat colocalises with actin binding proteins
regulated by PI(4,5)RSuchy and Nussbaum, 200nalysis of these cells also
indicated that OCRL1 is involved in cell migration, although it is not clear whether
this is a consequence of altered actin dynesnor membrane trafficking (Coon et

al., 2009; Suchy and Nussbaum, 2002). Recently aberrant actin phenotypes have
been observed in cells undergoing cytokinesis in the absence of OCRL1. When Hela
cells divide OCRL1 localises to the abscission site foroh@thg the late stages of
cytokinesis (Dambournet et al., 2011). Recruitment of OCRL1 to the abscission site
is dependent on interactions with Rab35 (Dambournet et al., 2011). At the
abscission site, OCRL1 hydrolyses PI(#4,®)Rich is thought to contribie to the

removal of Factin required to complete cytokinesis (Dambournet et al., 2011). Cells
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from Lowe Syndrome patients frequently fail to complete cytokinesis due to the
ectopic accumulations of~actin at abscission sitedDambournet et al., 20101 In
addition, depletion of an OCRL1 homologueDnosophilaresults in a high rate of
cytokinesis failure. In these cells, loss of dOCRL1 disrupts furrowing of the
contractile ring Ben EI Kadhi et al., 2011Wwhich occurs at an earlier stage of
cytokinesis than abscission. The furrowing defect seen in the absence of OCRLL1 is
thought to be caused by misrgeting of contractile ring components to
intracellular membranes with aberrant accumulationsRit4,5)R and Factin (Ben

El Kadhi et al., 2011). By regulating the levels of PIAMGJARL1 may be involved in

numerous cellular events that require dynamic actin pools.

These studies demonstrate that OCRL1 regulates similar pathways in multiple
cellular proesses. Although loss of OCRL1 affects a wide range of cellular events
such as membrane trafficking, cytokinesis and cilia assembly, common mechanisms
of disruption exist. OCRL1 is recruited to various different sites in the cell by
interacting with organéé specific Rab GTPases and their effector proteins. At these
locations, OCRL1 functions to couple dephosphorylation of Pl BjEh
membrane identity or cytoskeletal dynamics. One function of OCRL1 may be to
remove PI(4,5)Pon intracellularmembranes,allowing the plasma membrane to
maintain the identity of being PI(4,5Rch and therefore allowing intracellular
membranes to acquire alternative phosphoinositides. Disrupting this basic function
of OCRL1 can explain many of the trafficking defects dk asethe cytokinesis
defects seen inDrosophila For example, the contractile ring formed during
cytokinesis becomes enriched in PI(45)®hich aids recruitment of furrowing
proteins to the site. Such a local enrichment of Pl(4,5Quires proteins sth as
OCRL1 to remove PI(4,5)Blsewhere. Disrupting this balance by depletion of
dOCRL1 resulted in accumulations of PI(4,6jPendosomes and the recruitment

of the cytokinetic machinery away from the furrow site (Ben El Kadhi et al., 2011).
Similar functions of OCRL1 may be required to facilitate the directionality of
membrane trafficking. Disrupted phosphoinositide switches may explain the many
trafficking problems reported in the absence of OCRLL1. In addition, the removal of

P1(4,5)R by OCRL1 funains to downregulate Factin such as post endocytosis or
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during abscission. The spatial and temporal dewgulation of PI(4,5by OCRL1
allows for the progression of these cellular events and loss of OCRL1 tends to result

in a blockage at a particulatage in one of these processes.
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Epithelial cell polarity

Overview

Through the common mechanism of PI(45)Rydrolysis, OCRL1 has been
implicated to regulate numerous cellular processes, however it is not currently
known which of these contribute to the pathology of Lowe Syndrome. Most of the
cell types affected by Lowe Syndrome are highly polarised, neurotie inentral
nervous system, lens epithelial cells in the eye and renal proximal tubule epithelial
cells in the kidneyEpithelialcell polarity is essential for the morphological and
functional asymmetries that underlie these tissud®larised cells maiain an
asymmetric distribution of proteins and lipids within the plasma membrane, as well
as distinct spatial organisations of the cytoskeleton and organelles (Rodriguez

Boulan et al., 1989).

Therenal failure inLowe Syndrome and Dents diseasa often be fatal (Loi et al.,
2006) The eithelial cells of the kidney form tubules where single monolayers of
tightly packed cells are arranged around a central lumen (Hogan et al., 2002). The
cells within the proximal tubule develop a distinct apical surftitat faces the
lumen and a basal domain that contacts the underlying extracellular matrix. The
apical and basolateral domains are morphologically and compositionally different.
The apical domain is covered in microvilli and contains proteins involved in
absorption and secretion, the basal domain is specialised to form interactions with
0KS dzyRSNI&@Ay3a (GAadadzsS ohQ. NASy SiG If oz
is the lateral membrane which is similar to the basal domain but contains junctions

involved in ceHcell adhesions and the maintenance of cell polarity.
Failure of epithelial cells to polarise appropriately leads to a variety of diseases
including polycystic kidney disease, cystic fibrosis and some metastatic cancers

(McConkey et al., 2009; Wilson, 1997). Polarisation has a large functional
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importance in he renal proximal tubule. The loss of proteins and metabolites in the
urine of Lowe Syndrome and De#fts disease patients indicate abnormal
reabsorption in the kidney, suggesting a possible role for disordered polarisation in
the pathology of the diseasén addition, many of the cellular processes implicated

to involve OCRL1 in the previous section have specific functions in polarised cells.
For example, membrane trafficking and cytoskeletal dynamics are critical for the
establishment and maintenance of Itgolarity, suggesting polarisation may be

disrupted in Lowe Syndrome.

Intercellular junctions

As mentioned previously, OCRL1 has been found to localise to the intercellular
junctions of several epithelial cell lines (Grieve et al., 2011). Durinipedipl
development, adjacent cells form intercellular junctions to facilitate the structural
integrity of the tissue and to enable apidadsolateral polarity. In addition,
intercellular junctions act as dynamic signalling complexes regulating the express

of genes involved in proliferation, differentiation and apoptosis (Jamora et al.,

2002; Matter and Balda, 2003).

Strong cell adhesion is mediated lagherensjunctions characterised by the
cadherin family of transmembrane proteins (Hartsock et al., 2008). The adhesive
strength of adherens junctions is provided by calcium dependent homotypical
interactions between the extracellular domains et&dherin proteirs (Hartsock et

al., 2008). In addition, the cytoplasmic domain efdelherin forms complexes with
catenins that link the adherens junction to the actin cytoskeleton (Yonemura,
2011). The lateral domains of epithelial cells are also linked by desmosomes and
gap junctions. Gap junctions form channels to connect the cytoplasm of adjacent
cells, allowing molecules and ions to be exchanged between neighbours (Kumar et
al., 1985). In contrast, tight junctiomseate a diffusion barrier for the movement of
molecuks between cells. Tight junctions are composed of multiple integral

membrane proteins linked to a cytoplasmic network of adaptor proteins that link
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the junction to the actin cytoskeleton (Green et al., 2010). As well as maintaining a
paracellular barriertight junctions alsoprevent diffusion of proteins and lipids
between membrane domains (Dragsten et al., 198Mhis junction is formed at the
boundary between the apical and basolateral surface domains, preventing mixing

of apical and basolateral membragemponents.

Intercellular junction formation occurs in a strictly sequential manner (Knust and
Bossinger, 2002). Initially primordial junction is formed that contains components

of both adherens junctions and tight junctions. As the epithelium matuttes cells
change morphology, gain height and resolve separate adherens junctions and tight
junctions (Matter and Balda, 2003). In mature polarised epithelial cells, the tight
junction forms a ring beneath the apical domain and the adherens junction is
usually found on the basolateral side of the tight junction. Maturation of junctions
is mediated by reorganisation of the actin cytoskeleton and vesicular delivery of

junctional components to the plasma membrane (Green et al., 2010).

Once junctions have mated, the junctions remain highly dynamic and are
continuously remodelledhrough vesicular trafficking (Green et al., 2010). The
dynamic nature of junctions is essential for their role in signalling and is also
required during morphological changes suahcll division or cell extrusion. The
dynamic nature of tight junctions was visualised by Shen and colleagues bpgmag
GFPtagged tight junction proteins in live cellSHen et al., 2008 The movement of
the GFP signal was monitored by using fluoreseamcovery after photobleaching
(FRAP) as well as photoactivatable GFP proBéen et al., 2008). This study
revealed that the junctional proteins ZD (Zonula occluden$), occludin and
claudinl each have different stabilities at the tight junction,ettmajority of
claudinl was stably localised to the tight junction, occludin was motile within the
region of the junction while ZQ continuously moved between plasma membrane
and intracellular poolgShen et al., 2008). Therefore multiple mechanisms must

exist for regulating the dynamics of junctional components.
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OCRL1 localises to the tight junctiooismultiple polarised epithelial cell lines in
culture (Grieve et al., 2011). Immunoprecipitations of OCRL1 suggest that it exists in
the same complex as fjgtional components Z& | ycRenih early in junction
formation (Grieve et al., 2011). Depletion of OCRL1 in these cells inhibited
maturation, the cells were flatter than normal and failed to reach a columnar
shape. Depletion of OCRL1 in more physichty relevant alimensional cultures
prevented proper lumen formation (Grieve et al., 2011), further suggesting OCRL1
is necessary for epithelial morphology. Other studies of OCRLL1 in epithelial cells
have not found the protein at junctions (Cui et alQ1®; Dressman et al., 2000),
however OCRLL1 is thought to target junctions temporally during early development
as junctional OCRL1 was not detected in fully mature cells (Grieve et al., 2011). At
junctions OCRL1 might regulate actin organisation. Alteraigtivthrough its
recognised role in regulating endocytic recycling, OCRL1 might be involved in

pathways that turnover junctional proteins.

Polarised membrane trafficking

The dynamic nature of intercellular junctions is supported in part by vesicular
trafficking. In addition, the apical and basolateral domains of epithelial cells are
continuously remodelled via multiple trafficking pathways. Newly synthesised
proteinscan e directly delivered to the plasma membrane from the TGN as they
are produced in the biosynthetic pathway (RodrigiBzulan et al., 2005). However,
the route to the cell surface from the TGN is not always direotme newly
synthesised apical proteins tfaf through recycling endosomes positive for Rab8a
and Rablla GTPases before being delivered to the plasma membyagee( al.,
2004; CrammBehrens et al., 20Q08After surface delivery, pteins at the plasma
membrane can be internalised for entry alomgultiple trafficking pathways.
Internalised cargo first enters domain specific early endosonagscal early
endosomes and basolateral early endosomé&som early endosomes, some
proteins are trafficked tdhe lysosome or TGN, while other proteinsdergorapid

recycling to plasma membrane. Many proteins are delivered to ¢bexmon
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recycling endosomea Rab8 and Rabl0 positive compartment localised to the
perinuclear region where apical and basolateral cargoes are sorted for delivery to
their respective dorain (Wang et al., 2000). In addition, proteins destined for the
apical domain may be further routed through the Rablla positive apical recycling
endosome before delivery to the cell surface(ng et al., 2000 although whether

the apical recycling endose and common recycling endosome are separate
entities or subdomains of the same structure is controversial (Leung et al., 2000;
Thompson et al., 2007 There is somevidence to suggest a subset of apical
proteins may be delivered first to the basolateidmain before routing to the
apical surface (Hua et al., 2006). This transcytosis route is particularly used by
epithelial cells of the liver, intestine and the retinal pigment epithelium (Bonilha et
al, 1997; Matter et al., 1990, Maurice et al., 1994)e multiple pathways involved

in polarised membrane trafficking are summarised in figure 1.4. These pathways
help to maintain the different compositions of apical and basolateral domains and
also have functional roles such as receptor mediated uptake tfemts from the
extracellular environment and the regulation of signalling receptors at the plasma

membrane.
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Basolateral

Figure 1.4:Membrane trafficking pathways in polarised epithelial cellProteins

and lipids internalised either from the basolateral (blue) or apical (red) surface (1A
and 1B), are delivered to basolateral early endosomes (BEEs) and apical early
endosomes (AEES). At EE, cargo can recycle to the plasma membrane (2A and 2B),
or be directed in the degradation pathway to the mutgsicular body, MVB (3A

and 3B). Alternatively, basolateral and apical proteins are sorted into a recycling
route and meet in the common recycling endosome, CRE (4A and 4B). At the CRE,
cargo is sorted déctly to the apical membrane (5) or indirectly via the ARE (6 and
7). Cargo can also be sorted to the basolateral membrane from the CRE {Bé.
biosynthetic pathway, plasma membrane targeting aaccur directly from the

Golgi (9A and B) or indiectly via recycling endosomes (10 and)1TJ: tight
junctions, AJ: adherens junctions. Adapted from Apodaca et al., 2012
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Praeins destined for the junction, apical or basal membrane must be trafficked in
different carriers selectively to these sites. Sortimglriven by multiple mechanisms

at the TGNand recycling endosomes. For example, some proteins contain short
sequence mtfs that interact with adaptor proteins that are involved in specific
trafficking pathways to ensure a particular sorting route (Pandey, 2010). In addition,
lipid rafts are thought to play a role in the sorting of apical cargo. Some apical
proteins may hge an affinity for cholesterol and sphingolipids which make up lipid
rafts. The association of apical proteins with lipid rafts could mediate clustering and
incorporation into apical carriers (Cao et al., 2012). During sorting echlapnd
basolateral prteins, the membrane of the sorting organelle is organised into
tubules or buds that assist in the formation of carriers. Membrane curvature is
supported byBAR domain containing proteins (Habermann, 2004). In addition,
membrane bending can be facilitated Ibhe insertion of protein regions into the

lipid bilayer (McMahon and Gallop, 2005). The membrane associated actin network
also contributes to membrane deformation and scissitanzetti et al., 2007

along with motor proteins such as the dynanfémily (Ferguson et al., 20}2

Most of the events at sorting organelles are regulated by Rab GTPases and
phosphoinositides. For example, the Rab11 GTPase reEi@tsfamily interacting
protein 5) and its binding partner SNX18 (sorting nexin 18) to apieayaling
endosomes (Willenborg et al., 2011). SNX18 Is a BAR domain containing protein and
FIP5 is required for scission, both proteins interact with PI(4,%Rch acts
together with Rab11 to recruit them to the membrane (Willenborg et al., 2011). As
carier formation progresses from cargo selection to tubule formation, budding and
scission, the proteins recruited to thmembrane change to allow one stage to be
completed and the next to be initiated. The sequential stages of endocytosis have
been studiedusing fluorescencéased reatime imaging in yeast (Kaksonen et al.,
2005). Clathrin and coat proteins arrive at the site of endocytosis within the first
10seconds which is followed by a burst of actin polymerisation and recruitment of
proteins able to ind curved membranes (Kaksonen et al., 2005). Once a bud is
formed of appropriate size (approximately 30 seconds), thactih is downr

regulated and the vesicle is released (Kaksonen et al., 2005). Similar results were
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found for clathrin mediated endocytasin mammalian cells (Taylor et al., 2011). In

this study the Sphosphatases synaptojanini m YR h/ w[ M 6 SNB
transiently to budding and post scission vesicles, indicating d®guolation of
phosphoinositides during late stage endocytosis (Tagtoal., 2011). Removal of
P1(4,5)Rfrom late stage endocytic buds might facilitate actin depolymerisation and
separation of the bud from the membrane of origin. Although these studies were
carried out in yeast and fibroblasts, similar molecular dynamics are likely to occur

for cargo exit sorting organelles in polarised epithelial cells.

Fully formed cargo carrying vesicles are trafficked to the plasma membrane along
the actin and microtubule cytoskeleton by motor proteins that are recruited to
carriers by Rab proteins and phosphoinmigs. Different motor proteins drive
membrane traffic to theapical or basolateral domain. The actin binding motor
protein myosin5b is recruited to apical recycling endosomes by Rabll and Rab8
and isessential for exit of apical cargo from the recyclimgl@somes to the plasma
membrane (Lapierre et al., 200Rpland et al., 20)1Mutations of myosifbb can
cause microvillus inclusion disease, characterized by the accumulation of large
intracellular vacuoles enriched in microvilli (Muller et al., 2008).sifilar
phenotype is observed in Rab8 knockout mice (Sato et al., 2007). Trafficking of
vesicles across the cytosol also depends on microtubule driven transport by the
kinesin family of motor proteins, for examplée kinesin KIFC3 delivers the apical
protein annexinl3b to the apical domainNoda et al., 2001)while basolateral
targeting of cargo carrying vesicles is driven by different members of the family

(Lafont et al., 1994).

Further membrane specificity of cargo delivery is achieved by tetheniotepips

once the vesicle is in the vicinity of the target membrane. Tethering proteins ensure
vesicles fuse with appropriate membrane domains. The exocyst is a complex of
eight proteins some of which are localised tettarget plasma membrane while
others are localised to the transport vesicl®ztan et al., 2007; Yeaman et al.,
2001). Asembly of the complex when the vesicle meets the plasma membrane

drives vesicle fusiorfTerBush et al., 1996). Loss of exocyst function blocks the
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recycling of internalisg# cargos and results in their accumulation in recycling
endosomes (Prigent et al., 2003). The exocyst complex localises to secretory
vesicles by interacting with Rab GTPases (Zhang et al., 2001) and targets them to
plasma membranes rich in PI(4,5)#hichis recognised by exocyst subunits EXO70
and Sec3 (He et al., 2007, Zhang et al., 20880ther type of tethering complex
involves annexins which are present on apical transport vesicles and the target
apical membrane. Annexins have the capacity to aggeedgn a PI(4,5)Pand
calcium dependent manner, which might facilitate fusion of apical vesicles in the
vicinity of the PI(4,5)Prich apical membraneQGerke et al., 2005 In addition,
polarised cells have different distributions e8NARES on the apieand basolateral

membrane that complement different8NARES on apical and basolateral vesicles.

The actin and microtubule cytoskeleton in polarised cells

Membrane polarity is highly influenced by the orientation and organisation of
cytoskeletal actirand microtubule filaments. pical and basolateral cargo carrying
vesicles are trafficked to the plasma membrane by motor proteins that utilise the
polarity of the cytoskeleton for directional information, thereforpolarised
trafficking is dependent on th polarised organisation of actin and microtubule
arrays Molecular motor proteins were discussed in the previous section (Polarised
membrane trafficking). Briefly, yosins are motor proteins that interact with actin
filaments whilst microtubule motors enmpass the kinesin and dynein families. In
addition to regulating polarised membrane trafficking, ttyoskeleton also has a
structural role within the cell and is required to maintain the tall cuboidal shape of

polarised epithelial cells.

Fully polaried epithelial cells have a dense network of actin filaments throughout
the cell cortex. In the lateral domain, short actin filaments are part of the spectrin
network that maintains the columnar shape of epithelial cells (Kizhatil and Bennett,
2004). In theapicd domain, actin filaments are specially arranged to form microvilli

that increase membrane surface area for absorption of nutrients from the
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extracellular fluid. The actin filament organisation in microvilli may also help retain
apical cargo in the mcal membrane (Revenu et al., 2012). Epithelial cells also
develop a circumferential actin belt associated with tight junctions and adherens
junctions which is essentidbr junction stability (Cavey and Lecuit, 2009). Actin
reorganisation plays an impamt role in initiating celtell contacts and in the
expansion required for the cuboidal morphologyctin polymerisation produces
membrane protrusions to generate new sites ofcd&tlherin based contacts
(Bershadsky, 2004). Following these initial contaetsto-myosin tension near
contacting membranes generates a pulling force to facilitate the lateral expansion
(Yamada and Nelson, 200Actin dynamics are regulated by Rac, Rho and Cdc42
GTPases (Ridley, 2006) as well as phosphoinositides (Yin et a)., 2003

The microtubule cytoskeleton in gpolarised cells typically displays a centrosomal
arrangement of dynamic microtubules with the plus ends directed towards the cell
periphery Musch 2004). In polarised cells the arrangement of the microtubules is
dependent on the specific cell type. Epithelial cell lines derived from the kidney
maintain a population of stable microtubules organised vertically along the polarity
axis with the minus end facing apically and the plus end basolateralhddition to
more dynamic apical and basal networks (Bartolini and Gunde@d6 Musch,
2004). This rearrangement of microtubules is regulated by the polarity protein
kinase ParlbRartitioning proteinlb), also known as MARK2 (Cohen et al., 2004).
Depletion of Parlb from the MadiDarby Canine Kidney (MDCK) epithelial cell line
prevented the organisation of microtubules normally associated with polarisation,
whilst overexpression of Parlb resulted in rearrangement of the microtubules of
MDCK cells to a livdike phenotype, with nmarotubule arrays emanating from bile
canaliculilike lumina at the lateral membrane (Cohen et al., 2004). Cells- over
expressing Parlb meuted their apical membrane traffic in accordance with the
microtubule cytoskeleton (Cohen et al.,, 2004). In additiahsruption of
microtubules with nocodazole or colchicine prevents plasma membrane localisation
of apical proteins, which instead accumulate intracellularly in large vacuolar apical
compartments (Gilbert et al., 1991; van Zeijl and Matlin, 19%9¢se vaaoles are

thought to form from frustrated apical carriers unable to traffic to the plasma
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membrane (Veg&alas et al., 1987), highlighting the importance of microtubules in

routing apical traffic.

Phosphoinositides and polarised membranes

The apicabasal polarity of the plasma membrane in epithelial cells includes
phosphoinositides as well as proteins. Thasymmetric distribution of
phosphoinositides is critical for maintaining apibakal polarity since domain
specific phosphoinositidesregulate trafficking and cytoskeletal dynamics
appropriate for the membrane. In polarised epithelial cells, PI(3,4 Joyfalises to

the basolateral membrane, whereas Pl(4 S enriched apicallyMartin-Belmonte

et al.,, 2007). The segregation of thesgot phosphoinositides occurs during the
early stages of polarisation, although it is not clear whether basal enrichment of
PI1(3,4,5)Ris maintainedn mature cells. PI(3,4,5Becomes enriched basallyhen

I mntegrins activate PI(Rinase whichphosphorylates PI(4,5)Pat the third
position to generate PI(3,4,5King et al., 1997). In addition, significant source

of PI(3,4,5)Ris produced in the basolateral domain when @l contacts are
made since PI(Rinase is activated downstreani Bcadherin signalling (Kovacs et
al., 2002). PI(4,5)Rs maintained in the apical domain by thgBosphatase PTEN
which dephosphorylates PI(3,4,3)PPTEN is recruited to tight junctions by
interacting with the tight junction proteins MA& (membraneassociated
guanylate kinase invertefl) and Par3, known as Bazooka in Drosophila (Von Stein
et al., 2005; Wu et al., 2000).

The separation of apical and basolateral phosphoinositides is crucial for polarity
homeostasis. Ectopic delivery of Pl(4&)Pthe basolateral membrane results in a
rapid redistribution of apical proteins to this compartment (MarBelmonte et al.,
2007). In addition, depletion of the-@hosphatase PTEN prevents proper apical
lumen formation due to lack of apical PI(4,5)®artin-Belmonte et al., 2007),
further suggesting polarisation of PI(4,5)B critical for apical membrane identity.

Similarly, proper polarisation of PI(3,4,5)8required for basal membrane identity.
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Insertion of PI(3,4,5apically results in transcytosts basolateral proteins to the
apical membrane (Gassanmaagne et al., 2006). &tking endocytosis in these cells
by expression of a dominant negative dynamin prevented the apical accumulation
of basolateral proteins, highlighting the ability of phosplasitides to regulate
polarised membrane trafficln addition, treatment of epithelial cells with PK3)
kinase inhibitors to limit production of PI(3,4,3)Reduced cell height due to

inhibition of basolateral membrane expansion (Jeanes et al., 2009).

As well as regulating polarised membrane trafficking, phosphoinositides also
regulate cytoskeleton organisation beneath the plasma membrane. In the
basolateral domain PI(3,4,%)PRegulates Racl activatioKgvacs et al., 2002) and
the recruitment of WAVE (Wisott-Aldrich Syndrome protein family verprolin
homologous protein) actin nucleating proteins (Padrick and Rosen, 2010). In the
apical domain PI(4,5)ecruits the Cdc42 binding protein annexdr(Rescher et al.,
2004) and the WASRVscottAldrich Syndrora protein) family of proteins which
activate Arp2/3 to promote nucleation of filamentous actin (Padrick and Rosen
2010). In addition PI(4,5)Rnteracts with the ERM proteins, ezrin, radixin and
moesin, promoting the association of actin fibres and bundles to PIr®R
regions of the plasma membrane (Pearson et al., 2000). OCRL1 may be involved in
the maintenance of plasma membrane phospiasitide asymmetries by down

regulating the levels of-phosploinositides on intracellular membranes.

Polarity complexes and polarised membranes

Phosphoinositides coperate with a set of evolutionarily conserved polarity
complexes to regulate apichbsal polarity Margolis and Borg, 2005 a similar
manner to phosphoinositides, polarity complexes associate with particular
membrane domains and promote expansion of the domain they associate with.
Apical membrane development is regulated by two pojacbmplexes: the Crumbs
complex and the Par compleXhe apical Crumbs complex consists of three major

proteins, crumbs, PALS1 (protein associated with7)iand PATJ (PAL-&]sociated
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tight junction protein). The mammalian Par complex is comprised ofdeadfold
proteins: Pa#3 (partitioning defective3) and Pa6 (partitioning defectives) and an
atypical protein kinase CR&C)In addition,the Par complex exists as two separate
complexes: Cdc4Rar6aPKC and Pa&@lPKC. The basolater8cribble compbe is
associated with thdateral membrane and containdiscs large [lg), lethal giant

larvae (Lgl) and scribble protei(®sssémat et al., 2008).

The apical polarity complexes Crumbs and Par are involved in generating apical
basal polarity as well agyht junction formation, while the lateral Scribble complex
appears to be required for the formation of adherens junctions. Modulating the
protein levels of the Crumbs complexes affects the balance between apical and
basolateral membrane expansion and tfeemation of tight junctions, highlighting

the essential role of the Crumbs complex in regulating these activities. For example,
overexpression of crumbs leads to an expansion of the apical membrane and
reduction of the basolateral membrandR¢h et al., 203) while loss ofPALS1
expression delays the formation v@iht junctions Straight et al., 2004 Modulating

the levels of the Par complex appears to particularly affect the apical membrane.
Depletion of Par3 in monolayer cultures of MDCK cells resuttéde formation of

the apical domain in the lateral membrane and a similar phenotype in 3D cultures
(Horikoshiet al., 2009). In addition, deletion of the Par3 gen€ireleganseads to

the defective segregation of apical and basal proteins durinditbecell division of

the zygote Kemphueset al., 1988). Depletion of scribble has little effect on
apicobasal polarity but reduces the integrity of em#ll adhesions and leads to

increased cell motilityQinet al., 2005).

These polarity complexeshifiate apicobasal polarity by recruiting functionally
important proteins to the plasma membrane. In addition, some polarity proteins
haveenzymatic kinase activity and are involved in signalling cascades. The Crumbs
complex acts as a scaffold to recruitcaretain junctional proteins in the plasma
membrane. The Crumbs componeRATJ contains 10 PDZ domains that interact
with tight junction proteins such as Z®and claudidl (Roh et al., 2002 Further
scaffolding activity is provided by the Crumbs compdneALS1 which contains at
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least six different domains that engage in protein interactiokaniberov et al.,
2000. The GTPase Cdc42 is considered to play a central restablishing cell
polarity, regulating the orientation of the actin and microtubwgtoskeleton and
organisation of membrane traffic (EtiernManneville, 2004). Cdc42 riecruited to

the apical domain by interacting with Par6. In addition, tlireding of Cdc42 to Par6
induces a conformational change in Par6 that activates its bindimngraaPKC
(Garrard et al., 2003). Polarity proteins also regulategptminositide turnover by
recruiting phosphoinositide metabolising proteins to the plasma membrane. For
example, a PDZ domain B&r3 has been shown to bind tid3-phosphatase®TEN

(Von Stein et al., 2005), contributing to PI(4,5)ffoduction in the apical domain.
Although polarity proteins integrate a host of processes critical for ap@shl
polarity, there is some evidence to suggest the asymmetric distribution of polarity
complexes itself depends on phosphoinositide metabolism and polarised
membrane trafficking, suggesting a feedback loop. For example, the exocyst
complex, which regulates polarised membrane trafficking is required for Par3
localisation Kalli et al., 2009 suggesng that polarised membrane trafficking
operates both upstream and downstream of polarity complexes. The earliest events

known to initiate epithelial cell polarity are discussed in more detail next.

Polarity orientation cues

The segregation of apicahd basolateral polarity complexes generates an axis of
polarity that determines where on the membrane the apical and basolateral
domains will form. Orientation of the polarity axis is influenced by positional
information received from the surrounding meeenvironment. Cells in culture are
typically grown in an asymmetric environment with a plastic support on one side
and growth media on the other. The presence of asymmetry in the environment is
thought to assist in the formation of a polarity axise basal membrane is formed

at the site of adhesion to the underlying support and the apical domain is formed
where the plasma membrane contacts the growth media. When cells are immersed

in a uniform environment surrounded by extra cellular matrix (ECM) they
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proliferate and assemble into cysts of spherical monolayers with central lumens
6hQ. NASYy S |f®dS wnnuOI Y2NB ilhiveApital & NBa
membrane formation in 3D culture is thought to be initiated at the two cell stage. A

singk cell fully immersed in ECM has no external polarity cues but asymmetry is
introduced upon the first cell division, while the free plasma membrane remains in
contact with the environment, a region of the plasma membrane can no longer

sense the ECM due tihe formation of celcell contacts. This suggests that cells

initiate apical membrane formation during cell division, which is the topic of the
aSO0tA2y (261 NRa (KS SydRrdimathg pblérity 2and @l I LIG S N.
RADGAAAZ2Y QO

Even after theifst cell division, the apical membrane appears to be identified by
the absence of adhesion. The apical membrane faces the inside of the lumen which
forms no adhesive contacts, in contrast the basolateral membrane adheres to
adjacent cells and the undenhg matrix. One way in which cells might identify the
absence of adhesion is through the activation state of integrin proteins. Cells
distribute integrins in both the apical and basal membrane, however apical
integrins remain inactive due to absence of cafjen in the extracellular
environment. When the apical membrane is covered with collagen, apical integrins
become active and the cells -essemble into tubules and develop the apical
membrane in the new free surfadg®&chwimmer and Ojakian, 1999hese fidlings
suggest the activation state of integrin receptors influences the orientation of the

apicatbasal polarity axis.

Activated integrins initiate the formation of the basolateral membrane. Activated
integrins promote deposition and smodelling of a larmin rich basement
membrane between the plasma membrane and the ECM. The basement membrane
formed serves to eforce and further develop basal membrane identifjhe
serine/threonine kinase Parlb is activated downstream of integrin signalling and
promoteslaminin reorganisation by directly interacting with laminin receptors and
inducing their aggregation at the basal surface (MasHdata et al., 2009;

Yamashita et al., 2010). In addition, Parlb regulates the localisation of the
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scaffolding protein IRSp53éulin receptor substrate p53). IRSp53 links Racl and
Cdc42 to their effector proteins in the basement membrane (Cohen et al., 2011,
Sita et al., 2008)Active Racl and Cdc42 at the basal membrane further facilitate
laminin remodelling by inducing sathembranous cytoskeletal organisation. These
signalling events downstream of integrin activation are required for proper
L2 aAldA2yAy3a 2F (GKS | LA OdinfegrinYrBsylis Nid- tffeS @
abnormal localisation of the apical membrane to a regichetween neighbouring
cellsthrough inappropriate activation of a RhQROCKImyosin2 pathway (Yu et
al., 2008), suggesting that E&@Mrived signals influence polarity orientation by
regulating cytoskeletal tension. In addition, lumen positioning in MDCK ieells
regulated by Parlb mediated cytoskeletal organisati@ahen et al., 2011). In these
studies, impaired ECM signalling and basal cytoskeletal organisation triggered
inappropriate positioning of the apical membrane but did not perturb polarity and
intercellular junction formation, suggesting the orientation of cell polarity and

apicobasal polarisation can be molecularly uncoupled.

Early stages of apical membrane formation

Once the orientation of apicddasal polarity has been established, the apical
membrane is formed by polarised trafficking of apical components to the plasma
membrane. When a single epithelial cell dividesSSih culture, the apical lumen is
typically formal by exocytosis of apical cargo carrying vesicles to a specific site on
the plasma membrane between the two cellddrtin-Belmonte et al., 2008At the
single cell stage, apical membrane components are distributed throughout the
plasma membrane. Thboundary that forms between daughter cells when the
single cell divides acts as the precursor apical domain for the delivery of apical
vesicles. Thapical components that were uniformly distributed on the plasma
membrane are endocytosed into Rablla positiveycding endosomes and sorted

for transport to this site (Bryant et al., 2010), see figure 1.5. The precursor apical
domain or apical membrane initiation site (AMIS) is marked by Par3 and aPKC

(Bryant et al., 2010). The mechanism of Par3 targeting to théSAKI not clear,
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however membrane recruitment may be mediated by interactions with the
phosphoinositide PI1(4,5)RHorikoshi et al., 2011Krahn et al., 2010Wu et al.,
2007). Par3 is thought to recruit thipid phosphatase PTEN to the AMIS (Feng et
al., 2008; von Stein et al., 2005) which facilities enrichment of PI(#B)Phe
forming apical membrane by dephosporylation of PI(3,4,5)Fherefore Par3
utilises PI(4,5)Pfor membrane recruitment and also facilitates the production of
more PI(4,5)R Ths is another example of Par3 participating in a feedback loop to

rapidly promote expansion of the apical membrane.

Rablla drives apical trafficking to the AMIS by recruiting Rahirf@ab8 GEF to
apical vesicles (Bryant et al., 2010), which associatés motor proteins such as
myosinbb [Roland et al.,, 2001 In addition, tafficking of luminal vesicles also
depends on microtubule driven transport. For example, the kinesin KIF3b is
recruited to the membrane of apical vesicles through interactions with the Rabl1l
binding protein FIP5 (Schonteich et al., 2008). Luminal tamgeifnapical vesicles
requires the tethering exocyst compleRRablla on apical vesicles interacts with
secl5a exocyst subunit (Wu et al., 2005) whiest8 and sec10 exocyst components
are recruited to the AMIS (Bryant et al., 2010). In addition, enrichroéitl(4,5)P

at the AMIS is likely to facilitate membrane association of additional exocyst
subunits He et al., 2007; Zhang et al., 2008 herefore a functional exocyst
complex is formed when vesicle bound subunits interact with target apical
membrane lound subunits, ensuring specificity of apical vesicles and apical
membrane. Other tethering proteins such as SNARESs are likely to facilitate targeting
of apical vesicles with the developing lumeyntaxin3 appears to play a key role

in this process (Shama et al., 2006).

The Rablla/Rab8 apical trafficking pathway functions upstream to debgengal
components required for lumen formation to the plasma membrane. One of the
first proteins known to localise to lumens at the earliest visible stage B3&p
(glycosylated proteil35), also known as podocalyxin (Bryant et al., 2010). Gp135
is a member of the CD34 family of aatihesins Heavy sialylation of Gp135 gives

the protein a negative charge which helps to repulse opposing membranes during
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lumen eyansion. In addition to Gpl35, the CdeRar6aPKC polarity complex is
also delivered to the AMIS via the Rabl1la/Rab8a apical trafficking pathway (Bryant
et al., 2010). Cdc4z2 is recruited to apical vesicles by its interaction with arkexin
P1(4,5)R binding protein(Martin-Belmonte et al., 2007) and is activated on apical
vesiclesvia the GEF protein Tuba (Bryant et al., 2010). Par3 at the AMIS might act as
an additional tethering factor by associating with Cdét6aPKC on apical
vesicles and completg the formation of the Par polarity complex (figure 1.5).
However, association of Par3 and Par6 is thought to occur only temporally and is
disrupted by delivery of th€rumbspolarity complex to the AMIS. This complex is
also delivered to early formingumens via the same Rablla/Rab8a trafficking
pathway Walther and Pichaud, 20)0Arrival of the Crumbs complex at the AMIS is
thought to dissociate Par3 from CdecPar6aPKC and facilitate relocation of Par3

to apicolateral borders, where junctions form @vhisde-Sa et al., 2010 and
Walther and Pichaud, 20),0also shown in figure 1.5.

Expansion of the AMIS into a lumerquires separation of opposing plasma
membranes which is achieved by multiple mechanisms, as mentioned above,
negatively charged sialacids in apical glycoproteins such as Gp135 repel adjacent
apical membranes{(( N&X f A & .&p135afsodchntributesto the organisation
of the subapical actin network by recruiting ERM proteins (Meder at al., 2005),
which together with ROCK (Rlassociated protein kinaseyenerates the force
required for lumen expansion through contraction of actiefrari et al., 2008 In
addition, delivery of ion pumps to the forming lumen creaéesionic gradient that
encourages water to enter through the @aellular pathway. The exocytosis of fluid
filled endocytic vesicles at the AMIS further contributes to lumen expansion
(Martin-Belmonte et al., 2008). The formation of a lumen by exocytosis of luminal
components occurs in developing mouse aofai NJ& &l.A2009 Snd in MDCK
cysts Martin-Belmonte et al., 2008 However, other mechanisms for generating a
luminal space exist. For exampleome cells cluster and generate a lumen by
apoptosis of cells not in contact with the ECM, generating luminal spHus.
occurs for example in mammary terminal end bub&{lleux et al., 2008 Although

multiple mechanisms exist for generating the space for a lumen, polarisation must
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still occur as the membrane facing the luminal space is developed to specialise in

apical membrane activities.

Apical trafficking to the AMIS Apical trafficking to early lumen

Forming Lumen

| Palsl 'E

Apical
Vesicle

PI(4,5)P2 e T)

Figure 1.5: Model for apical lumen formation in cyst3he apical membrane
initiation site (AMIS) is marked by the PaBKC polarity complex. Apical
components such as Gpl35/podocalyxin (red) are trafficked in Rablla a@ad Rab
positive vesicles. Formation of the Par complex (Cda®BaPKC) and the Exocyst
complex (containing Sec subunits) drive trafficking of apical vesicles to the AMIS.
Delivery of fluid filled vacuoles as well as heavily sialylated proteins such as Gp135
to the AMIS induce membrane expansion of the forming lumen. Arrival of the
Crumbs complex (CrumibzalstPatj) to the early forming lumen #secates Par3
aPKC to the periphery enabling tight junction formation (purple) to occur around
the forming lumen. Adated from Bryant et al., 2010.
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Cytokinesis

Overview

Cytokinesis is the final stage of cell division that results in the separation of two
cells after the completion of mitosis. Cytokinesis in mammalian cells is achieved
through the formation of an @aomyosin ring that contracts to divide the cell into
two. The assembly of the actin ring is in turn regulated by the microtubule
cytoskeleton which plays an important role in defining the cleavage plane. Vesicular
trafficking is required for the final stag of cytokinesis when the two daughter cells

become physically separated.

A homologue of OCRL1 has been implicated to regulate contractile ring formation in
Drosophila(Ben El Kadhi et al., 2011). In addition, OCRL1 is required for the final
stage of cytokinesis in human ngolarised epithelial cell lines (Dambournet et al.,
2011). The final stage of cytokinesis is referred to as abscission, when the
intercellular micotubule bridge is severedhether OCRL1 regulates cytokinesis in

polarised epithelial cell lines is not currently known.

Cytoskeletal dynamics during cytokinesis

Cytokinesis in mammalian cells involves rearrangement of the mitotic spindle to
define the plane of division and extensive actin polymerisation to facilitate
abscission (figure 1.6). The mitotic spindle is organised by the centrosomes which
replicate and separate at the beginning of mitosis. Each centrosome nucleates an
array of microtubulessuch that a bipolar spindle is formeddssimeris and
Skibbens, 2003)n metaphase, the positive ends of the spindle microtubules align
the chromosomes whilst the negative ends of microtubules focus near the

centrosome Cassimeris and Skibbens, 2Q03)
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COytokinesis begins in anaphase when the mitotic spindle rearranges to separate the
chromosomes and initiate division into two pronuclei. During this process the
mitotic spindle reassembles to form the central spindle (figure 1.6), a dense array of
antiparalel microtubules between the two spindle poles (Fededa and Gerlich,
2012). Astral microtubules extend from spindle poles to the cell cortex which helps
define the cleavage plane (Fededa and Gerlich, 2012). In symmetric division, this
occurs midway betweesegregated chromosomes so that the cytoplasm is equally

divided between daughter cells.

Once the cleavage plane has been identified, the contractile ring is assembled. The
small GTPase RhoA becomes activated at the boundary of the cleavage plane
(Bementet al., 2005) and recruits effector proteins that organise contractile ring
assembly \(Vatanabe et al., 2008)The contractile ring is composed of three
structural components: actin, myosk and septins. Activated RhoA stimulates
actin polymerisation by dwating formins (Watanabe et al., 2008)n addition, the
production of PI(4,5)F at the cleavage furrow further stimulates actin
polymerisation. The actin binding motor protein myo&irhydrolyses ATP to exert
force on the actin filaments and promote constriction of the ring during the
furrowing stage (Glotzer, 2005). The septins @GP binding proteins that associate

to form oligomeric filaments (Sirajuddin et al., 2007). In addition to these three
components, the peripheral plasma membrane protein anillin appears to be critical
for assembly of the contractile ring. Anillin is abteldind both myosi2 and the
septins, potentially functioning as a cross linker of the actomyosin and septin
cytoskeletons (D'Avino, 2009). PI(4.5#® the cleavage furrow may contribute to
recruitment of key components of the contractile rirfigr exampé both anillin and

the septins interact with PI(4,5)Field et al., 2005).

Ascytokinesis progresses, the contractile ring constricts and compacts the midzone
microtubule array until an intercellulacytoplasmic bridge is formed (figure 1.6).
These miastubules overlap at the midbody, which also contains numerous proteins
required for abscissionSkop et al., 2004 Abscissiorproceeds by disassembly of

the actin contractile ring and plasma membrane fission. Actin filament disassembly
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during abscissionequires inactivation of RhoA at the midbody (Saurin et al., 2008).
In addition, downregulation of PI(4,5Pmay be required toremove the actin
filaments associated with the intercellular bridge. This process may involve OCRL1

and is discussed inthesacB Yy Sy GA Gt SR Wh/ w[m Ay O&id21A)

Mitotic Spindle Central Spindle Midzone microtubules Intercellular Bridge

¢

Asters Astral microtubules | @ Centrosome () Midbody O Actin Contractile ring

Central Spindle assembly > Furrow ingression > Abscission >

Figure 1.6: Organisation of the cytoskeleton during the different stages of
cytokinesis. Cytokinesis begins by assembly of the central spindle consisting of
midzone microtubules and astral microtubules that comtabe cell cortex.
Interaction of the central spindle with the cell cortex defines the cleavage site
(purple line) and initiates assembly of the actin contractile ring (green). Furrow
ingression is mediated by contraction of the actin ring which condengdgone
microtubules to form the intercellular bridge. At the centre of the intercellular
bridge is the midbody (yellow) that contains numerous proteins required for
abscission. At the end of cytokinesis, the intercellular bridge is cleaved which occurs
agymmetrically on one side of the midbody (not shown).
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Membrane trafficking during cytokinesis

As well as rearranging the actin and microtubule cytoskeleton, specific membrane
trafficking pathways are altered during mitosis and cytokinesis to accommodate
fluctuations in cell volume and plasma membrane surface area. In addition, the
delivery of new membrane to the abscission site during the final stages of

cytokinesis is essential for completing this proc&sh(veitzer et al., 2005

During interphase, the Golgi complex and endocytic compartments localise near the
centrosome in the perinuclear remi of the cell At this stage in the cell cycle, the
rate of recycling to and from the plasma membrane is balararatia constant cell

size is maintainedAs cells enter prophase, clathrin mediated endocytosis (CME) is
inhibited, though the nachanism underlying this inhibition is unclear (Fielding and
Royle,2013). However, recent evidence suggests the inhibition may be due to the
unavailability of the actin machinery, which assembles into a stiff cortex in mitotic
cells (Kaur et al., 2014)uhermore, the increased membrane tension during
mitosis would add to the requirement of actin to assist endocytosis and overcome
the inhibition (Kaur et al., 20147scells enter late anaphase and telophase, CME
resumes to normal levels (Fielding andyRRp 2013) In addition to altering the rate

of endocytosis,the rate of recyclingto the plasma membrane slows during
metaphase and anaphase, resulting in an intracellular accumulation of endosomes
(Boucrot and Kirchhausen, 2007). These endosomes acctaminta four clusters,

two pools of endosomes localise around each centrosome, while additional clusters
of endosomes accumulate at the furrow side of the two pronuclei formed during
anaphase These endosomes angositioned proximal to the mius end of the
midzone microtubules (Dunster et al., 2002). As mitosis prograssésophase,
recycling resumeswith most of the traffic directed towards the furrow (Boucrot
and Kirchhausen, 2007In this study, the recovergf plasma membrane surface
area did not require the Golgi apparatus, suggesting that modulation of plasma
membrane surface area during mitosis is mostly achieved through regulating
endosomal recycling and not the secretory pathway (Boucrot and Kirchhausen

2007). Therefore, endocytosis and recycling appear to be regulated spatially and
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temporarily during mitosis, however the mechanism adjusting the rate of

endosomal exit during early stages of mitosis remains to be elucidated.

During cytokinesis, endocgtirecycling is essential for the final separation of the
two daughter cells. Disruption of clathrin mediated endocytosis results in significant
defects in cytokinesis (Schweitzer et al., 208&ithand Chircop 2019, suggesting

the accumulation of intraglular membrane is critical for this process. During
cytokinesis, Rabll positive vesicles traffic from proximal clusters along midzone
microtubules and accumulate in the midbody of the intercellular bridge (Simon and
Prekeris, 2008). Vesicles in the indellular bridge fuse with the plasma membrane
before abscission (Schiel et al., 2011) and depletion of Rab11l or expression of a
dominantnegative mutant induces significant abscission defects (Wilson et al.,
2005). In addition, secretory vesicles derivealt the Golgi apparatus may also be
required for abscission (Gromley et al., 2005). Although vesicle trafficking is
involved in completing cytokinesis, the exact role of vesicles in the mechanism of
abscission remain unclear. Fusion of vesieoldgh the plasma membrane of the
intercellular bridge might cause thinning of the intercellular bridge, bringing
opposing plasma membranes closer together (Neto and Gould, 2011). Tdie fin
abscission step is thought favolve further constriction of the bridge by alical
arrangement of the ESCRT (endosomal sorting complexes required for transport)

complex until direct fission of the opposing membranes ocQuiZetti et al., 2011).
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OCRL1 in cytokinesis

OCRL1 has been implicated via its phosphatase activity to be involved in cytokinesis.
In Drosophila a homologue of ORL1 is required for furrowing of the contractile
ring. Depletion of AOCRL1 causes increased intracellular levels of Bl¢h9jiant
endocytic vacuoles (Ben El Kadhi et al., 2011). Consequently, in dividing cells,
components of the cleavage furrow including anillin were -localised to the
P1(4,5)Rrich vacuoles (Ben El Kadhi et al., 2011)-Idtalisation of the furrowing
machinery led to unsuccessful furrowing and a high frequency-otitieate cells

(Ben EI Kadhi et al.,, 2011). Therefore, OCRIOrasophilais required to down
regulate PI(4,5)Fon intracellular membranes so that the contractile ring in dividing
cells tas the identity of being rich In PI(4,3)®hich is important for correct

targeting of contractile ring components.

In HeLa cells, OCRL1 remoSgshosphoinositides to facilitate abscission during the
final stages of cytokinesis. In these cells, depfetid OCRLIklocked abscission due

to abnormal accumulations of PI(4,5)ABnd associated actin filaments in the
intercellular bridge, highlighting the requirement for lipid anédtin removal for

the final physical separation of daughter cglBambournetet al., 201). OCRL1
localises to thantercellular bridgein a Rab35 dependent mannddgmbournet et

al., 201}, therefore OCRL1 is likely delivered to the abscission site by direct
interactions with Rab35, which regulatasfast recycling endocytic patlay that is

essential for abscissioKguranti et al., 2006
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Coordinating polarity and cell division

Overview

During epithelial development, cell division is-calinated with polarisation so that

the morphology of the tissue and the integrity of the epithelial barrier are
maintained as cells within the epithelium divide. Unsurprisingly, there appears to
be significahcrosstalk between cell division and polarisation mechanisms (Hehnly
and Doxsey, 2012). In addition, many key regulatory proteins and complexes
required for polarisation also have functional roles in cell division, particularly
during cytokinesis (Hehnlgnd Doxsey, 2012). If OCRL1 regulates cytokinesis in
polarised epithelial cells, this could have consequences for polarisation and the

morphology of the epithelium.

Apical membrane formation and cytokinesis

In epithelial cysts, apical membrane fornmat occurs at the late stages of the first
cell division Daughter cells cardinate delivery of apical membrane vesicles to a
common site that lies between the cell pair. The molecular landmark for apical
membrane insertion at this particular site is matrrently known but one possibility

is for cells to utlise products of the cytokinesis machinery to initiate
lumenogenesis. In yeast, a complex of proteins retained from the previous
cytokinesis event provides the landmark for membrane delivexyuired r the
formation of the next bud (Nelson, 2003). In mammalian cells, a number of
observations support the idea that apical membrane insertion occurs at the site of
cytokinesis. In epithelial cysts, apical cargo such as Gpl35 and crumbs3a
accumulate in Rall positive recycling endosomes at the onset of mitosis (Bryant
et al., 2010; &hluter et al., 200R During metaphase, apical cargo carrying vesicles

localise around the poles of the mitotic spindle and are subsequently partitioned
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into each daughter celtluring telophase (Hobdienderson et al., 2003). At the
latest stages of mitosis, Rab11 positive apical vesicles are trafficked to the site of
abscission along the midzone microtubule bundieh{&er et al., 2008 suggesting

that lumen formation is cerdinated with mitosis and the abscission site localises

the formation of the first apical membrane. Expression of dominant negative
Rablla in MDCK cells blocked the trafficking of apical cargo such as Crumbs3a and
prevented early apical membrane formatigi&hluter et al., 2009 Therefore,
polarised cells appear to have utilised a common Rabll vesicular trafficking

pathway during cytokinesis to emrdinate cell division with apicddasal polarity.

At the two cell stage of epithelial cysts, the orientatiof thepolarity axis is aligned
with the spindle axis and the apical membrane forms in trenelof cell division
(figure 1.7). In subsequent cell divisions, the aploasal polarity axis is aligned
perpendicular to the spindle axis so that apical meam® formation reinforces the
lumen formed following the first cell division (figufie7). Therefore as epithelial
cells develop from two cells to multicellular cysts, the orientation of polarisation
changes relative to the plane of cell division. In 2D alayer cultures of epithelial
cells, the relative orientations of the polarity axis and the plane of cell division are
similar to multicellular cysts, where cells divide in a horizontal plane and polarise in

a vertical plane (figuré.7).
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Figurel.7: Orientation of the apicabasal axis relative to the spindle axis in cyst
and monolayer epithelial developmentln the first cell division within a cyst the
apicatbasal axis (red line) and the spindle axis (blue line) are aligned so that
formation of the apical lumen is cordinated with mitosis. In subsequent cell
divisions within a cyst, the apiebhsal axis is aligned perpendicular to the spindle
axis so that apical membrane formation reinforces lumen formation. Similarly, in 2D
monolayer cultureof epithelial cells the apicddasal axis and plane of cell division
are aligned at right angles.
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The mechanism of shifting the orientation of the apibakal axis from a horizontal
plane in two cells to a vertical place in multicellular cysts is kraiwn. One
possibility is that apical membrane formation might utilise mitotic machinery only
in the first cell division but not in subsequent divisions, so that the mechanism of
apical membrane formation becomes dissociated from cell division once aal apic
membrane has already been established. For example, in one study trafficking of
crumbs3a to spindle poles was not observed in cell divisions occurring in cysts
larger than two cellsinstead cumbs3a remained in the plasma membrane and the
apical domainestablished at the two cell stage was kept intagthllter et al.,
2009. These findings suggest that apical membrane trafficking along the spindle
and midzone microtubules to form the apical membrane is unique to the very first
division only. However, igsrupting spindle orientation of dividing cells in
multicellular cysts leads to a multimen phenotype cells fail to traffic apical
membrane to a common lumen and subsequently form multiple lumens in the
lateral membranes between cells (Jaffe et al., @00 his suggests that even at later
stages of development, cell division influences the orientation of apicobasal polarity
and that the mitotic apparatus directs apical membrane formation in all cell division

events.

Several polarity proteins have beamplicated recently in spindle pole orientation
during epithelial cell division. Silencing of Cdc42 causes spindle orientation defects
in the MDCK cell line (Jaffe et al., 2008; Rodrigtrazicelli et al., 2010, Qin et al.,
2010) and in the developing nel tube of Xenopus laevigKieserman and
Wallingford, 2009). In all cases, loss of Cdc42 and spindieriargation severely
disrupted morphogenesis of the epithelium. In MDCK cysts, depletion of the Cdc42
GEFs Intersectil and Tuba caused multiple lumen formation (Rodrigbegicelli

et al., 2010, Qin et al., 2010), suggesting that regulation of spindle orientation by
Cdc42 is required for proper lumenogenesis. Tuba localises to intracellular
membranes and is necessary for the apical localisation of Cdc42, while Intei3ectin
localises to the centrosome, where it may activate Cdc42 in the pericentrosomal

region during mitosis.
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Spindle orientation is regulated by thedBpha binding protein Pins (Siller and Doe,
2009). When cells within a cyst or monolayer divide, the mitgtiodie is initially
orientated parallel to the vertical apicobasal axis but subsequently rotates 90°
aligning parallel to the ECM. Pins localises to the lateral membrane where it
captures astral microtubules and anchors them to the plasma membrane (Zlheng e
al., 2010). Disruption or migcalisation of Pins causes spindle ‘migntation and
disrupts lumen formation (Hao et al., 2010). Pins segregation to the lateral
membrane appears to be regulated by the R&&r3;aPKC Par polarity complex
(Hao et al., 200). Pins is phosphorylated by aPKC at the apical membrane, which
causes it to be sequestered by-348, excluding Pins from the apical cortex and
restricting its localisation to the lateral membrane (Clarke, 2009). Disruption of any
of the components oftie PargPar3;aPKC complex affects polarised localisation of
Pins, induces abnormal spindle orientation and results in multiple lumen formation
(Hao et al., 2010). Activated Cdc42 can bind to the BBKC complex and activates
aPKC (Goldstein et al., 200Therefore the role of Cdc42 in spindle orientation

could involve apical activation of aPKC and sequestering of Pins.

The orientation of the mitotic spindle during cell division may affect the positioning
of the mid body during abscission, since thedbady and intercellular bridge is
formed from spindles derived from the mitotic spindle apparatus. The midbody is
thought to mark the site of apical membrane formation and therefore midbody
localisation may affect apical membrane traffickikgr example apical cargo such

as aPKC and crumbs3a are trafficked along midzone microtubules (Schliter et al.,
2009). In the intestinal cyst model (ca2p depletion of Cdc42 caused the position
of the midbody to be m#ocalised due to random orientations of the wiic
spindle (Jaffe et al., 2008). Interestingly, the localisation of the midbody coincided
with lumen development in both normal cysts and in Cdc42 depleted cysts which
formed multiple lumens, suggesting the multiple lumen phenotype of Cdc42
depletion codd be due to midocalised midbodies. The formation of multiple
lateral lumens in multicellular cysts with mmcalised midbodies further suggests
that apical trafficking along the midzone microtubules is not unique to the first cell

division and a-goingapical membrane trafficking ceordinated with abscission.
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In epithelial cells growing as cysts and in two dimensional cultures, the midbody
localises asymmetrically near the apical domain (Fleming et al., 2007; Reinsch and
Karsenti, 1994). Apical ldesation of the midbody ensures apical cargo is trafficked
towards the apical membrane. The analysis of MDCK cells in two dimensional
culture and mouse intestinal epithelial cells in vivo has revealed that cleavage
furrowing is asymmetric (figuré.8), proceeding from the basal side to the apical
side. Asymmetric furrowing of the contractile ring positions the midbody apically
and ensures abscission occurs near the surface of the monolayer (Fleming et al.,
2007; Reinsch and Karsenti, 1994). However, inctise of the first cell division of
epithelial cysts, abscission appears to be symmetric and apical membrane

formation is initiated in the middle of the cleavage plane.

Figurel.8 Asymmetric furrow ingression positions the midbody apicaluring
cytokinesis, furrowing of the contractile ring (green) occurs asymmetrically, from
the basal membrane (brown) towards the apical surface (red). The directional
movement of the contractile ring is indicated with an arrow. In cyst cultures of
epithelial cellsthe midbodies (yellow) are located beneath the developing lumen
whilst in to two dimensional cultures the midbodies are positioned beneath the
apical side of the monolayer (not shown). Asymmetric abscission ensures the
structure of the tissue is not disrtgd by cells undergoing division.
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