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ABSTRACT

Lowe Syndrome (LS) is a lethal developmental disease characterized by mental retardation,
cataracts at birth and kidney dysfunction. LS children unfortunately die by adolescence from renal
failure. The gene responsible for the disease (OCRL1) encodes an inositol 5’ phosphatase Ocrl1.
In addition to its 5° phosphatase domain, this protein has other domains that allow protein-protein
interactions, facilitating diverse sub-cellular distribution and functions. LS patient cells lacking
Ocrll display defects in cell spreading, ciliogenesis and vesicle trafficking. Currently the
mechanisms underlying these cellular defects are not known, and hence no LS-specific therapies
exist.

We have uncovered the mechanisms underlying two LS-specific cellular phenotypes-
namely cell spreading and ciliogenesis and identified 2 FDA-approved candidates- statins and
rapamycin that could revert these abnormalities. We found that Ocrl1-deficient cells exhibit
hyperactivation in mTOR signaling, resulting in ciliogenesis as well as autophagy defects, which
were rescued by administering rapamycin. We also identified a novel RhoGTPase signaling-
dependent cell adhesion defect in LS patient cells which resulted in focal adhesion abnormalities
and sensitivity to fluid shear stress (critical for kidney function). Both RhoGTPase signaling
dependent cell spreading and adhesion defects were corrected by treatment with statins.

Importantly, over 200 unique mutations in OCRL1 cause LS and patients demonstrate
heterogeneity in symptoms. However, the correlation between genotype and cellular phenotypes
is unknown. We have determined that different OCRL1 patient mutations have a differential
impact on the two cellular phenotypes described above. Mutants exhibit behavior, sub-cellular
distribution and cellular phenotypes unique to the domain and relevant to LS pathogenesis. We
also propose that a subset of non-catalytic phosphatase domain mutations are conformationally
affecting the protein, suggesting that LS has a conformational disease component. Importantly, we
tested an FDA-approved drug, 4-phenyl butyric acid (4-PBA), used as a therapeutic in
conformational diseases and found that it could revert phenotypes and restore the catalytic activity
of these mutants. These findings collectively contribute to provide the cellular basis for LS patient
heterogeneity as well as to propose a conformational disease component for LS (allowing the use
of chemical chaperones as a therapeutic strategy for a subset of LS patients). Together, we hope

14



that these studies will help lay the foundation of better prognosis and tailoring personalized

therapeutic strategies for LS patients.
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CHAPTER 1. INTRODUCTION

1.1 Phosphatidyl inositol phosphates

Phosphatidyl inositol phosphates (PPIs) or phosphoinositides are lipids that are derived from
phosphorylation at different positions on the inositol ring. PPIs are found in the inner leaflet of the
membrane, facing the cytosol (Dickson & Hille, 2019). On the inositol ring, a phosphate can be
added to the hydroxyl (-OH) group at Cs, C4 or Cs position by phosphatidyl inositol kinases (Pl
kinases). This modification is reversible and can be removed by phosphatidyl inositol phosphatases
(PI phosphatases) (Dickson & Hille, 2019).

From the activity of a variety of phosphatidyl inositol kinases and phosphatases arises 7
unique PPI species including PI, PI3P, PI14P, PI(3,4)P2, PI(3,5)P2, PI1(4,5)P2 and PI (3,4,5)Ps3
(Madhivanan K, 2016). Though these lipids are enriched in specific intracellular compartments
(Madhivanan K, 2016), it is not uncommon to find them mixed on the same membranes (Di Paolo
& De Camilli, 2006). In addition to providing compartmental identity (Balla, 2013), their
heterogenous distribution, along with their tightly regulated levels make them suitable for
mediating different signaling pathways (Di Paolo & De Camilli, 2006) by recruiting specific
proteins to those membranes to initiate a signaling cascade (Balla, 2013).

PPIs comprise less than 2% of the phospholipids (Di Paolo & De Camilli, 2006). After PlI,
P1(4,5)P2 is the most abundant, comprising of nearly 1% of all phosphoinositides (Dickson & Hille,
2019). PI(4,5)P> is enriched at the plasma membrane (Madhivanan K, 2016) and is produced as a
result of sequential phosphorylation of PI by PI-4’ kinase and PI-5” kinase (Balla, 2013; Dickson
& Hille, 2019). They are hydrolyzed by Pl phosphatases such as Pl 4’-phosphatase or PI 5°-
phosphatase. P1(4,5)P. levels are also modulated at the plasma membrane by other lipid
hydrolyzing enzymes such as phospholipase C (PLC), in response to activation of G-protein
coupled receptors (GPCRs) (Balla, 2013; Dickson & Hille, 2019; Madhivanan K, 2016).

P1(4,5)P> is an important phospholipid and is involved in many cellular processes including
phagocytosis, pinocytosis and clathrin-mediated endocytosis (Czech, 2000). PI(4,5)P2 is also
essential for reorganization of the actin cytoskeleton, membrane trafficking and regulated

exocytosis (Czech, 2000). It also serves as precursor to generate second messengers such as
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inositol triphosphate (IPs) and diacyl glycerol (DAG) that subsequently activate other signaling
pathways (Czech, 2000).

Given the diversity and importance of PI(4,5)P2’s functions in cellular physiology, it is
critical that P1(4,5)P> levels are always maintained tightly. Dysfunction in any of the P1(4,5)P2-
regulating enzymes, be it PI 5’-kinases or PI 5’-phosphatases results in its aberrant accumulation.
Mutations in genes that encode PI 5’-phosphatases, result in multiple diseases such as Lowe
Syndrome, Dent-2 disease, Joubert Syndrome, MORM, Parkinson’s disecase and are also
implicated in cancers (Jennifer M. Dyson, Fedele, Davies, Becanovic, & Mitchell, 2012; Sandra
Hakim, Bertucci, Conduit, Vuong, & Mitchell, 2012; Lisa M. Ooms et al., 2009) (Table.1.1). It is,
therefore, essential to understand how these enzymes function to maintain P1(4,5)P2 levels and
examine the molecular mechanisms underlying the diseases they cause, when affected.

The next section will cover PI 5’-phosphatases and focus on comparing enzymes Ocrl1 and

Inpp5E, which are implicated in diseases Lowe Syndrome and Joubert Syndrome respectively.

1.2 Phosphatidyl inositol 5° phosphatases

Phosphatidyl inositol- 5’phosphatases (PI 5’-phosphatases) are enzymes that remove a
phosphate group from the hydroxy group on the Cs position of the inositol ring. Their lipid
substrates include PI(3,5)P2, P1(4,5)P2 and PI1(3,4,5)P3 (Balla, 2013). There are 10 mammalian and
4 yeast phosphatidyl inositol 5' phosphatases (Jennifer M. Dyson et al., 2012).

The 5' phosphatases are classified into 4 groups based on the substrates they preferentially
act on (Balla, 2013). Group | enzymes comprises of Inpp5A and hydrolyze only water-soluble
inositol (Ins) polyphosphates including Ins(1,4,5)Pz and Ins(1,3,4,5)P4. Group Il enzymes
comprises of Ocrl1, Inpp5B, SKIP, Inpp5J, Synaptojanin 1 and Synaptojanin 2. These enzymes
hydrolyze both soluble inositol phosphates and phosphatidyl inositols. Group Il enzymes
comprise of SHIP1 and SHIP2 and hydrolyze phosphates at the Dz position on inositol ring while
Group 1V enzymes comprise of Inpp5E which preferentially hydrolyze PI(3,4,5)P3 and to an extent
PI(4,5)P,. (Table 1.1)
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Table 1.1 Mammalian 5’ phosphatases, their substrates and associated human diseases

Group Enzyme Other names Substrate Diseases associated with loss of
function
Type | INPP5A Ins(1,4,5)Ps'2 and e Leukemia®
Ins(L,3,4,5)P4* o Can(_:er“, Squamous cell
T carcinoma®®
e Glioma’
e Glioblastoma®
e Ataxia and cerebellar
degeneration®1°
e Cognitive defects!!
e Skin lesions®?
Type Il INPP5B Type Il inositol | PI(4,5)P2 &

5’ phosphatase

P1(3,4,5)Ps"3,
Ins(1,4,5)Ps and Ins
(1,3,4,5)P,1 1




67

Table 1.1 continued

Type Il
(continued)

OCRL1 INPP5F P1(4,5)P,'°, Lowe Syndrome'®
Ins(1,4,5)PsY7 Dent-2 disease'®
Y ’ Glioblastoma multiforme®

Ins(L,3,4,5)P4Y7

Synaptojanin-1 P1(3,4,5)Ps and Parkinsons?®
PI(4,5)P,2021.22 Down Syndrome?®

(’ Jpamas Epileptic encephalopathy?’

Ins(1,4,5)P3“>

Synaptojanin-2 P1(3,4,5)Ps and Hearing Loss®
PI(4,5)P;2%

SKIP INPP5K P1(4,5)P2*! and Congenital muscular dystrophy,

PI(3,4,5)Ps®

cataracts and intellectual
disability333*
Congenital cataracts®®
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Table 1.1 continued

Type Il INPP5J Type 11 INPP5A, | PI(4,5)P2, Ins(1,4,5)Ps, Breast cancer3®
(continued) PIPP Ins(1,3,4,5)P4%
P1(3,4,5)P3%
Type 111 SHIP1 INPP5D Ins(1,3,4,5)P4 Myeloproliferative-like
41,42,43
PI(3,4,5)P5% syndrome
( P Crohn’s disease**4°46
Ins(1,2,3,4,5)Ps and Inflammatory bowel disease*’°
Ins(2,3,4,5)P4 Leukemia™
SHIP2 INPPL1 Ins(1,3,4,5)P4 Opsismodysplasia®'°2°3
Type IV INPP5E Pharbin P1(3,4,5)Ps, Joubert Syndrome®”%®
58
PI(4,5)P2%, PI(3,5)P2% MORM
(4.5)P2 (3.5)F2 Polycystic kidney disease®®
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Table 1.1 continued

1- (Laxminarayan, Chan, Tetaz, Bird, & Mitchell, 1994), 2- (De Smedt et al., 1997), 3- (Mengubas et al., 1994), 4-
(Speed, Little, Hayman, & Mitchell, 1996), 5- (Patel et al., 2018), 6- (Sekulic et al., 2010), 7- (Milinkovic et al.,
2013), 8- (Waugh, 2016), 9- (Yang, Sachs, & Nystuen, 2015), 10- (Q. Liu et al., 2020), 11- (Marioni et al., 2018),
12- (Seow et al., 2015), 13- (Jefferson & Majerus, 1995), 14- (Mitchell, Connolly, & Majerus, 1989), 15- (Matzaris,
Jackson, Laxminarayan, Speed, & Mitchell, 1994), 16- (X. Zhang, Jefferson, Auethavekiat, & Majerus, 1995), 17-
(Ross, Jefferson, Mitchell, & Majerus, 1991), 18- (Attree et al., 1992a), 19- (Hoopes et al., 2005), 20- (S. Guo, Stolz,
Lemrow, & York, 1999), 21- (Whisstock et al., 2000), 22- (Tsujishita, Guo, Stolz, York, & Hurley, 2001), 23-
(McPherson et al., 1996), 24- (Chung et al., 1997), 25- (Drouet & Lesage, 2014), 26- (Voronov et al., 2008), 27-
(Hardies et al., 2016), 28- (Nemoto, Arribas, Haffner, & DeCamilli, 1997), 29- (Khvotchev & Sidhof, 1998), 30-
(Man;ji et al., 2011), 31- (Schmid, Wise, Mitchell, Nussbaum, & Woscholski, 2004), 32- (ljuin et al., 2000), 33-
(Osborn et al., 2017), 34- (Wiessner et al., 2017), 35- (Yousaf, Sheikh, Riazuddin, Waryah, & Ahmed, 2018), 36-
(Mochizuki & Takenawa, 1999), 37- (L. M. Ooms et al., 2006), 38- (L. M. Ooms et al., 2015), 39- (Damen et al.,
1996), 40- (Nelson et al., 2020), 41- (Helgason et al., 2000), 42- (Leung, Tarasenko, & Bolland, 2009), 43- (Ghansah
et al., 2004), 44- (Kerr, Park, Maubert, & Engelman, 2011), 45- (Somasundaram et al., 2017), 46- (Fernandes et al.,
2018), 47- (Maxwell et al., 2014), 48- (Brauer et al., 2012), 49- (Lioubin et al., 1996), 50- (Pesesse et al., 1998), 51-
(Ghosh et al., 2017), 52- (Fradet & Fitzgerald, 2017), 53- (M. P. Thomas, Erneux, & Potter, 2017), 54- (Agollah et
al., 2014), 55- (Kisseleva, Wilson, & Majerus, 2000), 56- (Kong et al., 2000), 57- (Bielas et al., 2009), 58- (Jacoby
et al., 2009), 59- (S. Hakim et al., 2016)




All PI 5'-phosphatases are Mg?*-dependent enzymes belonging to the apurinic/apyrimidic
endonuclease family (Jennifer M. Dyson et al., 2012). They all contain roughly a 300 amino acid
catalytic domain with two signature catalytic consensus regions FWXGDXN(F/Y)R and
(R/N)XP(S/A)W(C/T)DR(I/V)L which helps in hydrolysis of substrates (Jefferson & Majerus,
1996). In addition. Whisstock et al. (Whisstock et al., 2000) identified 4 more conserved motifs
TWN, GXQE, NXH and SDHXPV (where X is any amino acid) that are required for catalytic
activity (Fig.1.1). Structural and biochemical studies using yeast and mammalian 5’ phosphatase
domains have determined the role of these motifs in functions including substrate recognition and
specificity, lipid binding, metal ion coordination and 5-phosphate hydrolysis (Jefferson & Majerus,
1996; Mills et al., 2016; L. Tresaugues et al., 2014; Tsujishita et al., 2001; Whisstock et al., 2000).
The 6 conserved motifs required for 5° phosphatase activity is highlighted in green in the alignment
of all the mammalian 5” phosphatases (Fig.1.1). Additional amino acids predicted to aid in lipid
interaction for Ocrl1 and Inpp5B are highlighted in yellow (Fig.1.1).
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|Q5T1B5 | INPPS5A HUMAN/8-385
| Q9NRR6 | INPPSE_HUMAN/297-599

|Q92835|SHIP1 HUMAN/402-718
|015357 | SHIP2 HUMAN/422-735

|Q9BT40 | SKIP_HUMAN/12-326

Q15735 | INPP5J HUMAN/421-736
|015056| SYNJ2 HUMAN/528-870

| J3KPK1|SYNJ1 HUMAN/526-869
|P32019| INPP5B _HUMAN/343-644
|[UPI0007DC791C|OCRL_HUMAN/238-539

|Q5T1B5 | INPP5A HUMAN/8-385

| QONRR6 | INPPS5E_HUMAN/297-599

| SHIP1 HUMAN/402-718
1015357 | SHIP2_ HUMAN/422-735

|Q9BT40 | SKIP_HUMAN/12-326
[Q15735| INPP5J HUMAN/421-736
|015056| SYNJ2 HUMAN/528-870

| J3KPK1|SYNJ1 HUMAN/526-869
|P32019| INPP5B _HUMAN/343-644
|[UPIO007DC791C|OCRL_HUMAN/238-539

|Q5T1B5 | INPP5A HUMAN/8-385

|Q9NRR6|INPP5E_HUMAN/297—599

|Q92835|SHIP1 HUMAN/402-718
|015357 | SHIP2 HUMAN/422-735

|Q9BT40 | SKIP_HUMAN/12-326
|Q15735| INPP5J HUMAN/421-736

Figure 1.1 CLUSTALW sequence alignment of phosphatase domains of all mammalian 5’ phosphatases
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|015056 | SYNJ2 HUMAN/528-870
| J3KPK1|SYNJ1l HUMAN/526-869
|P32019| INPP5B _HUMAN/343-644
|[UPI0007DC791C|OCRL_HUMAN/238-539

|Q5T1BS5 | INPPS5A HUMAN/8-385
| Q9NRR6 | INPPSE HUMAN/297-599

|Q92835|SHIP1 HUMAN/402-718
|015357|SHIP2 HUMAN/422-735

|Q9BT40 | SKIP_HUMAN/12-326

Q15735 | INPP5J HUMAN/421-736
1015056 | SYNJ2 HUMAN/528-870

| J3KPK1 | SYNJ1 HUMAN/526-869
|P32019 | INPP5B_HUMAN/343-644
|UPI0007DC791C|OCRL_HUMAN/238-539

|Q5T1B5 | INPPS5A HUMAN/8-385
| Q9NRR6 | INPPS5E HUMAN/297-599

|Q92835|SHIP1 HUMAN/402-718
|015357|SHIP2 HUMAN/422-735
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Q15735 | INPP5J HUMAN/421-736
|015056| SYNJ2 HUMAN/528-870

| J3KPK1|SYNJ1 HUMAN/526-869
|P32019| INPP5B HUMAN/343-644
|[UPI0007DC791C|OCRL HUMAN/238-539

|Q5T1B5 | INPPSA HUMAN/8-385

| Q9NRR6 | INPPS5E HUMAN/297-599
|Q92835|SHIP1 HUMAN/402-718

Figure 1.1 continued
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Lipid chain interacting motifs in

Figure 1.1 continued
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Many of these enzymes possess accessory domains such as Proline rich domain (PRD;
Inpp5E and Inpp5J), RhoGAP domain (Ocrll1 and Inpp5B), SH2 domain (SHIP1 and SHIP2), ASH
domain (Inpp5b and Ocrl1) and SAC domain (Synaptojaninl/2) that help in protein localization
and interaction with other cellular partners or membranes (Balla, 2013).

Further, alternative splicing produces many isoforms for each of these enzymes that have
distinct subcellular localization and non-overlapping function, resulting in little or no redundancy
(Madhivanan K, 2016). Phosphatases play critical role in regulating homeostasis, hematopoietic
function, embryonic development, neuronal, ocular and kidney function, vesicle recycling and
trafficking and actin cytoskeletal reorganization (Jennifer M. Dyson et al., 2012; Lisa M. Ooms et
al., 2009).

As expected, these enzymes are involved in many cellular processes, often targeting similar
substrates, suggesting overlapping function. However, mutations in genes encoding these 5’
phosphatases result in many debilitating diseases, summarized in Table 1.1, indicating that these
enzymes cannot compensate for each other’s function. This may be likely due to a unique spatio-
temporal localization of these enzymes within the same cells or even their differential tissue
distribution. Nonetheless, the diseases share some similarities in terms of organs affected and/or
their cellular phenotypes. Examining the similarities and differences between these enzymes and
the cellular and symptom manifestation of the diseases they produce when affected will allow us
to better understand pathogenesis of these 5° phosphatase-related diseases.

Section 1.3-1.8 will be dedicated towards comparing specifically Ocrl1, Inpp5B and Inpp5SE.
Ocrl1 when mutated, leads to in Lowe Syndrome, (a ciliopathy-like disease) while Inpp5E when
mutated leads to Joubert Syndrome (a classical ciliopathy). These enzymes share some similarities
in function as well cellular phenotypes they trigger when deficient. Interestingly, the two diseases
produced as a result of mutations in OCRL1 and INPP5E also share many similarities including

cellular defects, heterogeneity in genotypes and patient phenotypes.
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Figure 1.2 Domain organization of human Ocrl1, Inpp5B and Inpp5E

1.3 Ocrll

Ocrll (EC 3.1.3.36; EC- Enzyme Commission number) is a type II PI 5° phosphatase with
specificity for lipids PI(4,5)P2 and PI(3,4,5)P3 (Suchy, Olivos-Glander, & Nussabaum, 1995; X.
Zhang et al., 1995). This enzyme is encoded by the gene OCRL1, found on the X-chromosome.
Mutations in the OCRL1 gene causes a rare X-linked congenital disease known as Lowe Syndrome
(LS) or Oculo-Cerebro-Renal syndrome of Lowe (OCRL) (Attree et al., 1992b) as well as Dent-2
disease, a milder form of LS (Hoopes et al., 2005). LS has a signature clinical triad of symptoms
namely, congenital cataracts, hypotonia and mental retardation as well as renal dysfunction (M.
Loi, 2006). However, the symptoms and organ involvement can vary between patients. Dent-2
patients on other hand, almost exclusively present with renal dysfunction with mild to no
neurological symptoms (sometimes these symptoms set in later during the patient’s life) and no
ocular defects, except corneal opacities (Bokenkamp & Ludwig, 2016). It is still unclear how
mutations in the same gene result in two diseases, with a small subset of common symptoms, but

overall have a different clinical presentation and prognosis.

27



Ocrl1 and its paralog Inpp5B (EC 3.1.3.36) (also known as 75 KDa Inositol Polyphosphate-
5-Phosphatase) share similar protein architecture and have some redundancy in function (Lowe,
2005) (Fig.1.2). However, these enzymes have differential tissue expression in humans (Janne et
al., 1998) and exhibit some unique characteristics.

While Ocrll is ubiquitously expressed across all human tissue types, Inpp5B has relatively
lower expression in brain, eyes and kidneys (Janne et al., 1998). In mice (Mus musculus), however,
both Ocrll and Inpp5B are equally enriched in all tissue types (Janne et al., 1998). As a result,
mice models of LS do not phenocopy human manifestations including congenital cataracts,
hypotonia and renal dysfunction (Janne et al., 1998). A double knockout of ocrll and inpp5b
resulted in embryonic lethality, suggesting functional redundancy. In addition, there are also
differences in human and murine INPP5B transcription and splicing mechanisms (Bothwell,
Farber, Hoagland, & Nussbaum, 2010). In order to overcome these species-specific compensatory
mechanisms, a ‘humanized’ mouse model has been created. Here both murine ocrl1 and inpp5b
are knocked out and a human copy of INPP5B is expressed which resulted renal tubular
dysfunction in the mice (Bothwell et al., 2011). Zebrafish (Danio rerio) Ocrl1 is more similar to
human Ocrl1 and deletion of ocrll in zebrafish can recapitulate LS symptoms (B. G. Coon et al.,
2012; Gliozzi et al., 2020; Ramirez et al., 2012). These are currently the two higher eukaryotic

models used in LS research.

1.3.1 Domain architecture and interactions of Ocrl1

Ocrll and Inpp5B contain four major domains: N- terminus PH (Pleckstrin Homology),
central 5-phosphatase, C-terminus ASH (ASPM-SPD2-Hydin) and a RhoGAP (Rho GTPase
Activating Protein) domain (Fig.1.2).

Though structurally similar, the PH domains of Ocrll and Inpp5B are different at the
sequence level (Coon et al., 2009; Mao et al., 2009). Unlike other lipid-binding PH domains, no
lipid interactions have been identified for the PH domains of Ocrl1 and Inpp5B (Mao et al., 2009).
The PH domain of Ocrl1 contains a clathrin binding motif (CBM), as well as an assembly protein
2 (AP2) binding site (ABS) (ABS is present in the linker region indicated by the white box between
PH and phosphatase domain, Fig.1.2 & 1.3). These two binding sites, are however, absent in

Inpp5B, resulting in some functional differences between these two proteins.
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Figure 1.3 Ocrll1 and its protein interaction partners

The flexible linker region (white box following PH domain in Fig.12 & 1.3) connects to the
central catalytic domain. Weber et al. 2009 (Weber, Ragaz, & Hilbi, 2009) demonstrated that Ocrl1
interacted with the Legionella effector LpnE via its N-terminus (amino acids 1-236). Recent
studies have demonstrated that this occurs via the poly proline patch in the linker region between
amino acids 170-185 (Voth et al., 2019). Whether this is indicative of other undiscovered
interaction partners that associate with the linker region remains to be determined.

The Ocrll phosphatase domain bears high conservation with other 5’ phosphatases (see
Fig.1.1) in the consensus sequences required for its phosphatase activity (Conduit, Dyson, &
Mitchell, 2012; L. Tresaugues et al., 2014). In addition, it also contains other conserved regions
involved in substrate binding and protein folding (L. Tresaugues et al., 2014; Tsujishita et al.,
2001; Whisstock et al., 2000). Nearly 50% of LS-causing mutations in OCRL1 affect the
phosphatase domain (Conduit et al., 2012; Hichri et al., 2011).

Proteins, including Ocrl1, which localize to the cilia or centrosome contain an ASH domain
(Ponting, 2006). Ocrl1 was demonstrated to be involved in the formation and maintenance of the
primary cilia, revolutionizing our understanding of the cell biology of this disease (Brian G. Coon
etal., 2012; Luo, West, et al., 2012; Rbaibi et al., 2012). In addition, in the ASH domain of Ocrl1
lies a Rab-binding site through which Ocrl1 binds several Rabs (with highest affinity for Rab8a)
(Fukuda, Kanno, Ishibashi, & Itoh, 2008; Hagemann, Hou, Goody, Itzen, & Erdmann, 2012; Hou
et al., 2011) and this interaction plays a critical role in ciliogenesis (Brian G. Coon et al., 2012;
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Luo, West, et al., 2012). Though both Inpp5B and Ocrl1 bind Rabs for their targeting to the trans-
Golgi network (TGN) and cis-Golgi network (CGN) respectively, Rabs involved in this process
differs for the paralogs (Hyvola et al., 2006; Williams, Choudhury, McKenzie, & Lowe, 2007).

The RhoGAP-like domain which is C-terminal to the ASH domain does not exhibit Rho-
GAP activity due to a substitution of the catalytic arginine with glutamine (Lowe, 2005), but it can
interact with the RhoGTPases Racl and Cdc42 (Faucherre et al., 2005; Faucherre et al., 2003b).

ASH and RhoGAP-like domains are interdependent on each other for their folding as well
as interaction with endosomal proteins containing F&H domains, namely, APPL1, IPIP27A and
B (also known as Sesl and Ses2) (Erdmann et al., 2007; Swan, Tomasini, Pirruccello, Lunardi, &
De Camilli, 2010).

The RhoGAP domain of Ocrl1 contains a second CBM which Inpp5B lacks. Ocrl1 undergoes
alternative splicing, producing two isoforms- long isoform (isoform a) and the short isoform
(isoform b) lacking 8 amino acids that follow the second CBM. The shorter isoform is ubiquitously
expressed, while the long isoform is exclusively enriched in the nervous tissue (Lowe, 2005). The
presence of 8 additional amino acids in the longer isoform results in this isoform to have higher
affinity for clathrin (Rawshan Choudhury, Noakes, McKenzie, Kox, & Lowe, 2009).

Ocrl1 localizes to various compartments in the cell, mediated by different protein interactions.
It is enriched at the TGN (Dressman, Olivos-Glander, Nussbaum, & Suchy, 2000). In addition,
Ocrll also is found at endocytic and secretory compartments, and late-stage clathrin coated
structures (Erdmann et al., 2007). While Rac binding was thought to mediate its localization at
TGN (Faucherre et al., 2005) , it is believed that Rab interaction is necessary for localization to all
the above mentioned compartments (R. Choudhury et al., 2005; Hyvola et al., 2006). For example,
some of the Ocrl1-Rab interactions that are required for localization include Rab5 for early
endosomes (Erdmann et al., 2007), Rab 35 for recycling endosomes(Dambournet et al., 2011),
Rabl, Rab6 for TGN (Hyvola et al., 2006). Interestingly, in vitro studies show that Ocrll
phosphatase activity requires Rab interaction (Hyvola et al., 2006). Rab8 is required for Ocrl1’s
localization at the ciliary base (Brian G. Coon et al., 2012; Hyvola et al., 2006). This transient
interaction also aids in cargo delivery (Brian G. Coon et al., 2012). Further, Ocrl1-mediated
delivery of cargo to the cilia is also dependent on endocytic proteins IPIP27A/B (Brian G. Coon
et al., 2012). In contrast, Ocrl1’s membrane ruffle localization occurs via its binding to activated
Racl (Faucherre et al., 2005).
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1.3.2 Functions of Ocrll

Actin cytoskeleton

Absence of Ocrll results in defect in actin remodeling, a process critical for many
physiological events such as phagocytosis, cytokinesis, membrane trafficking and cell migration.
As a result, Ocrll loss also leads to defects in the aforementioned processes. For instance, in LS
patient fibroblasts, there is an accumulation of PI1(4,5)P2 in the absence of Ocrll (Suchy &
Nussbaum, 2002). This resulted in punctate actin structures that colocalize actin severing protein
gelsolin (Suchy & Nussbaum, 2002) and actin “tails” in endosomes (Ueno, Falkenburger,
Pohlmeyer, & Inoue, 2011). Decrease in PI(4,5)P2 levels initiates actin depolymerization. Increase
in P1(4,5)P; inhibits actin depolymerization resulting in aberrant structures (Suchy & Nussbaum,
2002).

Alternatively, errors in actin remodeling maybe linked to abnormal RhoGTPase signaling
(discussed under ‘vesicle trafficking and membrane remodeling’) observed in Ocrl1-deficient cells
(Lasne et al., 2010; Madhivanan, Mukherjee, & Aguilar, 2012).

Vesicle trafficking

Ocrll participates in vesicle trafficking predominantly through its interactions with Rabs,
clathrin and AP2. Deficiency or absence of Ocrll function resulted in defects in endosome-to-
TGN trafficking, recycling to the plasma membrane which consequently led to enlarged
endosomes with cargo accumulation (R. Choudhury et al., 2005; van Rahden et al., 2012;
Vicinanza et al., 2011). Additionally, Mannose-6-Phosphate receptor (M6PR), (responsible for
delivering lysosomal hydrolases from TGN to the lysosome) usually traffics between the TGN and
late endosomes, was mis-sorted to the plasma membrane in the absence of Ocrll (Vicinanza et al.,
2011), causing extracellular secretion of lysosomal enzymes (Cui et al., 2010; A. J. Ungewickell
& Majerus, 1999; Vicinanza et al., 2011). Coincidentally, LS patients also exhibit an increased
secretion of lysosomal enzymes in urine (Bokenkamp & Ludwig, 2016; A. J. Ungewickell &
Majerus, 1999).

Further, while some studies reported no defects in the endocytosis of cargo such as uptake
of Transferrin (TT), Epidermal growth factor (EGF) and Low Density Lipoprotein (LDL) receptors
(Coon et al., 2009; van Rahden et al., 2012), other studies indicated abnormal internalization

caused due to defects in actin remodeling in the absence of Ocrll (R. Nandez et al., 2014).
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Another important finding observed proximal tubule cells obtained from LS patients was
reduced expression of the multi-ligand receptor megalin at the cell surface, caused due to defective
recycling of this receptor from endosomes to plasma membrane (Festa et al., 2019; Vicinanza et
al., 2011). In alignment with this, LS children have lesser megalin shedding in urine (Suruda et al.,
2017). Megalin is a receptor for low molecular weight proteins, albumin and lysosomal hydrolases
(Békenkamp & Ludwig, 2016). Importantly, deficiency in urinary megalin has been implicated in
proximal tubule dysfunction (Norden et al., 2002). Therefore, this is the likely explanation
underlying the characteristic LMW proteinuria of LS patients (Vicinanzaet al., 2011) . This Ocrl1-
specific phenotype was also confirmed by in human proximal tubule kidney epithelial (HK2) and
Madin Darby canine kidney (MDCK) kidney cell lines upon knockdown (KD) of Ocrl1 (Vicinanza
etal., 2011).

This study demonstrated accumulation of PI(4,5)P, on endosomes in the absence of Ocrl
(Vicinanza et al., 2011). This was accompanied by actin enrichment that was dependent on the
actin nucleating factor N-WASP. Reversal of these phenotypes was observed by reintroducing
Ocrll with intact catalytic activity, or by the use of pharmacological agents of actin
depolymerization or upon overexpression of a constitutively active form of the actin severing
protein cofilin (Vicinanza et al., 2011). Interestingly, Rac activation deficiencies were also
reported in LS patient fibroblasts (Madhivanan et al., 2012) and that this activation lies
downstream of Ocrl1 (Madhivanan et al., 2012; van Rahden et al., 2012). At the same time, this
Rac activation was also upstream of cofilin activation which suggested that Ocrl1 mediated-Rac
activation is necessary modifying actin for endosomes to TGN trafficking (van Rahden et al.,
2012).

Ocrll ASH-RhoGAP domain recruits endocytic proteins IPIP27 A and B to early and
recycling endosomes (Noakes, Lee, & Lowe, 2011; Michelle Pirruccello, Laura E. Swan, Ewa
Folta-Stogniew, & Pietro De Camilli, 2011). Knockdown of IPIPs resulted in defects in trafficking
of Tf receptor, Shiga toxin (StxB) and Cation-independent M6PR (CI-M6PR) trafficking,
accompanied by ligand retention in endosomes (Noakes et al., 2011). The mechanism underlying
this however is unclear.

Ocrll has also been implicated in autophagosomal-lysosomal fusion (De Leo et al., 2016).
Nutrient depletion (resulting in autophagy induction) in HK2 cells resulted in the recruitment of

Ocrl1 to lysosomes in a clathrin and AP2 dependent manner, while Inpp5B was unable to do so
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(De Leo et al., 2016). However, LS patient proximal tubule cells from LS patients Ocrl1-depleted
HK2 cells showed an upregulation of lysosomal genes, enlarged lysosomes containing P1(4,5)P,
as well enlarged autophagosomes indicating dysfunction in the pathway. Ocrll was then
demonstrated to be recruited on lysosomal surfaces upon autophagy induction, to limit PI1(4,5)P-
levels on the membrane, a critical step necessary for autophagosomal-lysosomal fusion (De Leo
etal., 2016).

The humanized LS mouse model also exhibited in P1(4,5)P, accumulation on lysosomes,
defects in lysosomal dynamics including loss in proteolytic activity due to lack maturation of
lysosomal enzymes. Using EGFR, this study demonstrated that loss of Ocrl1 perturbed the traffic
of cargo from the plasma membrane to lysosome, revealing a new role for Ocrll in the endo-
lysosomal pathway (Festa et al., 2019).

Cytokinesis

Absence of Ocrll leads to cytokinesis defects in Drosophila and in mammalian cells
(Dambournet et al., 2011; El Kadhi, Roubinet, Solinet, Emery, & Carreno, 2011). In Drosophila,
this caused regression of the cleavage furrow and produced multi-nucleated cells. Abnormal levels
of P1(4,5)P2 on endo membranes resulted in the mistargeting of the cytokinesis machinery to these
structures (El Kadhi et al., 2011). Recent studies in Drosophila melanogaster supports this finding
by demonstrating that P1(4,5)P> build up in the absence of Ocrll can be corrected if an atypical
phospholipase C protein is overexpressed to help hydrolyze the lipid (Mondin et al., 2019). This
reversed PI(4,5)P2 accumulation on endosomal structures as well as rescued phenotypes in a LS
zebrafish model (Mondin et al., 2019).

In Ocrll-deficient mammalian cells, the accumulation of PI(4,5)P2 on intercellular bridges
inhibited actin depolymerization, thereby halting scission of the dividing cells at the last stage of
cytokinesis. LS patient fibroblasts also displayed the cytokinesis abscission defect (El Kadhi et al.,
2011). Gliozzi et al. (Gliozzi et al., 2020) also showed that kidney proximal tubule epithelial cells
lacking Ocrll exhibited higher multinucleated cells as well as lengthened the duration of cell
division.

Organogenesis

Hsieh et al. (Hsieh, Ramadesikan, Fekete, & Aguilar, 2018) demonstrated that Six2, a

transcription factor important for generation and maintenance of kidney proximal tubule cells was

mislocalized in kidney-differentiated cells produced from LS patient derived induced pluripotent
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stem cells (iPSCs). This defect was also recapitulated in HK2 KO cells. Similarly, Barnes et al.
(Barnes et al., 2018) found aberrant actin structures in neuronal cells derived from LS patient
IPSCs, indicating that these cellular phenotypes may contribute to overall organogenesis of kidney
and brain respectively as well as homeostasis.
Phagocytosis

A role of Ocrll in phagocytosis was demonstrated in Dictyostelium discoideum Ocrll
homolog Dd5P4, which when eliminated resulted in phagocytic cup closure failure (Loovers et al.,
2007) and later recapitulated in mammalian cells lacking Ocrl1 (Bohdanowicz, Balkin, De Camilli,
& Grinstein, 2012; Marion et al., 2012). Upon recruitment by Rab5 and APPL1, Ocrll is
transported to the phagocytic cup in AP1-containing vesicles (Bohdanowicz et al., 2012; Marion
etal., 2012). At the phagocytic cup, Ocrl1 catalytic activity helps limit P1(4,5)P2 levels which will
lead to cessation of actin polymerization, a critical requirement for closure of phagocytic cup. Loss
of Ocrl1 also led to Akt hyperactivation due to the accumulation of P1(3,4,5)P3 caused as a result
of excess PI(4,5)P2 present on the membrane (Loovers et al., 2007).
Membrane remodeling

Ocrll deficiency caused defects in fluid phase uptake, cell spreading and migration-
processes that rely on the remodeling of cell membrane (Coon et al., 2009). Abnormalities in fluid
phase uptake (determined by decreased uptake of fluorescently labeled dextran) was observed in
LS fibroblasts compared to normal cells (Coon et al., 2009) as well as in the pronephros of the LS
zebrafish model (Oltrabella et al., 2015). A similar defect was noted in animal models of Dent
disease, another kidney-related disease (Piwon, Gunther, Schwake, Bosl, & Jentsch, 2000). Taken
together, it suggests that fluid phase uptake defects may contribute to the renal pathophysiology
observed in LS and Dent-2 disease.
Cell migration and spreading

Absence of Ocrll also produced cell migration defects in LS patient fibroblasts as observed
in wound-healing and trans-well migration assays (Coon et al., 2009). Loss of Ocrll also led to
defects in cell spreading on fibronectin extracellular matrix. Cells were rounded or had irregular
shapes indicating a defect in isotropic spreading on the matrix (Coon et al., 2009). Further,
migration defects of neural crest cells (NCCs) and melanophores were observed in the LS zebrafish

model (Brian G. Coon et al., 2012). The NCC migration defect consequently led to an abnormal
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pattern cranial cartilage and may explain the facial dysmorphology observed in patients and in
ocrll morphant fish (Brian G. Coon et al., 2012).

Ocrll is found at the leading edge of migrating cells and at membrane ruffles along with
activated Rac (Faucherre et al., 2005). Though Ocrll’s RhoGAP domain lacks GAP activity, it
binds to both activated and inactivated forms of Racl (Faucherre et al., 2003a). Hyperactivated
RhoA signaling was detected LS patient blood platelets (Lasne et al., 2010) leading to LS to be
classified as a bleeding disorder. Additionally, deficient Rac activation has also been reported in
LS patient fibroblasts (Madhivanan et al., 2012) in addition to Rho hyperactivation (van Rahden
et al., 2012) . The abnormal cell migration and cell spreading seen in patient cells is primarily
caused by this Rho/Rac imbalance (Coon et al., 2009).

The catalytic activity of Ocrl1 and its interaction with the endocytic machinery (clathrin and
AP2) are both required for its role in cell migration and spreading (Coon et al., 2009). Since Inpp5B
does not interact with the endocytic machinery, this is thought to be the reason why the 5’
phosphatase also could not rescue these defects (Coon et al., 2009). Like Ocrll, other 5’
phosphatases SKIP and SHIP2 have also been found to localize at membrane ruffles and mediate
cell migration on fibronectin (Ramos et al., 2020) but it is not known if they can compensate
Ocrl1’s role in these processes.

Ciliogenesis

Ocrll partially localizes to the ciliary base and in the axoneme in some cell types during
ciliogenesis (Brian G. Coon et al., 2012; Luo, West, et al., 2012; Rbaibi et al., 2012). LS fibroblasts,
as well as Ocrl1 KD in mouse NIH3T3 fibroblasts and human retinal pigmented epithelial (RPE)
cells showed a reduction in cilia formation and length (Brian G. Coon et al., 2012; Luo, West, et
al., 2012) as well as P1(4,5)P2 accumulation in the cilia (Prosseda et al., 2017). Recker et al. (F.
Recker et al., 2015) demonstrated that fibroblasts obtained from 28 LS patients also exhibited
ciliogenesis defects. However, increase in ciliary length was observed in Ocrl1 KD in MDCK cells
(Rbaibi et al., 2012).

Like other ciliopathy zebrafish models and LS patients, Ocrll-deficient fish had
underdeveloped eyes and brain, laterality defects, cystic kidneys and facial dysmorphology (Brian
G. Coon et al., 2012; Luo, West, et al., 2012). In addition, ocrl1 morphant zebrafish Kuppfer’s
vesicle and pronephros had defective cilia (Brian G. Coon et al., 2012; Luo, West, et al., 2012;
Rbaibi et al., 2012). Recently, Gliozzi et al.(Gliozzi et al., 2020), demonstrated a shortening of the
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proximal tubules in the LS zebrafish model that was attributed to a defect in cytokinesis. In
addition, these fish also presented with low molecular weight proteinuria, as observed in patients.
This paper suggested that the shortening of proximal tubule was responsible for the excretion
defects. This supports the clinical observations that LS is characterized primarily by renal
tubulopathy (Bokenkamp & Ludwig, 2016).

Despite the ciliary membrane being uninterrupted from the plasma membrane, its
composition is distinct in terms of the lipids and membrane receptors (Madhivanan K, 2016). This
unique compartmental identity is maintained primarily by vesicle trafficking and it is critical to
sustain it to allow ciliary function (Madhivanan & Aguilar, 2014). Vesicle trafficking to cilia
occurs through 2 major routes- directly from TGN to base, mediated by Rab8 positive recycling
endosomes; or via an indirect pathway from the plasma membrane, via Rab5-APPL1-IPIP27A/B
endocytic axis to the ciliary base (Brian G. Coon et al., 2012) . Ocrl1 interacts with both Rab5 and
8, and Ocrl1 loss caused reduced ciliary traffic of cargo rhodopsin, via both pathways (Brian G.
Coon et al., 2012). It is likely both pathways merge at the base of the cilia and operate to deliver
specific cargo required for the building and maintenance of cilia (Brian G. Coon et al., 2012).
Importantly, Coon et al. (Brian G. Coon et al., 2012) study showed that Ocrl1’s participation in
ciliogenesis is mediated via its phosphatase activity and ASH-RhoGAP domain with no necessity
for the N-terminal PH domain.

Lowe Syndrome as a Ciliopathy-like disease

Abnormalities in ciliary structure or function results in a family of diseases called ciliopathies
(Reiter & Leroux, 2017). Often, these diseases have multi-organ involvement (Reiter & Leroux,
2017). So far, more than 150 proteins have been implicated in ciliopathies (Reiter & Leroux, 2017).
The discovery of ciliogenesis abnormalities in LS (Brian G. Coon et al., 2012) catapulted the
disease from an orphan status to a ciliopathy or ciliopathy-like disease. This is extremely
significant for many reasons. First, LS has been demonstrated to share similarities with other
ciliopathies including characteristic multi-organ involvement , particularly eyes, kidney and brain.
Second, the categorization of LS as a ciliopathy allows researchers to be able to study LS
pathogenesis with a new perspective, including borrowing and testing hypotheses from other
ciliopathy diseases. Discoveries made in LS may also contribute to the vast field of ciliopathies

and help understand other diseases in the family. Finally, this will also help open therapeutic
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avenues for LS that lacks a cure. Specifically, ciliopathy-specific drugs can be tested or repurposed

as a candidate therapeutic against LS.

1.4 Inpp5E

Inpp5E (EC 3.1.3.36) is a type IV PI- 5" phosphatase whose substrates include PI(3,4,5)Ps3
(highest affinity) P1(4,5)P2, (Kisseleva et al., 2000) and PI(3,5)P. (Kong et al., 2000; Segawa et
al., 2014). Inpp5E is encoded by the gene INPP5E located on chromosome 9. Inpp5E is required
for embryogenesis (Jacoby et al., 2009) and is expressed highly in the brain (abundant especially
in hypothalamus) pancreas, testis and spleen (Kisseleva et al., 2000). Mutations in INPP5E causes
an autosomal recessive disorder called Joubert Syndrome (JS), a ciliopathy(Bielas et al., 2009;
Jacoby et al., 2009) and MORM disease. JS disease is characterized by a midbrain malformation
known as 'molar tooth sign’, polydactyly, retinal degeneration and mental retardation. Mice and
zebrafish models with absent or abnormal Inpp5E function recapitulate phenotypes observed in JS
patients (Bielas et al., 2009; Jacoby et al., 2009; Luo, Lu, & Sun, 2012). Recently, Inpp5E has also
been shown to be implicated in polycystic kidney disease (S. Hakim et al., 2016) with zebrafish
models of the disease recapitulating patient phenotypes such as cilia defects and cystic kidneys (S.
Hakim et al., 2016; Xu et al., 2017).

1.4.1 Domain architecture and interactions of Inpp5E

Inpp5E contains an N-terminus proline rich domain (PRD) with 13 PxxP consensus
sequences, two Immunoreceptor Tyrosine-Associated Motif (ITAMs), a central catalytic 5’
phosphatase domain and a C-terminus CAAX box that gets prenylated for membrane anchoring.
A splice variant (lacking 34 amino acids) of Inpp5E is also present, which lacks the ITAMs
(Kisseleva et al., 2000; Kong et al., 2000). (Fig.1.2)

Inpp5E undergoes tyrosine-phosphorylation by activated insulin receptor (Bertelli et al.,
2006) and Ser/Thr-phosphorylation by Aurora kinase A (AurKA) (Plotnikova et al., 2015). It also
interacts with insulin receptor substrate 2 (IRS2) (Bertelli et al., 2006; Bertelli et al., 2013). Inpp5E
associates with the p85 subunit of PI3K and through its catalytic activity, hydrolyzes P1(3,4,5)P3,
and thereby negatively regulates Akt pathway (Bertelli et al., 2006; Bertelli et al., 2013). This

underscores its critical role in modulating insulin signaling in cells (Bertelli et al., 2013).
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Via its N-terminal proline-rich domain, Inpp5E localizes to the Golgi (Kong et al., 2000). It
has also shown to bind to Rabs; namely Rab20, a GTPase found at the Golgi- and phagosome
(Fukuda et al., 2008). This is unlike Ocrl1 that interacts with a multitude of Rabs via its ASH
domain (Fukuda et al., 2008). Curiously, Inpp5E preferentially binds GDP-bound form of Rab20,
an interaction that facilitates into localization at the Golgi (Fukuda et al., 2008). The physiological
relevance of this interaction is yet to be determined. It is speculated that Inpp5E contains a Rab-
binding site at its N-terminal PRD (Fukuda et al., 2008).

Using tandem affinity purification with Inpp5E as bait, Humbert et al. (Humbert et al., 2012)
demonstrated that Inpp5E interacts with several ciliary proteins such as CEP164, 14-3-3¢/y and
RUVBL1, RUVBL2. While the first two proteins are either involved in cilia formation or localize
at the cilia, the significance of RUVBL1 and 2 in ciliary function is still unknown (Humbert et al.,
2012). These results however indicate that Inpp5E is involved in the overall process of forming
and or maintain cilia. Overall, under steady state conditions, Inpp5E is enriched at the Golgi (Kong
et al., 2000) which during starvation, it is found to localize at the cilia (Bielas et al., 2009; J. M.
Dyson et al., 2017; Jacoby et al., 2009; Luo, Lu, et al., 2012).

InppSE’s ciliary localization is mediated by the presence of a conserved FDRELYL sequence,
instead of the conventional ciliary localization motif that is also present in the protein. (Humbert
et al., 2012). GTPase Arl13B helps recruit Inpp5E to the cilia via this sequence in a PDE6D
dependent manner. PDEGD is phosphodiesterase and prenyl-binding protein that complexes with
Inpp5E (through mechanisms still unclear) at the CAAX box (Humbert et al., 2012). Interestingly,
absence of PDEG6D has also been linked to Joubert Syndrome as well as induces a mis-localization
of Inpp5E (S. Thomas et al., 2014).

1.4.2 Functions of Inpp5E

PI3K/Akt signaling

Inpp5E binds to the p85 subunit of PI- 3’ kinase (PI3K) and inhibits its signaling (Bertelli et
al., 2006). Its phosphatase activity against PI(3,4,5)P3 synergises with the inhibition of p85
resulting in decrease in PI(3,4,5)Ps, thereby also inhibiting the PI3K/AKT signaling pathway.
Conversely, Inpp5E-deficient cells have high levels of PI(3,4,5)Pz (Bielas et al., 2009) and
increased phospho-Akt levels (S. Hakim et al., 2016; Plotnikova et al., 2015). Cells expressing
Inpp5E mutants display hyperactivated Akt (Bielas et al., 2009).
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Due its effect on the PI3BK/AKT pathway, Inpp5E influences many cellular processes. For
example, Inpp5E it reduces the anti-apoptotic effects on PI3K/Akt signaling. Overexpression of
Inpp5E resulted in increase in apoptotic cells while prolonged exposure to high levels of Inpp5E
induced cell growth arrest, suggesting a tumor-suppressive role for this enzyme (Kisseleva, Cao,
& Majerus, 2002).

Insulin signaling and glucose homeostasis

Activation of insulin receptor, by insulin leads to the turning on of the PI3BK/AKT pathway.
This pathway is essential for cell survival and metabolic signaling. Through its catalytic activity,
Inpp5E is predicted to limit the availability of P1(3,4,5)Ps therefore counteracting insulin signaling
(Bertelli et al., 2006). The hypothalamus is the primary region in the central nervous system (CNS)
that regulates insulin signaling (Bertelli et al., 2006). Inpp5E participates in growth factor signaling,
by limiting basal levels of P1(3,4,5)Pz in the hypothalamus and consequentially, its response to
insulin stimulation (Bertelli et al., 2006; Bertelli et al., 2013; Wang, ljuin, Itoh, & Takenawa, 2011).
Not surprisingly, Inpp5E is abundantly expressed in the hypothalamus and is tyrosine
phosphorylated by the insulin receptor. Physiological consequences of these signaling events
include CNS-mediated reduction in food intake (dependent on insulin) and glucose homeostasis
(Bertelli et al., 2006; Bertelli et al., 2013). Inpp5E overexpression studies resulted in insulin-
resistant diabetes and obesity in mice models, making it a potent target for diabetes and obesity
drug therapies (Bertelli et al., 2013).

Phagocytosis

Since PI(3,5)P2 is required for phagocytic cup closure, Inpp5E’s enzymatic activity against
P1(3,5)P2 inhibits phagocytosis (Horan et al., 2007). Inpp5E also interacts with the phagosome-
associated Rab20 (Fukuda et al., 2008). In cells lacking Inpp5E, though recruitment of Rab20 to
the phagosome was unaffected, Rab5 and Rab20’s retention time was significantly lower (Segawa
et al., 2014). This indicated a role for Inpp5E in tethering these Rabs to the phagosome, maybe by
mediating the PI(3,5)P2 levels at the membrane. Given that Rab5’s removal from phagosome
coincides with phagosomal maturation (Fairn & Grinstein, 2012), it is tempting to speculate that
Inpp5E, by depleting PI(3,5)P2, maybe delaying the release of Rab5, thereby impairing
phagosomal maturation.

Vesicle trafficking
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From phylogenetic studies, Cil-1 is a 5° phosphatase in Caenorhabditis elegans that is
similar to mammalian Inpp5E. Cil-1 facilitates the trafficking of the Transient Receptor Potential-
Polycystin (TRPP) complex by modulating P1(3,5)P2 and PI3P levels suggesting that it is plausible
that InppSE may play a similar role in mammalian cells (Bae, Kim, L'Hernault, & Barr, 2009).

Recently, deficiency of Inpp5E has been shown to impair the fusion of autophagosomes with
lysosomes, leading to an accumulation of autophagosomes (Hasegawa et al., 2016; Nakamura,
Hasegawa, & Yoshimori, 2016). This study demonstrated a role for Inpp5E in the autophagy
pathway by its 5’ phosphatase activity on PI(3,5)P> at lysosomes (Nakamura et al., 2016).
Maintenance of cilia and transition zone

Multiple studies in mice and zebrafish have demonstrated the role of Inpp5E in cilia
formation and maintenance (Bielas et al., 2009; Jacoby et al., 2009; Luo, Lu, et al., 2012). In
addition, loss of Inpp5E also resulted in Kupffer vesicle as well as melanosome migration defects
in inpp5e morphant zebrafish (Luo, Lu, et al., 2012). Recently, Hardee et al. (Hardee et al., 2017)
demonstrated that fibroblasts obtained from Joubert syndrome patients also exhibited ciliogenesis
defects.

Inpp5E directly interacts with Aurora kinase A (AurkA) (Plotnikova et al., 2015), which
results in its phosphorylation by the latter. This leads to an enhancement in its catalytic activity
towards PI(3,4,5)Ps, particularly in regions such as ciliary base (Plotnikova et al., 2015) (where
AurkA localizes (Pugacheva, Jablonski, Hartman, Henske, & Golemis, 2007)). This catalytic
activity of Inpp5E is required for maintaining ciliary stability (Plotnikova et al., 2015).
Interestingly, AurkA is one of the targets of the Akt signaling pathway (X. Liu et al., 2008) and
has been shown to regulate cilia stability by complexing with Histone DeAcetylase 6 (HDAC6)
(Pugacheva et al., 2007).

In a zebrafish model of Joubert Syndrome, Inpp5E has also been demonstrated to be
important for maintaining lipid segregation in kidney epithelial cells which is necessary for
establishing apico-basal polarity (Xu et al., 2017). This polarization is necessary for basal body
docking in an ezrin-dependent manner which then allowed ciliogenesis to proceed (Xu et al., 2017).
Sonic Hedgehog (Shh) signaling and tissue patterning

Primary cilia are critical for neural crest cell (NCCs) differentiation and proliferation and
this is dependent on the Sonic Hedgehog (Shh) pathway. The cilia in these cells are enriched in

PI4P and InppSE has been shown to be the key 5° phosphatase that helps maintain high levels of
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localized PI4P in the cilia by downregulating P1(4,5)P2 levels. Mice studies have demonstrated
that absence of Inpp5E led to hyperactivation of Akt signaling and proliferation (likely due to
excess of PI(3,4,5)P3) (Jacoby et al., 2009). Loss of Inpp5E also led to PI(4,5)P2> accumulation at
the ciliary tips and not the base (Bielas et al., 2009). Build-up of P1(4,5)P> recruits the tubby-like
protein Tulp3 and its ciliary cargo the GPCRs Gpr161 which negatively regulates Sonic hedgehog
(Shh) pathways (S. Mukhopadhyay et al., 2010; Saikat Mukhopadhyay et al., 2013). NCCs isolated
from inpp5e-null mice exhibited stunted cilia bearing enlarged tips with accumulation of Tulp3
and Gprl61. Consequentially, abolition of Shh signaling was observed in these cells, in spite of
Shh ligand stimulation. In addition, no defects were observed in levels or trafficking of Shh
proteins (Saikat Mukhopadhyay et al., 2013). Aberrant Shh signaling results in polydactyly and
exencephaly are known to be caused by aberrant Shh signaling (Lopez-Rios et al., 2012).
Interestingly, polydactyly was observed in inpp5e knockout mice (Bielas et al., 2009). These
results establish the mechanism by which Inpp5E’s phosphatase activity is involved in
development and tissue patterning via regulation of Shh signal transduction at the primary cilia
(Chavez et al., 2015; Lopez-Rios et al., 2012).

In addition to maintenance of cilia, thereby regulating Shh signaling, Dyson et al. (J. M.
Dyson et al., 2017) also demonstrated a role for Inpp5E in maintaining the integrity of the ciliary
transition zone (TZ). Ablation of Inpp5E in mice led to defects that were reminiscent of ciliary
dysfunction as well as aberrant Hh signaling including cleft palate, polydactyly, delayed
ossification of bones, micropthalmos. Embryos also exhibited patterning defects as well as
accumulation of P1(4,5)P2 and PI1(3,4,5)Ps at ciliary transition zone. Further, activation of Shh
signaling in mice lacking Inpp5E, along with the accumulation of Inpp5E substrates resulted in
mis-localization of TZ proteins. This subsequently led to lesser Smoothened (Smo) accumulation
in the cilia upon Shh activation which could not be rescued by Inpp5E lacking catalytic activity (J.
M. Dyson et al., 2017). This reveals a new role of Inpp5E in modulating Shh signaling at the
transition zone.

Cell division

Spindle assembly checkpoint (SAC) is a cell cycle checkpoint mechanism by which erratic
chromosome segregation is corrected to avoid aneuploidy (Nalepa et al., 2013). Following the
identification of Inpp5E as a candidate for a 5’phosphatase that regulated mitosis (Nalepa et al.,

2013), Sierra Potchanant et al. (Sierra Potchanant et al., 2017) validated that Inpp5E was essential
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for maintaining the SAC during cell cycle. Spindle assembly checkpoint. In cell lines lacking
Inpp5E, upon induction of SAC, cells displayed multinucleation, a sign of SAC failure. Further,
this ability to escape SAC was due to accumulation of Inpp5E substrate P1(4,5)P». In addition, loss
of Inpp5E also resulted in mitotic defects such as multiple centrosomes as well cytokinesis failure
(Sierra Potchanant et al., 2017).

Studies also show that Inpp5E regulates phosphoinositide metabolism inside the cilium,

thereby controlling PDGF-PI3K-Akt pathway which mediates cell cycle entry (Bielas et al., 2009).

1.5 Diseases associated with Inpp5E

Mutations in INPP5E result in two ciliopathies namely, Joubert syndrome (OMIM #213300)
and Mental retardation, truncal obesity, retinal dystrophy, and micropenis (MORM) syndrome
(OMIM #610156); however, their clinical manifestations are starkly distinct.

INPP5E has also been implicated in polycystic kidney disease (S. Hakim et al., 2016) and
animal studies have confirmed the presence of renal cysts in the absence of Inpp5E (Dillard et al.,
2018; S. Hakim et al., 2016; Xu et al., 2017). Loss of Inpp5E also results in a hyperactivation of
mTOR-PI3K-Akt signaling axis, which contributes to the ciliary defects and presence of cystic
kidneys (S. Hakim et al., 2016).

MORM was discovered in 2006 (Hampshire et al., 2006) in a Pakistani family with 3
members exhibiting mild to moderate mental retardation, upper obesity, micropenis as well as
impaired vision (Hampshire et al., 2006) and thought to be similar to Bardet-Biedl syndrome,
another ciliopathy. The gene locus was mapped to chromosome 9. In 2009, INPP5E was identified
as the gene causing MORM (Bielas et al., 2009). However, not much is known about this disease
and it is relatively rare.

Joubert Syndrome (also known as Joubert-Boltshauzer Syndrome; JS) was discovered in the
1968 by Marie Joubert (Joubert, Eisenring, & Andermann, 1968). A rare multigenic disease, nearly
21 genes have been found to cause JS (Valente, Brancati, & Dallapiccola, 2008). All these genes
encode ciliary proteins, making JS a ciliopathy (Valente et al., 2008). Depending on the
chromosomal location of the gene, the mode of inheritance can be autosomal recessive or X-linked.
The prevalence of JS in USA is 1:100,000 (Romani, Micalizzi, & Valente, 2013).

It is a multiorgan disease classified into 6 subgroups, based on the organ involvement

(Romani et al., 2013; Valente, Dallapiccola, & Bertini, 2013). Depending on the causative gene,
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the clinical presentation is speculated to differ, often involving different organs, making this a
phenotypically as well as genotypically heterogenous disease (Romani et al., 2013).

One of the genes implicated in JS is PI- 5° phosphatase encoding INPP5E (Bielas et al.,
2009). JS caused by INPP5E mutations has an autosomal recessive mode of inheritance and
accounts for 3% of affected patients (Romani et al., 2013). This section will be focused on

reviewing the overall clinical presentation of JS.

1.5.1 Clinical characteristics of Joubert Syndrome

Neurological

The hallmark of JS is a unique midbrain-hindbrain malformation called ‘molar tooth sign’
(MTS). Independent of the gene involved, all JS patients exhibit this MTS during brain imaging,
a tell-tale sign accompanying JS diagnosis (Valente, Brancati, Boltshauser, & Dallapiccola, 2013).
In addition, hypotonia, cerebellar ataxia, developmental delay is also part of the classic symptoms,
accompanied by abnormal ocular movements that provide a diagnosis of JS (Romani et al., 2013;
Valente, Brancati, et al., 2013).

Other neuroimaging findings include cerebellar dysplasia, loss of demarcation between
cortex and white matter and glial proliferation. Many patients also have varying degrees of
intellectual disability (Romani), though it is not necessarily a disease hallmark (Brancati,
Dallapiccola, & Valente, 2010). A consequence of neurological dysfunction is breathing
difficulties, seen early in 10-15% of patients (Romani et al., 2013).

Some other carrying neurological phenotypes include white matter cysts, hydrocephalus,
abnormalities in the corpus callosum and absence of the pituitary gland (Brancati et al., 2010). In
small percentages of patients, a characteristic posterior cyst is observed (Brancati et al., 2010;
Valente et al., 2008). Abnormal migration defects and cortical organization defects have also been
reported. Patients with the above defects present with higher incidence of epilepsy, which is
otherwise not observed in JS (Brancati et al., 2010). The severity of neurological compromise is
directly correlated to prognosis (Brancati et al., 2010).

Besides the brain, some other affected organs include eyes, kidney, liver, skeleton as well as
oro-digital deformities, craniofacial dysmorphology, situs invertus. Patients with all of the above
organ manifestations are classified under the sub-group ‘pure’ JS (Romani et al., 2013).

Ocular (JS+retinal involvement)
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Abnormal eye movements including nystagmus and strabismus are observed, as well as
retinal abnormalities which eventually progress to retinopathies (due to degeneration of
photoreceptor cells (Brancati et al., 2010), resulting in compromised vision (Romani et al., 2013).
Patients also exhibit coloboma or a ‘hole in the eye’ either in one or both eyes and are thought to
arise from failure of closure of the fetal fissure (Brancati et al., 2010).

Skeletal (JS+skeletal involvement)

Skeletal involvement includes severe scoliosis and skeletal dysplasia (Romani et al., 2013).
Renal (JS+renal involvement)

25% of JS patients present with renal symptoms (Brancati et al., 2010). Renal manifestations
include nephronophthisis, cystic dysplastic kidneys (Romani et al., 2013). Symptoms include
irregular thickening of basal membrane of the tubular epithelium, progressive interstitial fibrosis.
Patients often are asymptomatic with mild unnoticed signs such as polyuria until they develop
chronic renal insufficiency or end stage renal disease by second decade of life (Romani et al.,
2013).

Hepatic (JS+hepatic involvement)

Hepatic complications are rare but manifest as congenital liver fibrosis. Symptoms include
elevated serum liver enzymes, early onset hepatomegaly (enlarged liver) and in severe cases
include liver cirrhosis (Brancati et al., 2010).

Other manifestations

Some rare cases also have congenital heart malformations, situs inversus (Valente et al.,
2008).

Physical anomalies (JS+oro-facio-digital involvement)

10-15% JS patients display polydactyly, midline oral and facial defects and categorized as
facial dysmorphism including frontal bossing, prominent forehead, ptosis of the eye (drooping
eyelid), arched eyebrows and protruding, lobulated tongue (Romani et al., 2013). Some other
features include cleft lip and/or palate, notched upper lip and lingual or oral soft tumors (Valente
et al., 2008).

INPP5E mutations often result in ‘pure JS’ or ‘JS with retinal involvement’ (Bielas et al.,
2009; Brancati et al., 2010; Hardee et al., 2017; Shetty, Ramdas, Sahni, Mullapudi, & Hegde,
2017), with occasional hepatic involvement (Travaglini et al., 2013). Given the cellular functions

of Inpp5E in multiple processes like tissue patterning (via Shh signaling), formation and
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maintenance of cilia, and modulating pathways such as PI3K-Akt, mTOR, it is not surprising that

INPP5E mutations result in a severe form of JS with pleiotropic effects in the body.

1.5.2 Genotype-phenotype correlation between INPP5E mutations causing Joubert
Syndrome and MORM

Despite the involvement of the same gene in both diseases, the heterogeneity in the clinical
presentation of Joubert Syndrome and MORM is evident. All INPP5E missense mutations
causative of Joubert Syndrome map to the region encoding the catalytic domain of the protein.
(Bielas et al., 2009; Hardee et al., 2017; Shetty et al., 2017; Travaglini et al., 2013). Although
mutated Inpp5E can localize to the cilia, they lack catalytic function. Interestingly, though cells
expressing mutated Inpp5E have normal cilia number and morphology, their tips are bulged, and
this is believed to be due to accumulation of cargo (Bielas et al., 2009; Jacoby et al., 2009;
Travaglini etal., 2013). Further, cells expressing these mutants have unstable cilia and are sensitive
to serum, making them more prone to cilia disassembly in these conditions (Bielas et al., 2009).
Mice lacking Inpp5E also die early, have renal cysts as well as neurological phenotypes during
early development (Bielas et al., 2009; Jacoby et al., 2009). However, no striking ocular defects
were observed.

The INPP5E mutation Q627X causes MORM syndrome. This nonsense mutation results in
the loss of the C-terminus CAAX box, producing a truncated Inpp5E protein. In contrast to Joubert
Syndrome-related Inpp5E variants, this mutant Inpp5E was restricted to the base of the cilium, but
retained enzymatic activity (Bielas et al., 2009). Despite preservation of catalytic activity, ciliary
instability was observed (Bielas et al., 2009).

Interestingly, mutations in PDE6D produce renal, ocular and neurological defects in mice,
phenocopying defects observed in Inpp5E-deficient mice (S. Thomas et al., 2014). As indicated
before, Inpp5E binds to PDEGD via its CAAX box and this is required for its PC localization (S.
Thomas et al., 2014) The InppSE MORM variant is probably unable to sustain this interaction,
hence cannot localize at the cilia. This indicates that InppSE-mediated ciliary stability depends on
its catalytic function and correct localization to the cilia. Nevertheless, it is unclear why MORM
syndrome only presents with a subset of phenotypes observed in Joubert syndrome (such as mental
retardation, micropthalmos and retinal degeneration) as well as other unique manifestations like

micropenis.
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Given the biochemical nature of mutants implicated in both the diseases, it is tempting to
suggest that depending on the nature of the mutation and the domain of the protein that is affected,
the effect it may have on the behavior of mutant protein is distinct. As a result, this may differently
impact cellular phenotypes, thereby eliciting heterogeneity in the clinical manifestations observed
in Joubert Syndrome vs. MORM. Indeed, there may be other factors such as genetic modifiers,
environment and other mechanisms that may also contribute to the heterogeneity in cellular

phenotypes as well as patient symptoms.

1.6 Diseases associated with Ocrll

Mutations in OCRL1 result into two diseases namely, Lowe Syndrome (LS) (OMIM
#309000) and Dent-2 disease (OMIM #300555). Dent-2 disease is considered a milder form of LS
(Bokenkamp 2009), in that the renal phenotypes are less severe, and patients do not ex\hibit
striking ocular or neurological defects that LS patients have. Further, there is a separation in the
location of mutations in OCRLL1 that produce LS vs. Dent-2 disease.

LS (also known as Oculo-cerebro-renal syndrome of Lowe (OCRL) was first described in
1952 by Dr. Charles Lowe and colleagues (LOWE, TERREY, & MacLACHLAN, 1952). Itis a
rare X-linked condition caused by mutations in the gene OCRL1 (Attree et al., 1992b; Suchy et al.,
1995; X. Zhang et al., 1995). The disease prevalence is 1:500,000 (Mario Loi, 2006).

LS has multi-organ involvement with striking ocular, cerebral and renal symptoms. Children
with LS are born with bilateral congenital cataracts, generalized hypotonia and exhibit renal
Fanconi-like syndrome as early as 6 months of age (Mario Loi, 2006). These three classical
manifestations followed by molecular analysis results in a LS diagnosis. With time, renal
symptoms worsen, resulting in kidney failure which is the cause of death. So far, there is no LS-
specific cure and majority of treatments only manage symptoms.

Renal

The kidney (particularly proximal tubule) is severely affected in LS. Renal symptoms are
consistent with impaired proximal tubule function. Classical features include low molecular
weight (LMW) proteinuria which is detected in the first few months after birth, aminoaciduria
(wide variety of amino acids seen), alouminuria (Lowe, 2005). Megalin trafficking defects has
been attributed to the LMW proteinuria (Vicinanza et al., 2011).
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Hypercalciuria and hyperphosphaturia is also noted. It is speculated that loss of Ocrl1 results
in impaired Trpv6 (a calcium channel) trafficking (Wu et al., 2012), resulting in hypercalciuria.
LS patients also develop nephrocalcinosis/nephrolithiasis (Bokenkamp, Levtchenko, Recker, &
Ludwig, 2015), which refers to a generalized deposition of calcium oxalate or phosphate crystals
in the kidney. Typically, 98% of the Ca?* filtered by the kidney is reabsorbed by the proximal
tubule, by a process called micropinocytosis (Kanlaya, Sintiprungrat, Chaiyarit, & Thongboonkerd,
2013). If this fails, the calcium is hypothesized to either adhere to the proximal tubule cells,
forming stones (Kohjimoto, Ebisuno, Tamura, & Ohkawa, 1996a) or may eventually undergo
transcytosis and enter the kidney interstitial space (Kohjimoto, Ebisuno, Tamura, & Ohkawa,
1996b). The internalized Ca2" ions are degraded by lysosomes. Multiple groups have
demonstrated defective micropinocytosis or ‘fluid phase’ uptake of cargo in the absence of Ocrl1
in LS fibroblasts (Coon et al., 2009) and LS zebrafish models (Oltrabella et al., 2015) as well as
impaired endo-lysosomal fusion (Festa et al., 2019). It is hence hypothesized that nephrocalcinosis
could be due to defective micropinocytosis and/or defects in vesicle trafficking.

Excretion of lysosomal hydrolases is noticeable (A. J. Ungewickell & Majerus, 1999) and is
thought to contribute to the tubular damage. The mis-trafficking of M6PR, a receptor of lysosomal
hydrolases and megalin in the absence of Ocrl1 is predicted to be the underlying cause of lysosomal
enzyme excretion (Vicinanza et al., 2011). Renal tubular acidosis is often mild in LS while Dent-
2 patients have significant acidosis (Cho et al., 2008). Tubular atrophy (Schramm et al., 2004) is
also noticeable. This proximal tubule shortening been confirmed in the LS zebrafish model as well
(Gliozzi et al., 2020). Besides these findings, renal Fanconi syndrome also includes glucosuria,
which is markedly absent in LS patients (A). Hence, the renal phenotype in LS is Fanconi-like
(Kleta, 2008).

Initially renal biopsies are normal, with time, interstitial fibrosis is noticeable. There is a
gradual decrease in glomerular filtration rate, indicative of glomerular damage (Zaniew et al.,
2018). Patients suffer from progressive renal failure, needing dialysis and end stage renal disease
(ESRD) is often cause of death by late adolescence (Mario Loi, 2006). Very few patients have
survived until their late 40s-early 50s of age.

Ocular
Besides bilateral cataracts at birth (surgically removed) in all LS patients, glaucoma is seen

in 50% of them which is also surgically corrected. Increased intraocular pressure in patients (Na
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Luo et al., 2014), may contribute to glaucoma. Cataracts are thought to be result of improper
embryonic development (Tripathi, Cibis, & Tripathi, 1986), including migration defects in lens
cells. Since Ocrl1 loss results in primary cilia and impairs rhodopsin trafficking to cilia (Brian G.
Coon et al., 2012), ciliary dysfunction may also contribute to cataracts.

Patients have deep set eyes, micropthalmos (small eyes) and poor visual acuity, requiring
corrective glasses. Patients are aphakic (no lens) due to surgical removal of cataract and possess
corneal opacities. There is evidence of corneal scarring and keloids. Additionally, abnormal eye
movements, including nystagmus and strabismus is seen (Bokenkamp et al., 2015). Dent-2 disease
patients rarely have ocular defects, or develop corneal opacities very late in life (Recker, Heutter,
& Ludwig, 2013).

Neurological

One of the striking features is hypotonia in all LS newborns, as well as lack of deep tendon
reflexes. There is overall decrease in muscle tone as well as delayed developmental and motor
milestones. Nervous system defects are thought to cause the hypotonia although the exacerbated
levels of lactate dehydrogenase (and other muscle enzymes) in serum may indicate overall tissue
damage and muscle wasting. This elevation of muscle enzymes has been seen in some Dent-2
disease patients as well (Cho et al., 2008). All LS patients exhibit severe intellectual disability.
Some patients also have seizures (Leahey, Charnas, & Nussbaum, 1993; Réschinger, Muntau,
Rudolph, Roscher, & Kammerer, 2000).

Neurological imaging reveals lesions in the periventricular space and deep white matter.
Demyelination is also observed, with cysts in the white matter. Gliosis is present and thought to
be due to acidic lysosomal enzyme secretion (Recker et al., 2013).

Behavioral traits of LS patients include aggression, repetitive hand movements, stubbornness
and temper tantrums. These children are also diagnosed with obsessive compulsive disorder and
tend to self-harm. Dent-2 disease patients do not present with neurological deficits at the time of
diagnosis, though develop mild to moderate intellectual disability during later stages of life.

Besides eyes, brain and kidney, there are other manifestations in musculo-skeletal system,
bones, skin, oral cavity, hemostasis in addition to notable facial deformities.

Musculo-skeletal
Hypotonia often results in joint hypermobility in patients. Patients also have osteopenia

(weak bones) and low mineral density, resulting repeated fractures. This is attributed to low levels
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of parathyroid hormone (PTH) and due to the excessive loss of calcium and phosphate. 50% of
patients also suffer from scoliosis. Majority of patients have Vitamin-D independent rickets that
is also attributed to mineral loss.
Oral cavity

Patients suffer from oral cysts (Peverall, Edkins, Goldblatt, & Murch, 2000; Tsai &
O'Donnell, 1997), dental follicles (Ruellas, Pithon, Oliveira, & Oliveira, 2008), gingivitis (Roberts,
Blakey, Jacoway, Chen, & Morris, 1994), abnormal dentin formation and malformed teeth
(Harrison, Odell, & Sheehy, 1999).
Hemostasis

Lasne et al. (Lasne et al., 2010) identified hemorrhagic events in multiple LS patients as well
as long closure times from blood samples, which enabled LS to be classified as a bleeding disorder.
Further, there were changes to platelet adhesion behavior as well cell shape. These defects were
determined to be due to a hyperactivation in RhoA GTPase signaling (Lasne et al., 2010).
Skin

LS patients have been reported to have skin lesions, benign epidermal cyst as well as cysts
in hair follicles. These symptoms are attributed to increased secretion of lysosomal enzymes,
resulting in tissue damage or defects in cell polarity seen in the absence of Ocrll (Grieve et al.,
2011).
Physical features

Children are often in the lower percentile of growth and stature (Brooks & Ahmad, 2009),
may be due to growth hormone deficiencies (Dai et al., 2019). Additionally, patients have deep set

eyes, frontal bossing, wide forehead (Brooks & Ahmad, 2009).

1.7 Genotype and phenotype correlation between OCRL1 mutations causing Lowe
Syndrome and Dent-2 disease

The Human Gene Mutation Database (HMGD), the National Human Genome Research
Institute (NHGRI) and ClinVar are some of the most comprehensive databases that estimate nearly
250 unique disease mutations in OCRL1. These mutations result in either LS or Dent-2 disease.
Although these databases have an extensive list of gene variants, some of them (ex. NHGRI’s

database) have been retired, and not all authors deposit their novel variants in these servers.
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From carefully analyzing these existing lists as well as all literature on OCRL1, we estimate
that LS-causing OCRL1 mutations alone are nearly 300 while Dent-2 disease producing mutations
are close to 80. In addition, there are other Ocrll variants that do not have an associated
diagnosis/clinical significance or only are associated with neurodevelopmental disorder.

Here we will focus only on those mutations associated with either LS or Dent-2 disease
diagnosis. It must be noted that there is a subset of mutations (particularly affecting phosphatase
and ASH-RhoGAP domain) that cause both LS and Dent-2 disease and will be represented in both
groups. Further, the exact incidence of mutations is not clearly known since not all LS cases
involve genetic testing and not all that do receive a molecular diagnosis are reported.

LS mutations-

Of nearly 300 LS-causing OCRL1 mutations, less than 10% are in the intronic regions
(22/292). The rest (270) are found in regions encoding exons and include missense, nonsense,
‘indels’ (insertions and deletions) resulting in frameshift or splicing defects as well as gross
genomic deletions.

Mutations causing LS predominantly cluster around regions of the gene encoding exons 9-
24 (phosphatase through RhoGAP domain), with a concentration in the catalytic domain of the
protein (Hichri et al., 2011). Over 50% of mutations (158/270) affect the phosphatase domain,
nearly 30% (87/270) affect the ASH-RhoGAP domain, while less than 10% (23/270) affect the PH
domain (Fig.1.4).

Even within the domains, there is distinct differences in the type of mutations found in the
region. Most of the mutations affecting the PH domain are ‘indels’, causing frameshifts and
premature truncation of protein (19/23) while in the ASH-RhoGAP domain, many mutations
(48/88) cause frameshift and premature protein termination as well as splicing defects. Most LS-
causing mutations affecting phosphatase domain are missense in nature (80/158), resulting in
single amino acid changes (Fig.1.4). This is enough to produce disease. Single nucleotide change
nonsense mutations that lead to premature termination of protein are less abundant in all domains

of the protein.
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Domain-wise distribution of LS-causing OCRL mutations

@PH (exons 2-7)
@ Phosphatase (exons 9-16)

O ASH-RhoGAP (exons 16- 24)

Domain-wise prevalance of LS-associated
missense mutations

@PH (exons 2-7)
@ Phosphatase (exons 9-16)
O ASH-RhoGAP (exons 16- 24)

Figure 1.4 LS-causing OCRL1 mutations affecting different domains of Ocrll

Since the phosphatase domain is the hotspot, especially for missense mutations, the focus of
our study is will be on missense mutations affecting this domain. Within the phosphatase domain,
incidence of missense mutations is the highest; with 80 unique mutations affecting the catalytic
region and accounting for one-third of disease-causing mutations. This region also has high
incidence of ‘indels’ reported (55/158). (Fig. 1.3) Suarez-Axrtiles et al. (Suarez-Artiles, Perdomo-
Ramirez, Ramos-Trujillo, & Claverie-Martin, 2018) performed a splicing analysis of various
exons of OCRL1 and suggested that exons 9, 11, 12, 15, 21, 22 and 23 are considered ‘poorly

defined’ exons since they have a weak 5’ or 3’ splice site. This may explain why exons encoding
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the phosphatase and ASH-RhoGAP domain contain higher percentage of splicing defects resulting
in disease.

Importantly, mapping of all LS-causing missense mutations within the phosphatase domain
reveals that nearly 50% of existing missense mutations lie outside of the residues essential for
substrate binding, interaction with lipids and enzyme function (Fig.1.5). Yet single amino acid
changes in regions either not conserved or essential for function leads to disease. This observation
has not been reported and the reason why residues that are neither conserved nor essential for

catalysis causing disease is currently unknown.
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Figure 1.5 Mapping of LS causing OCRL1 missense mutations in the catalytic domain
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Dent-2 disease mutations-

Dent-2 disease causing OCRL1 mutations however are found to populate regions encoding
exons 1-7 (PH domain and linker region) (Hichri et al., 2011). Compared to LS, nearly 40% of
Dent-2 disease causing mutations affect the PH domain. Though mutations affecting the catalytic
domain are also present, they occur less frequently compared to LS (Florian Recker et al., 2015).
However, we find that 50% of Dent-2 associated mutations still map to the regions encoding the
phosphatase domain. It is notable that the actual number of those phosphatase domain mutations
are considerably lower compared to those causing LS (37 in Dent-2 vs. 158 in LS). On the contrary,
mutations affecting the ASH-RhoGAP domain constitute about 10% of all the mutations (Fig.1.6)

Within the domains, like LS, the distribution of different types of mutations varies. Most of
the mutations affecting PH domain are ‘indels’ (22/27) although a few missense mutations are also
present (2/27). Hence it is tempting to speculate that this region may possess unique attributes
making them susceptible to ‘indels’. (Fig.1.6)

The contribution of missense mutations and ‘indels’ in the phosphatase domain is
comparable to that observed in LS. In the ASH-RhoGAP domain, majority of disease-causing

mutations are missense in nature (5/8).
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Domain-wise distribution of Dent-2 disease causing
OCRL1 mutations

@PH (exons 2-7)
@ Phosphatase (exons 9-16)

B ASH-RhoGAP (exons 16- 24)

Domain-wise prevalance of Dent-2 disease
associated missense mutations

@PH (exons 2-7)
@ Phosphatase (exons 9-16)
O ASH-RhoGAP (exons 16- 24)

Figure 1.6 Dent-2 disease-causing OCRL1 mutations affecting different domains

Overall, the regions affected by mutations causing LS and Dent-2 disease are distinct.
Similarly, the clinical presentation of Dent-2 disease is also different from LS, in that it has renal
defects, mild neurological symptoms that manifests later during the lifetime of the patient with
little to no ocular phenotypes. Due to this observation, Dent-2 disease has been classified as a
milder form of Lowe Syndrome (Bokenkamp et al., 2009).

LS patients are also found to have worse renal function compared to Dent-2 disease patients
(Cho et al., 2008; Zaniew et al., 2018). In addition, particularly striking is the presence of renal
tubular acidosis in Dent-2 patients which is milder in LS (Cho et al., 2008). In addition, glucosuria
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is also observed in some Dent-2 patients (Bokenkamp et al., 2009; Hoopes et al., 2005). The
genotype-phenotype correlation as to how OCRL1 mutations produce differential symptoms
resulting in 2 distinct diagnoses is yet to be elucidated. Most importantly, even within LS patients,
there is wide spectrum of symptom severity which has no clear explanation so far (Hichri et al.,
2011). This makes prognosis challenging and prevents the selection of appropriate therapeutic
strategies. As a first step towards addressing this heterogeneity, we must be able to determine at
the cellular level, the effect OCRL1 mutations have on LS cellular phenotypes. So far, such a study
has not been undertaken in the field. Based on our existing evidence of the different mutations
causing LS, patient symptom heterogeneity and a lack of clear understanding of the relationship
between the two aspects, it is proposed that LS is a complex disease both in terms of disease
genetics and manifestation.

One of the proposed mechanisms for phenotypic variability amongst LS and Dent-2 patients
is that Ocrl1’s paralog, Inpp5B may compensate for some of the functions since it shares similar
domains as well as interacting partners. And that this ability to compensate may differ across
patients, depending on the level of expression in affected tissues (Pirruccello & De Camilli, 2012).
While this may partially explain heterogeneity in symptoms, Montjean et al. (Montjean et al., 2015)
demonstrated that fibroblasts from Dent-2 disease patients also exhibit defect in ciliogenesis,
P1(4,5)P, accumulation and aberrant actin structures. These defects were independent of Inpp5B
expression and the phenotypes were intermediate between control and LS patient fibroblasts.
Therefore, this suggests the possibility alternative mechanisms that may contribute to phenotype
heterogeneity.

Given that majority of Dent-2 disease causing mutations map to exons 2-7 and result in
premature termination of protein, Shrimpton et al. (Shrimpton et al., 2009) proposed that the
phenotypic variability observed in Dent-2 patients may be due to the presence of alternative
isoforms of Ocrll being produced after exon 7. To this end, using bioinformatics tools, they
predicted that amino acid methionine 187 (M187) bore the strongest score for being a potential
alternative ‘start codon’, located in exon 8. Further, this study also identified 8 cDNA clones of
alternative OCRLL1 transcripts, expressed in different tissue types (particularly brain and eyes) in
support of this hypothesis. These transcripts may be preserved despite the truncations in 5' regions
of the gene (encoding exons 2-7), as observed in Dent-2 disease. It is speculated that these partial

Ocrl1 isoforms may play protective roles in an organ-specific manner thereby leading to a milder
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LS phenotype. However, this theory remains to be validated to determine if Dent-2 patients,
despite truncations of varying degree in exons 2-7 may indeed be producing alternative gene
products using this alternative start site (Shrimpton et al., 2009).

Another aspect that may account for heterogeneity is the effect the mutations may have on
MRNA and/or protein expression, biochemical functions and stability. It is important to determine
this in order to predict pathogenic potential. It is plausible that some mutations may have a less
severe impact of biochemical activity while others may severely hinder Ocrll’s functions. This
may contribute to the heterogeneity observed even with LS patients. For example, Hichri et al.
demonstrated that over 50% of LS cases in their study had were caused by ‘indels’ resulting in
splicing defects or premature terminations that caused mRNA decay (Hichri et al., 2011).

One must bear in mind that some mutations cause both LS and Dent-2 disease, sometimes
even within the same family (Hichri et al., 2011). This highlights the underlying of genetic and/or

environmental modifiers that can influence disease manifestation.

1.8 Gap in knowledge in LS research

So far, LS has no cure and all patients die from renal failure. There are two critical areas with
knowledge gap in LS research.

Effect of patient mutations on LS-specific cellular phenotypes

In order to understand the correlation between genotype and phenotype in patients, it is
essential to first determine how mutations that affect the different domains impact the cellular
processes Ocrll is involved in, particularly those required for renal function. At the cellular level,
it has been established that Ocrl1’s participation in membrane remodeling (important for renal
function) requires its N-terminus and phosphatase domain (Coon et al., 2009), while its role in
ciliogenesis (also important for renal function) requires its phosphatase domain and C-terminus
(Brian G. Coon et al., 2012). This leads us to hypothesize us that OCRL1 mutations may
differentially affect these processes, depending on the domain they affect.

Importantly, out of the 80 unique missense mutations in the phosphatase domain (which is
essential for both cellular processes), 50% of them map to regions non-essential for enzyme
function yet result in disease upon being mutated (Fig.1.4). While mutations in residues important
for enzyme function may predictably lead to LS, it is still unknown why mutations in non-essential

residues cause disease. Although LS patients with mutations in the phosphatase domain are
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predicted to have most severe symptoms, we do not know if there are inherent differences in the
mechanism of disease manifestation due to mutations in catalytic vs. non-catalytic residues.
Molecular mechanisms underlying LS pathogenesis

Additionally, though many studies have discovered cellular abnormalities that can explain
LS patient symptoms (particularly renal and ocular), we do not know the overall signaling
pathways that are mis-regulated in the absence of Ocrll. Hence, studies that can identify the
molecular mechanisms underlying cellular phenotypes that contribute to the LS manifestations,
particularly the kidney are needed. Such studies can provide us with opportunities to develop novel
LS-specific therapeutics that specifically target these aberrant signaling pathways. They can also

potentially explain the pleiotropic effects of the lack of Ocrll.

1.9 Introduction to thesis study

Studies by Coon et al. (Brian G. Coon et al., 2012; Coon et al., 2009) demonstrate that Ocrl1’s
role in membrane remodeling and ciliogenesis occurs via different domains and interactions (N-
terminus and C-terminus respectively) and independent of each other. Its phosphatase activity is
essential for both processes to occur. Therefore, this indicates that defects in these processes
observed in LS cells may be due to two independent signaling pathways.

Multiple groups demonstrated that the membrane remodeling defects are due to a
RhoGTPase signaling deficiency (Lasne et al., 2010; Madhivanan et al., 2012). The exact
mechanism of how RhoGTPase imbalance results in cell spreading is not understood. Similarly,
the mechanisms of cilia defects are not known. Uncovering these pathways may provide novel LS-
specific therapeutic opportunities.

Chapter 2 will discuss novel findings on molecular mechanism of membrane remodeling and
ciliogenesis defects in LS. We identified previously unnoticed cell adhesion defects and sensitivity
to fluid shear stress (critical in renal environment) in LS fibroblasts, that was also confirmed in
human proximal tubule epithelial (HK2) cells lacking Ocrl1 (HK2 KO cells). Further, focal
adhesion proteins such as pFAK and vinculin were abnormally distributed in LS fibroblasts and
HK2 KO cells, providing a molecular basis for these defects. Given these protein complexes not
only help tissue organization but overall embryogenesis and neuronal development, these findings
will help us better understand LS pathogenesis. These defects are also downstream of the

RhoGTPase signaling imbalance.
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In addition, the ciliogenesis defects observed in the LS fibroblasts and HK2 KO cells are
caused by a hyperactivation of mTOR signaling. Further, patient cells show signs of defects in the
autophagy process. In summary, these findings in LS agrees with other renal diseases in which
aberrant ciliogenesis and mTOR hyperactivation has been observed.

Importantly, we have identified 2 FDA-approved candidates (discovered by another graduate
student in the lab) statins and rapamycin that can revert the membrane remodeling and ciliogenesis
phenotypes respectively. These results are consistent with Ocrl1 displaying dual, independent
functions towards the two cellular processes. In line with this, none of the candidates could rescue
both phenotypes, while combinatorial treatment rescued both defects. Finally, in a zebrafish LS
model, preliminary results suggest that the candidate drugs also extend the lifespan of the animals.

In summary, this study demonstrates the identification of molecular mechanisms that underly
LS cellular phenotypes as well as provide the first LS-specific therapeutic strategy to rescue
cellular phenotypes (Madhivanan K*, Ramadesikan S*, et al. *Equal contributing authors, Hum.
Mol. Gen.,2020).

Chapter 3 will focus on determining the effect OCRL1 mutations have on above described

cellular phenotypes, namely cell spreading and ciliogenesis. By selecting LS patient mutations that
affect different Ocrl1 domains, our findings reveal that these mutants exert differential impact on
cellular phenotypes. This depends on the effect the mutation has on resulting Ocrl1 and the protein
domain affected. We have also determined that mutations affecting different domains impart
specific characteristics to the mutant protein, that may be relevant to LS pathogenesis. These
results were also confirmed by creating stable cell lines (HK2 KO background) expressing select
Ocrll mutants.

Importantly, using a multi-disciplinary approach, we have determined that mutations in two
non-catalytic residues within the phosphatase domain (a hotspot for LS mutations) may be
conformationally affecting the phosphatase domain, leading to loss of activity and cellular
phenotypes. We tested an FDA-approved drug, 4-phenyl butyric acid (4-PBA), used as a chemical
chaperone in cystic fibrosis, and found that it could revert phenotypes and catalytic activity of
some of these mutants. This is the first study to carefully study the effect of mutations on cellular
phenotype and provides evidence for heterogeneity among mutants in their ability to affect cellular
processes. It also demonstrates that LS is a conformational disease and provides the first

therapeutic strategy to not only revert phenotypes but also restore enzyme function. For the subset
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of patients who may bear similar mutations, this would mean that a therapeutic strategy like 4-

PBA this may, for the very first time, allow them to use their own enzyme. (Ramadesikan S et al.,

in preparation).
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CHAPTER 2. LOWE SYNDROME PATIENT CELLS DISPLAY
MTOR- AND RHOGTPASE-DEPENDENT PHENOTYPES ALLEVIATED
BY RAPAMYCIN AND STATINS

A version of this chapter has been published in Human Molecular Genetics, 2020.

Citation: Kayalvizhi Madhivanan*, Swetha Ramadesikan*, Wen-Chieh Hsieh, Mariana C Aguilar,
Claudia B Hanna, Robert L Bacallao, R Claudio Aguilar, Lowe syndrome patient cells display
MTOR- and RhoGTPase-dependent phenotypes alleviated by rapamycin and statins, Human
Molecular Genetics, ddaa086, https://doi.org/10.1093/hmg/ddaa086

* Equal contribution

2.1 Abstract

Lowe Syndrome (LS) is an X-linked developmental disease characterized by cognitive
deficiencies, bilateral congenital cataracts and renal dysfunction. Unfortunately, this disease leads
to the early death of affected children often due to kidney failure. Although this condition was first
described in the early fifties and the affected gene (OCRL1) was identified in the early nineties, its
pathophysiological-mechanism is not fully understood and there is no LS-specific cure available
to patients.

Here we report two important signaling pathways affected in LS patient cells. While
RhoGTPase signaling abnormalities led to adhesion and spreading defects as compared to normal
controls, PIBK/mTOR hyperactivation interfered with primary cilia assembly (scenario also
observed in other ciliopathies with compromised kidney function).

Importantly, we identified two FDA-approved drugs able to ameliorate these phenotypes.
Specifically, statins mitigated adhesion and spreading abnormalities while rapamycin facilitated
ciliogenesis in LS patient cells. However, no single drug was able to alleviate both phenotypes.
Based on these and other observations, we speculate that Ocrll has dual, independent functions
supporting proper RhoGTPase and PI3K/mTOR signaling.

Therefore, this study suggest that Ocrl1-deficiency leads to signaling defects likely to require
combinatorial drug treatment to suppress patient phenotypes and symptoms.
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2.2 Introduction

The Oculo-Cerebro-Renal syndrome of Lowe (OCRL) (OMIM #309000) or Lowe Syndrome
(LS) is an X-linked disease caused by functional deficiencies of the Inositol 5-phosphatase (EC
3.1.3.36) Ocrll. LS affected children have poor quality of life and a short life expectancy.
Specifically, patients exhibit bilateral cataracts at birth, mental retardation and renal malfunction
that often lead to kidney failure and premature death; however, its mechanism is not fully
understood. This disease is rare, but it is estimated to affect tens of thousands of children
worldwide. Currently there are no LS-specific treatments.

Given its enzymatic activity, lack of Ocrll function leads to cellular accumulation of its
preferred substrate phosphatidyl-inositol (4, 5) bisphosphate [P1(4, 5)P2] (Mehta, Pietka, & Lowe,
2014). The excess of this important regulatory lipid affects vesicle trafficking (e.g., recycling (R.
Choudhury et al., 2005; van Rahden et al.,, 2012) and signaling (e.g., regulation of actin
polymerization (Suchy & Nussbaum, 2002). In addition, Ocrll has several interaction partners
(Mehta et al., 2014) likely to mediate multiple other functions also predicted to impact trafficking
and signaling.

Previously, our lab identified two categories of phenotypes in cells from affected individuals
that result from vesicle trafficking and signaling abnormalities that may shed light onto the cellular
mechanisms of the disease: Membrane remodeling and cilia phenotypes (Brian G. Coon et al.,
2012; Coon et al., 2009; Madhivanan et al., 2012).

i) Membrane remodeling phenotypes (Coon et al., 2009): We found that LS patient
fibroblasts exhibited significant deficiencies in cell migration, spreading and fluid-phase uptake
(FPU) as compared to normal controls. Importantly, these phenotypes have been confirmed in vivo
(Oltrabella et al., 2015), and were determined to be Ocrl1-specific (i.e., rescued by Ocrl1WT, but
not by its paralog Inpp5b (Coon et al., 2009). Proper Ocrl1 phosphatase activity or interaction with
endocytic machinery components AP2 and clathrin, were required to maintain proper membrane
remodeling capabilities (Coon et al., 2009). Since the affected processes depend on RhoGTPase-
dependent actin reorganization, we proposed that these phenotypes were caused by a RhoGTPase
activation imbalance. Indeed, we and others detected such de-regulation of RhoGTPase signaling
(hyperactivation of RhoA and deficient activation of Racl) in LS patient cells (Lasne et al., 2010;
Madhivanan et al., 2012; van Rahden et al., 2012).
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ii) Primary cilia (PC) assembly phenotypes (Brian G. Coon et al., 2012): We determined
that LS patient fibroblasts cannot properly undergo ciliogenesis, leading to a decreased fraction of
ciliated cells upon stimulation and to abnormal, shorter PC. This phenotype is also dependent on
Ocrll and its phosphatase activity; however, InppSb can partially mitigate it if overexpressed. In
addition, Ocrl1’s PC function is independent of binding to the endocytic machinery, but instead
requires interaction with the endosomal proteins IPIP27/Ses (Brian G. Coon et al., 2012). These
differences with phenotypes described in (i), suggested that supporting ciliogenesis is a distinct
function of Ocrl1 with a RhoGTPase-independent mechanism. In fact, we demonstrated that Ocrl1
participates in the IPIP27-dependent endosome-to-PC vesicle trafficking of cilia-enriched
receptors such as rhodopsin (Brian G. Coon et al., 2012). Importantly, other investigators also
reported trafficking defects upon Ocrl1 deficiency (including the recycling of the albumin receptor
Megalin (Oltrabella et al., 2015; Vicinanza et al., 2011) and the mechanosensory TRPV4 channel
(Na Luo et al., 2014)). Further, the discovery that LS involves PC abnormalities (independently
confirmed by others (Luo, West, et al., 2012; Rbaibi et al., 2012; Florian Recker et al., 2015)) also
opened the possibility of adopting or adapting therapeutic approaches or theoretical concepts from
ciliopathies to LS.

Here, we expanded the characterization of the RhoGTPase signaling abnormalities observed
in Lowe syndrome patients unveiling a misregulation of the RhoA effector MLCK and we
established that RhoA-inhibitors corrected this category of LS phenotypes. Importantly, we have
found previously unnoticed RhoGTPase-dependent cell adhesion defects and hyperactivation of
the mTOR signaling pathway in patient cells. Importantly, this latter finding further indicate that
LS is similar to other conditions with kidney/cerebral compromise such as Joubert, Morm and
Bardet-Biedl syndromes as well as autosomal/recessive polycystic kidney disease, which also show
mTOR hyperactivation and are characterized by ciliary phenotypes (S. Hakim et al., 2016;
Ibraghimov-Beskrovnaya & Natoli, 2011; Mekahli et al., 2014; Pema et al., 2016).

We also tested FDA-approved compounds known to affect RhoGTPase signaling and
ciliogenesis for their ability to alleviate the easy-to-score cell spreading and PC assembly
phenotypes in LS fibroblasts. As a result of this effort we identified the well-known statin drug
group as mitigator of the spreading abnormalities and rapamycin as being able to alleviate mTOR
signaling hyperactivation and the PC phenotype. The toxicity of these drugs for Lowe syndrome

patient cells at selected concentrations was also determined.
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Our results are consistent with Ocrll displaying dual, independent functions towards two
cellular processes: membrane remodeling and ciliogenesis. In agreement with this idea, no
compound could rescue both phenotype categories. However, drug-combination treatment was
successful at reverting both phenotype types simultaneously.

In summary, based on our findings we propose a new theoretical framework for LS in which
Ocrl1-deficiency leads to RhoGTPase-dependent and mTOR-dependent phenotypes, and the
prospect of novel therapeutic applications for statins and rapamycin as anti-LS agents.

2.3 Results

We and others previously established that Ocrl1 participates in important cellular processes
such as membrane remodeling and ciliogenesis (Bohdanowicz et al., 2012; Brian G. Coon et al.,
2012; Coon et al., 2009); it was also suggested that this protein has a role in RhoGTPase signaling
(Lasne et al., 2010; Madhivanan et al., 2012; van Rahden et al., 2012) and vesicle trafficking
(Billcliff et al., 2016; Cauvin et al., 2016; R. Choudhury et al., 2005; Cui et al., 2010; A.
Ungewickell, Ward, Ungewickell, & Majerus, 2004; Vicinanza et al., 2011). Nevertheless, a
detailed mechanistic study of the causes and consequences of these phenotypes as well as the

exploration of strategies to revert such abnormalities was lacking. This work aims to fill-in those

gaps.

2.3.1 RhoGTPase modulators affect LS spreading/FPU phenotype severity.

LS cells have been shown to exhibit a RhoGTPase activation imbalance; specifically, RhoA
hyperactivation and Racl signaling deficiency (Lasne et al., 2010; Madhivanan et al., 2012; van
Rahden et al., 2012). We hypothesized that an abnormally high RhoA/Racl activation ratio causes
LS cell spreading/migration/FPU deficiencies. In consequence, we predicted that RhoA inhibitors
would ameliorate this LS phenotype, whereas RhoA activators would make it worse. Therefore,
we proceeded to monitor the spreading on fibronectin-coated surfaces of cells treated or not with
RhoA modulators. Cells were fixed and stained with fluorescently labeled-phalloidin after 30min
spreading time at 37°C. Following imaging, cell area measurements were performed as described
before (Coon et al., 2009) and in Materials and Methods.
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In agreement with our predictions (see above), normal fibroblasts displayed a “LS-like” cell
spreading phenotype (Coon et al., 2009) upon treatment with a RhoA activator (Fig.2.1A), while
incubation with this chemical worsened the already impaired spreading ability of LS cells
(Fig.2.1B). However, the use of a RhoA inhibitor ameliorated the cell spread phenotype (Fig.2.1B).
Importantly, these observations were confirmed using cells from another unrelated LS patient
(Fig.2.2A) and kidney HK2 and HEK293T OCRL1-/- (K.O.) cells (Fig.2.2B and data not shown,
respectively; as compared to their WT counterparts).

These results indicate that the RhoA/Racl imbalance in LS cells is the underlying cause of
the cell spreading defect; further, it suggested that these phenotypes can be corrected using RhoA

inhibitors.
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Figure 2.1 LS cell spreading phenotype is affected by RhoGTPase modulators.
Normal (A) and LS patient (B) cells were resuspended and treated with vehicle or the indicated
pharmacological agent as indicated in materials and methods. N=200 cells (in at least 3
experiments). Insets show examples of stained cells representative of the high frequency groups
within each histogram. Scale bar: 10um. **: p<(0.05/4=0.0125) (Bonferroni correction), KS test.
(Data- Dr. Kayalvizhi Madhivanan)

In order to gain insight concerning the RhoA-dependent signaling pathways that trigger this

LS phenotype, we used pharmacological inhibitors of two important RhoA-effectors: Rho

associated kinase (ROCK) and Myosin Light Chain Kinase (MLCK); while also using an inhibitor
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of p21 activated kinase (PAK), which acts downstream of Cdc42/Racl, as a control (Meshki,
Douglas, Hu, Leeman, & Tuluc, 2011; Totsukawa et al., 2000). We found that in contrast to the
ROCK-inhibitor fasudil, the MLCK-inhibitor ML-7 was able to mitigate the cell spreading
phenotype (Fig.2.1C). These results suggest that RhoA hyperactivation induces cell spreading
abnormalities through the RhoA effector MLCK. These observations are in agreement with
previous reports that MLC phosphorylation by MLCK is involved in the regulation of actin
rearrangement at the cell periphery (Totsukawa et al., 2004; Totsukawa et al., 2000).
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Figure 2.2 Ocrll-deficiency triggers a cell spreading phenotype in cells of different origin.
A: LS cells from a patient (LS2) different than the one characterized in Fig.2.1 was treated with
the indicated pharmacological agents or vehicle and its cell size distribution was determined as in
Fig.2.1 and compared to the one from cells from a normal individual (same as in Fig.2.1). B:
Human HK2 kidney cells WT and KO were treated or not with a RhoA inhibitor and cell
spreading experiments were conducted as in Fig. 2.1.
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2.3.2 Statins alleviate LS membrane remodeling phenotypes

Based on the premise that RhoA hyperactivation (and the consequent RhoA-mediated
inhibition of Racl activation) is the cause of LS membrane remodeling phenotypes, we searched
for FDA-approved compounds known to decrease RhoA activation. This strategy was preferred
over pharmacologically enhancing signaling by Racl, as this RhoGTPase has very dynamic,
quantitative and spatio-temporal specific activation requirements. In contrast, decreasing the LS-
characteristic global RhoA hyperactivation, thereby relieving RhoA-mediated inhibition of Racl,
is predicted to lead to improved Racl signaling.

This repurposing/repositioning strategy yielded the statin drug group as suitable candidates
for alleviating RhoA hyperactivation-dependent LS phenotypes. Indeed, statins have been shown
to be active against RhoA hyperactivation observed, for example, in certain cancers (Zhong et al.,
2015). These compounds decrease cholesterol (Cho) biosynthesis by inhibiting 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase (Fig.2.3A and (McFarland et al., 2014));
consequently, they also down-modulate the downstream synthesis of two intermediates (farnesyl-
pyrophosphate and geranyl-geranyl-pyrophosphate) required for RhoA prenylation, which in turn
is essential for GTPase membrane anchoring and activation (Fig.2.3A).

Therefore, we tested several generation statins (Maji, Shaikh, Solanki, & Gaurav, 2013)
including fluvastatin, atorvastatin, pitavastatin and rosuvastatin for their ability to ameliorate LS
spreading defects. All statins mitigated to a certain extent the LS spreading phenotype; however,
rosuvastatin produced the best results (rosuvastatin > pitavastatin >>> simvastatin and others) in
terms of maximizing rescue effect over needed dose and toxicity (Fig.2.3B and data not shown).

Phenotype alleviation was observed following the use of an acute rosuvastatin dose (100uM
for 1h), but similar effect was also evident using lower concentrations (1-10uM) sustained over
longer periods of time (>72h; Fig.2.3B). Importantly, the latter usage scheme better emulated
current approved treatment conditions with statins that render an effective concentration of free
drug in plasma of up to 10uM (Bjorkhem-Bergman, Lindh, & Bergman, 2011). Following
exposure to statins, viability and stress-induced changes in morphology were determined for LS
cells (Fig.2.3C). Our results showed that rosuvastatin had minimal toxicity, while other statins
including pitavastatin and cerivastatin were substantially toxic (Fig.2.3C, D), it should be noted
that the latter was recalled from the market due to severe rhabdomyolysis effects (Maji et al., 2013).
In addition, and to monitor the magnitude of the statins’ effects on HMG-CO0A reductase in LS
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cells, we incubated patient fibroblasts in Cho-free media supplemented with vehicle or statins and
determined the uptake of fluorescently-labeled Cho. While vehicle-treated cells had normal
production of endogenous Cho, the ones exposed to statins (due to their HMG-CoA reductase
inhibitory activity) were Cho-depleted at different extent as evidenced by a substantial increase in
the uptake of exogenous, fluorescently-labeled Cho (Fig.2.3E). Our results suggested that
rosuvastatin in addition to being less toxic at the chronic dose, led to a less acute inhibition of
cholesterol biosynthesis (and consequently to a lower demand of exogenous, fluorescent-analog

uptake). However, in contrast with the relatively innocuous chronic exposure (10 u M for >72h),
we observed that acute doses of rosuvastatin (100 x M) induced toxicity when exposure time >15h

(data not shown).
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Figure 2.3 Statins ameliorate LS membrane remodeling phenotypes.

A. Scheme depicting point of inhibition of the Statins and Farnesyl-Transferase (FT) inhibitors
on the mevalonate pathway. Prenylated RhoGTPases are represented as membrane-anchored
circles (blue and red for GDP- and GTP-loaded, respectively). HMG-CoA: 3-Hydroxy-3-
Methyl-Glutaryl-CoA; GGPP: Geranylgeranyl Pyrophosphate; FPP: Farnesyl Pyrophosphate;
Cho: cholesterol. B. Histograms for LS patient cells treated with vehicle or the indicated drug
were constructed as described in Materials and methods and in Fig. 1. Insets show examples of
stained cells representative of the high frequency groups within each histogram. Scale bar:
10pm. **: p<(0.05/3=0.0167) (Bonferroni correction) by the KS test. C-E. LS patient cells were
treated with the indicated statins at the indicated concentration as described in Materials and
methods and processed in the following ways: fixed and stained with FITC-phalloidin/DAPI (C),
used for viability assays either by staining/cell counting (upper panel) or by MTT assays (lower
panel) (D), and for uptake of fluorescent-Cho, with and without (control) statins (E). F. Fluid
phase uptake was estimated on Normal and LS cells treated as indicated, incubated with as
fluorescent-dextran, fixed, imaged and the fluorescent intensity associated with cells measured
using ImageJ software. Statistical significance of the LS fluid-phase uptake phenotype
difference between cells treated with vehicle or Rosuvastatin was assessed by using the
Wilcoxon test (**: p<0.05). (Data- Dr. Kayalvizhi Madhivanan)
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2.3.3 Statins alter RhoGTPase signaling, but had no effect on LS ciliogenesis phenotype

Statins inhibit isoprenoid chain biosynthesis ((McFarland et al., 2014), Fig.2.3A); therefore,
they impair the prenylation of RhoGTPases and their activation. In consequence, statin treatment
is expected to lower all RhoGTPase activation levels. Since LS cells present a RhoA
hyperactivation scenario (with consequent low levels of activated Racl) statin treatment was
predicted to primarily affect the sustained activation/prenylation of RhoA relieving the suppression
of Racl signaling. In fact, statins were able to correct different forms of the membrane remodeling
phenotype, i.e., cell spreading and FPU abnormalities (Fig.2.3B,F). Importantly, the cell spreading
phenotype observed in cells from another LS patient was also ameliorated by rosuvastatin (data
not shown).

Further, using a validated FRET-based biosensor (Itoh et al., 2002), we determined that as
expected Racl activation levels raised in LS cells upon rosuvastatin treatment (data not shown).

We reasoned that if as predicted (see above and Fig.2.3A), the mechanism by which statins
revert LS membrane remodeling phenotypes was by interfering with the biosynthesis of
farnesylation intermediates, then a farnesylation inhibitor should also be active for LS membrane
remodeling defect mitigation. Indeed, our results indicate that these inhibitors can rescue the cell
spreading phenotype of LS patient cells (Fig.2.3B).

Although able to revert LS membrane remodeling defects, statins were unable to mitigate PC
assembly defects in LS patient cells (data not shown). This observation further supports the idea
that Ocrl1 acts on the cellular processes of membrane remodeling and ciliogenesis via different

biochemical pathways.

2.3.4 LS cells exhibited adhesion and spreading defects alleviated by statins

To better characterize the LS cell spreading phenotype and statin’s suppression mechanism,
we proceeded to monitor cell behavior using time-lapse microscopy. Specifically, we performed
cell spreading assays of normal and LS cells treated with vehicle or rosuvastatin in real time by
continuous imaging using Cytosmart devices (Fig.2.4A) or at regular intervals in Lab-tek
chambers (Fig.2.4B) (see Materials and methods). Our results indicate two major differences

between normal and LS fibroblasts; cell adhesion and spreading capabilities.
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While 80% of normal cells made stable adhesions by 30 minutes, even after 1h a substantial
number of LS cells did not adhere or made unstable attachments (Fig.2.4A,B). Analysis of this
kinetic data highlighted differences in the rates of adhesion between normal and LS cells (Table
2.1). Further, and in contrast with normal cells, a substantial number of LS fibroblasts established
weak adhesions as evidenced by frequent LS cell de-attachments (Fig.2.4B, additional movies
available). A similar result was obtained when we used HK2 human proximal tubule cells OCRL1
K.O. as compared to HK2WT cells (Fig.2.4C).
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Figure 2.4 Ocrl1-deficient cells display adhesion defects.

A-B: Normal and LS patient cells (treated with vehicle or Rosuvastatin, Rsv) were seeded on
Fibronectin-coated surfaces. Cells adhered (A) or in suspension (B) were quantified as a function
of time, results represent the average of 3 independent experiments. (C) HK2 WT and KO cells
were seeded on Fibronectin-coated surfaces and attachment experiments were performed as
described in (A).

Although RhoA is required for adhesion and migration (Kaibuchi, Kuroda, & Amano, 1999),

Racl activation is required for cell adhesion consolidation (Lawson & Burridge, 2014); therefore,
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we speculated that the RhoA/Racl imbalance was responsible for LS adhesion defects. In fact,
normal cells treated with a RhoA-activator to emulate LS signaling unbalance, displayed an
increased proportion of de-attaching cells (data not shown). Importantly, rosuvastatin treatment
alleviated the LS cell adhesion defect (Fig.2.4A,B). This observation is also consistent with the
effect of statins in counteracting RhoA hyper-activation in LS cells, enhancing Racl signaling.

Further, we observed that LS cells were more susceptible to de-attachment than normal cells
when subjected to fluid sheer stress (FSS) exerted by rinsing with PBS 20min after seeding cells
on fibronectin-coated surfaces. Specifically, we monitored cell adhesion by time-lapse microscopy
(Fig.2.5A) and by fixing, actin staining and comparing the proportion of attached cells before and
after exerting FSS (Fig.2.5B) (see Materials and methods).
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Figure 2.5 LS patient cells are sensitive to fluid shear stress.

Normal and LS patient cells were subjected to fluid sheer stress and the fraction of detaching (A)
and of cells that remain attached (B) were calculated by analyzing time-lapse microscopy data
(A) and fixed/phalloidin-stained samples (B). Differences between Normal and LS distributions
were assessed by the Wilcoxon test (**: p<0.05).
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Interestingly, focal adhesions showed a distinct organization in normal vs. LS cells, with the
latter exhibiting less peripherally activated Focal Adhesion Kinase (FAK) as detected by
immunofluorescence using an anti-phospho-Tyr397 FAK antibody and this abnormality was also
alleviated by incubation with Rosuvastatin (Fig.2.6A). A similar result was observed in HK2
OCRL1-/- as compared to WT cells (Fig.2.6B). Importantly, these abnormalities were also
alleviated by incubation with Rosuvastatin (Fig.2.6A, right panel). In addition, we also observed
shorter, less mature vinculin-positive structures with decreased anchoring of stress fibers in LS
cells (Fig.2.6C).
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Figure 2.6 LS patient and HK2 KO cells exhibit focal adhesion defects.

Status of focal adhesions in Normal and LS patient cells (A) and HK2 WT and KO cells (B) was
investigated by immunostaining with anti-phosphorylated FAK. Normal and LS patient cells
were immunostained with anti-vinculin (C) antibodies. Cells were imaged and the indicated

adhesion structures were quantified as described in Materials methods. White arrows: properly
actin-linked vinculin structures; Red arrows: actin filaments disconnected from vinculin
structures; Yellow arrows: vinculin-positive adhesions not linked to the actin cytoskeleton. **:
p<0.05 by the Wilcoxon test. Scale bars: 10um.
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LS cells also took longer to reach a fully spread morphology as compared to their normal
counterparts (Fig.2.7, lower panel). Specifically, we used time lapse microscopy to track the
spreading status of individual cells by assigning them a “spreading score” (see Materials and
Methods and Fig.2.7 , top panel) as a function of spreading time. Briefly, a cell was considered as
stably attached when it substantially decreased its x-y movements and needle-like filopodia
structures became visible (additional movies available). With these data we computed the time-
course of evolution from initial to fully spread morphology of normal vs. LS cells (Table 2.1).
Specifically, while conventional spreading assays report a composite of both Racl-dependent
adhesion and spreading defects, time lapse-microscopy allowed the separated evaluation of one
from another phenotype.

It should be noted that spreading time T for each cell was computed with respect to the
moment in which they were able to stably attach to the fibronectin-coated coverslip. For example,
as indicated above, in average it took significantly longer time for LS than normal cells to stably
attach (i.e., different attachment time); however, this moment was set to be spreading time T=0.
Therefore, the spreading ability of each cell was evaluated independently of their initial adhesion
capability. While most normal cells were fully spread; i.e., exhibited no further significant change
in spreading area by 2h after attachment, LS fibroblasts took longer or never reached such ultimate
spread morphology (Fig.2.7, lower panel). The corresponding rates of spreading were calculated
and collected in Table 2.1. Importantly, in agreement with their ability to support Racl-mediated
spreading (Kou, Sartoretto, & Michel, 2009), statins also alleviated this deficiency (Fig.2.7, lower

panel).
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Table 2.1 Adhesion and spreading rates of normal, LS and LS cells treated
with Rosuvastatin

Process Continuous Rate(min-*x103)2
Process
Normal LS LS+Rsv
Adhesion 41+2 17+£3** 3545
Spreading 30+2 17+2** 2412

a. Kinetic data from Fig.2.4A (adhesion) and Fig.2.7 lower panel (spreading)
were fit using a non-linear regression model to estimate the continuous rates
of each process for the indicated samples (see Materials and methods under

Statistical analysis). **: indicates a significant difference between LS and

Normal rates with p<0.05 by the Student’s t-test.
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Figure 2.7 LS patient cells display a cell spreading delay independent of their adhesion
phenotype.

Normal and LS patient cells (treated or not with vehicle or rosuvastatin, Rsv) were seeded on
fibronectin-coated surfaces and monitored using time-lapse microscopy. Time=0 was the
moment in which the cells stably attach (see main text for details). According to their
morphological characteristics, cells were scored following the 1-5 spreading score described in
the text and exemplified by DIC images in the upper panel (perimeter of some cells is traced for
better visualization). Time required to achieve each score level was recorded for 43-45 cells
(note that many trajectories overlap) of each sample in 3 independent experiments and plotted as
shown in the lower panels. A regression curve describing overall behavior is included (times
required to reach half spreading trajectory are collected in Table ). Examples of the
morphologies acquired by fully spread cells are also exemplified in the graph insets. Scale bar:
10pum.

2.3.5 Rapamycin mitigates PC assembly defects in LS patient cells.

Since statins could not correct LS ciliogenesis abnormalities, we focused on drugs known to
mitigate PC phenotypes in ciliopathies. Rapamycin is currently in clinical trials for the treatment
of polycystic kidney disease and has also shown promise against Bardet-Biedel’s syndrome (W.
E. Braun, Schold, Stephany, Spirko, & Herts, 2014; Shillingford, Leamon, Vlahov, & Weimbs,
2012; Stallone et al., 2012; Tobin et al., 2008); therefore, we tested this drug as candidate for
mitigation of LS ciliogenesis defects. Our results showed that LS fibroblasts treated with

rapamycin showed a significant increase in the PC length and fraction of ciliated cells in
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comparison to the vehicle-treated group (Fig.2.8A). Specifically, we observed PC phenotype

alleviation capabilities under both, acute treatment: 100nM for 12h and under a more sustained
treatment regime (>72h) at a concentration compatible with plasma levels yielded by current

approved rapamycin treatments, i.e., 10nM (Jimeno et al., 2008) (Fig. 2.8A). The toxicity on LS

cells associated with the use of this drug was found to be minimal (Fig. 2.8B).
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Figure 2.8 Rapamycin rescues ciliogenesis defects in LS patient cells.

A. As described before, LS patient cells display primary cilia assembly defects (cilia length and
number of ciliated cells under serum-starvation conditions) as compared to their normal
counterparts. LS cilia assembly phenotypes were ameliorated by treatment with rapamycin
(Rapa). **: p<0.05 by the Wilcoxon test. B. LS patient cells showed moderate decrease in cell
viability as detected by MTT assays due to rapamycin treatment (at the indicated concentration)
as compared vehicle-treated cells.

In addition, we established that rapamycin was unable to alleviate membrane remodeling
abnormalities (data not shown); once again, further supporting the idea that membrane remodeling

and PC phenotypes are caused by distinct mechanisms.

2.3.6 LS cells display constitutive activation of the mTOR pathway that can be mitigated
by rapamycin

We previously showed that in LS patient cells PC abnormalities were mechanistically

associated with vesicle trafficking defects from the endosome to the PC (Brian G. Coon et al.,
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2012). In agreement with this, other cargo trafficking abnormalities (e.g., TRPV4 (Na Luo et al.,
2014) M6PR (A. Ungewickell et al., 2004)) have been observed in Ocrl1-deficient cells. Therefore,
the ability of rapamycin to rescue the LS PC phenotype is not completely unexpected considering
that its target, the mammalian Target Of Rapamycin (mTOR) has been shown to affect vesicle
trafficking (Al-Awqati, 2015; Grahammer et al., 2017). Indeed, via SGK1, mTOR is known to
stabilize integral membrane proteins (including TRPV4 (E. J. Lee, Shin, S.H, Chun, J, Hyun, S,
Kim, & Y, 2010)) at the plasma membrane (Grahammer et al., 2017; Lang, Stournaras, & Alesutan,
2014), decreasing cargo endosomal localization and therefore, impairing trafficking to the PC. In
fact, mTOR hyperactivation has been correlated with ciliogenesis abnormalities (Zullo et al., 2010).
Since lack of Ocrl1 phosphatase activity is known to lead to PI1(4, 5)P, accumulation (Cui et al.,
2010; Prosseda et al., 2017; Vicinanza et al., 2011; X. L. Zhang, Hartz, Philip, Racusen, & Majerus,
1998), and this lipid is the substrate of PI3K, we predicted that this scenario would promote high
level of mMTOR signaling activation via the PI3K/AKkt pathway in LS cells (Fig.2.9A). Further, we
hypothesized that rapamycin’s ability to ameliorate the LS PC phenotype is due to inhibition of a
putative constitutive mTOR activation in LS cells as it has been shown to occur in other
ciliopathies (S. Hakim et al., 2016; Mekahli et al., 2014; Pema et al., 2016).

We proceeded to investigate the activation of the Akt and mTOR signaling pathways in LS
cells treated or not with rapamycin. Cell lysates were prepared, resolved by SDS-PAGE and the
presence of phosphorylated and dephosphorylated key elements of the Akt and mTOR pathways
were investigated by Western blotting with specific antibodies (Fig.2.9B).

Our results showed that in contrast to normal cells, the PI3K/Akt pathway was constitutively
activated in LS cells as inferred by the presence of Akt phosphorylated at Serine 473 (Fig.2.9B).
Importantly, both mTOR protein complexes mMTORC1 and mTORC2 were activated in LS above
the levels of normal cells (Fig.2.9B) and downstream kinase SGK1 was found to be
phosphorylated at serine 422 (Fig. 2.9B), which is consistent with activation of this enzyme
(Garcia-Martinez & Alessi, 2008). Band densitometry (followed by normalization by total amount
of protein) of least 3 experiments revealed that in LS cells phosphorylated AKT, SGK1 and
MTORC1 levels were about twice more abundant than in normal cells (a more modest 20-50%
increase was noted for phosphorylated mTORC?2) . Similar results were obtained by using HK2
WT and HK2 OCRL1-/-lysates (Fig. 2.9C&D).
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As predicted, mTOR and SGK1 activation in LS cells was counteracted by rapamycin
treatment (Fig.2.9B); and as expected, activation of the upstream PI3K/Akt pathway was not
affected by exposure to this drug. To further confirm that counteracting mTOR pathway
hyperactivation was responsible for re-establishing ciliogenesis in LS cells (and not an off-
target/side effect of rapamycin) we used different mTOR inhibitors (INK128 and WYE132), that
in contrast to rapamycin, act via a non-competitive/allosteric mechanism (Yu et al., 2010; H.
Zhang et al., 2015). Importantly, both INK128 and WYE132 were able to decrease mTOR
phosphorylation and, very importantly, to rescue ciliogenesis defects in LS cells (Fig.2.9E). In
contrast, inhibition of PI3K clll (this PI3K class is unable to activate mTOR (Jaber et al., 2012;
Juhész et al., 2008; Ronan et al., 2014)) with SAR405, did not affect mTOR activation and had no
effect on ciliogenesis by LS cells (Fig.2.9E).
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Figure 2.9 LS patient cells display hyperactivation of the mTOR signaling pathway.

A. Scheme depicting targets of inhibition by rapamycin on the mTOR pathway downstream of
PIP2 (PI3K substrate) accumulation typical of LS patient cells. B. Levels of activated
(phosphorylated) elements of the PI3BK/mTOR pathway were detected by Western blotting with
specific antibodies on lysates from normal and LS patient cells treated with vehicle (DMSO) or
Rapa. Total protein content of each protein investigated and tubulin (loading control) was also
determined. C. HK2 WT or KO cells display cilia defects. D. Levels of activated
(phosphorylated) elements of the PI3K/mTOR pathway were detected by Western blotting with
specific antibodies on lysates from HK2 WT and KO cells. E. Upper panel: Effect of alternative
mTOR inhibitors on the ciliogenesis by LS patient cells as compared to vehicle-treated cells. In
contrast to vehicle and SAR405 (inhibitor of the mTOR-independent PI3Kclll), mTOR
inhibitors WYE132 and INK128 were able to ameliorate the LS ciliogenesis phenotype.
Phenotype. **: p<(0.05/3) (Bonferroni correction) by the student’s t-test test. Lower panel:
hyperactivation of mTOR was suppressed by mTOR inhibitors WYE132 (WYE) and INK128
(INK), but not by Vehicle (V) or SAR405 (SAR).

Hyperactivation of mTOR is expected to inhibit autophagy, which is of great importance for
kidney proximal tubule cells (Havasi & Dong, 2016; Jiang et al., 2012; Kimura et al., 2011,
Livingston & Dong, 2014; Takabatake, Kimura, Takahashi, & Isaka, 2014), a subpopulation
known to be affected in LS patients (Hsieh et al., 2018; Oltrabella et al., 2015; Florian Recker et
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al., 2015). Indeed, we observed that the fraction of cells displaying autolysosomes was
substantially decreased in HK2 human proximal tubule OCRL1 K.O. than in WT cells (Fig.2.10).
This phenotype was suppressed by treatment of the cells with mTOR inhibitors (Fig.2.10).
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Figure 2.10 Absence of Ocrl1 led to autolysosome deficiencies in human kidney HK2 cells
that can be rescued by the mTOR inhibitors rapamycin and WYE.

Human HK2 kidney cells WT and OCRL1 K.O. were stained for Lamp2 by immunofluorescence
and treated or not with rapamycin (10nM) or WYE (1uM). Fraction of cells displaying these
structures were quantified for each experimental group and statistically analyzed using the
Wilcoxon test applying the Bonferroni correction for 3 comparisons of 3 OCRL1 K.O. samples
vs. their WT counterpart, p<o=0.05/3=0.016667 (A); representative images of analyzed cells are
shown in panel B, arrows point to some characteristic autolysosomes. Scale bar: 10 um.

As a whole these results are in agreement with the findings of multiple laboratories showing
that pathological conditions characterized by cilia abnormalities (Joubert, Morm, Bardet-Biedl
syndromes as well as polycystic kidney disease) display mTOR/PI3K pathway hyperactivation (S.
Hakim et al., 2016; Mekahli et al., 2014; Pema et al., 2016). Importantly, in many cases, these

ciliogenesis phenotypes were suppressed by administration of rapamycin (S. Hakim et al., 2016).

2.3.7 Rosuvastatin/rapamycin combination mitigated both membrane remodeling and PC
assembly phenotypes.

Our results suggest that Ocrll’s roles in membrane remodeling and PC assembly are
independent and mediated by distinct signaling pathways, RhoGTPase-dependent and mTOR-
dependent, respectively. Therefore, we predicted that upon Ocrl1-lack of function, a combination
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treatment of LS cells with statins and rapamycin will be needed to simultaneously rescue both
phenotypes. In agreement with this prediction, we observed significant rescue of both phenotypes

in LS (Ocrll NULL) cells incubated with a mix of rosuvastatin and rapamycin (Fig.2.11).

Cell Spreading Ciliogenesis

Vehicle

Rsv

Rapa

Figure 2.11 Treatment with combination of rapamycin and rosuvastatin ameliorate both
ciliogenesis and spreading phenotypes in LS patient cells.
LS cells were treated with either Rapa or Rsv or a combination of both and subjected to
ciliogenesis and cell spreading assays as described before. (Data- Dr. Kayalvizhi Madhivanan)

2.4 Discussion

This study sheds light onto the mechanisms underlying LS and pave the way for the
development of therapeutic approaches against this disease. Specifically, here we show that LS
patient cells exhibit phenotypes compatible with RhoGTPase signaling imbalance and constitutive
activation of the PI3K/Akt and mTOR pathways. In addition, we also found adhesion and RhoA-
and MLCK-dependent spreading abnormalities in LS patient cells.

Further, we identified two FDA-approved drug groups capable of alleviating those signaling
abnormalities and their phenotypic manifestations in LS patients’ and other OCRL1-deficient cells.
Interestingly, none of these compounds could individually revert both phenotypes, instead a
combination of drugs was necessary for mitigation of all LS cellular defects. This observation
further supports the idea that Ocrl1 has at least two independent functional roles in two important

cellular processes: membrane remodeling and ciliogenesis. This is in agreement with the fact that
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the Ocrl1’s molecular requirements to sustain the two above mentioned cellular process categories
are very dissimilar. On one hand, Ocrl1 N-terminus-mediated interactions (perhaps mediated via
proteins involved in cargo internalization, e.g., AP-2 and clathrin) are required for membrane
remodeling, while dispensable for ciliogenesis (Brian G. Coon et al., 2012; Coon et al., 2009). On
the other hand, ciliogenesis relies on Ocrl1 C-terminus binding (likely via the endosomal proteins
IPIP27/Ses (Brian G. Coon et al., 2012)). Nevertheless, it should be highlighted that Ocrl1’s lipid
phosphatase activity is required to support both processes (Brian G. Coon et al., 2012; Coon et al.,
2009). Further, the ability of the functional homolog Inpp5b to replace the role of Ocrll in each
process is also different: while this paralog cannot support membrane remodeling (it should be
noted that Inpp5b lacks AP-2 and clathrin binding motifs (Coon et al., 2009; Madhivanan,
Ramadesikan, & Aguilar, 2015)), it partially alleviates (if overexpressed) the ciliogenesis defect
exhibited by Ocrll-deficient cells (Brian G. Coon et al., 2012). In addition, the processes
mentioned above have different mechanistic requirements; whereas membrane remodeling relies
on proper RhoGTPase signaling (Warner, Wilson, & Caswell, 2019), ciliogenesis has an important
component of vesicle trafficking to the PC (Hsiao, Tuz, & Ferland, 2012; Madhivanan & Aguilar,
2014). Interestingly, the mTOR pathway known to play a role in vesicle trafficking (Al-Awqati,
2015; Grahammer et al., 2017), is also known to be associated with ciliopathies when hyper-
activated (Mekahli et al., 2014), and here we show that it is constitutively active in LS patient cells
(Fig.2.11B). These observations explain the differential ability of statins (RhoGTPase modulators)
and rapamycin (mTOR inhibitor) to mitigate LS phenotypes.

It is important to notice that due to different OCRL1 mutations and genetic modifiers, patients
may exhibit different penetrance of each phenotype category. Therefore, we predict that these
variations would make the anti-LS effectivity of each individual drug (or specific combinations)
subjective to personalized optimization.

2.4.1 How do deficiencies in Ocrll function trigger these phenotypes?

RhoGTPase signaling pathways.

The link between Ocrll and these pathways is multi-fold: Ocrll is a RhoGTPase-binding
protein (Faucherre et al., 2003a), a regulatory element in PtdIns signaling (which is intrinsically
linked to RhoGTPase regulation (Croise, Estay-Ahumada, Gasman, & Ory, 2014) and it has been
shown to participate in a signaling module involving the RhoGTPase Racl (van Rahden et al.,
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2012). Further, it should also be kept in mind that, at least during cell migration, Racl is activated
at endosomes and then recycled to the leading edge (Barbieri, Di Fiore, & Sigismund, 2016;
Palamidessi et al., 2008). Since Ocrl1 has been shown to bind both Rac1-GDP (Faucherre et al.,
2003a) and AP2/clathrin (R. Choudhury et al., 2005), this protein may link the signaling inactive
form of Racl to endocytosis and therefore, to activation in endosomes. Ocrll’s phosphatase
activity would be required for P1(4,5)P2 turnover and consequently for uncoating (Ramiro Nandez
et al., 2014) of these [Rac1-GDP]-containing vesicles; but it is also possible that Ocrl1 would
promote PI(4,5)P> (and PI(3,4,5)P3) production/hydrolysis cycling required for proper Racl
signaling at the remodeling membrane. Therefore, it is to be expected that Ocrl1-deficiencies
would lead to diminished Racl signaling and in consequence to RhoA activation; which in turn
would lead to Racl inactivation/RhoA hypersignaling via a feedback circuit.

Racl is responsible for the formation of early initial focal contacts which are finer and
localized predominantly at cell periphery while Rho-mediated focal adhesions are morphologically
larger and less peripheral (Nobes & Hall, 1995). Racl activation is required for cell spreading
(Price, Leng, Schwartz, & Bokoch, 1998).

Strikingly in work resembling our own result with Ocrl1-deficient cells, Guo et al. (F. Guo,
Debidda, Yang, Williams, & Zheng, 2006) showed that cells lacking Racl displayed poorer
adhesion and diminished spreading on fibronectin at the 20-30min time point post seeding.
Furthermore, Racl-deficient cells also had defects in forming stable focal complexes at early
stages of attachment, while the levels of expression of focal adhesion proteins remained unchanged
(F. Guo et al., 2006). In contrast, activated Racl mutant (Rac1V12,N33) has been shown to
enhance cell adhesion and spreading in an actin-dependent manner (D'Souza-Schorey, Boettner,
& Van Aelst, 1998).

We also observed that many of the shorter vinculin-positive structures in LS cells are not
linked to the actin cytoskeleton (Fig.2.6C). On the one hand, this uncoupling of the focal adhesion
complexes from the actin cytoskeleton may explain the overall disorganized appearance of
adhesions in patient cells as compared to normal cells. On the other hand, this abnormality may
impair ECM-cell mechano-transduction causing the cells to be unable to respond to external forces,
reorganize the actin cytoskeleton and allow the maturation of focal adhesions (Ciobanasu, Faivre,
& Le Clainche, 2012; Kuo, 2013).

PI3K/Akt/mTOR signaling pathways.
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It has been shown that Ocrl1 deficiency causes P1(4,5)P> accumulation (Cui et al., 2010;
Vicinanza et al., 2011; X. L. Zhang et al., 1998). Since this lipid is the substrate of PI3K, we
hypothesize that LS cells will exhibit constitutive activation of the PI3K/Akt pathway that in turn
would trigger downstream mTOR signaling. Our data supported this hypothesis showing evidence
of activity via both mTORC1 and mTORC2 in LS cell lysates (Fig.2.9B), with the latter expected
to exert a positive feedback on the PI3K/Akt pathway (Gan, Wang, Su, & Wu, 2011) and leading
to SGK1 activation by phosphorylation (Garcia-Martinez & Alessi, 2008). In fact, we observed
the presence of high levels of phosphorylated SGK1 in LS cells as compared to the normal controls.
Importantly, this enzyme has been shown to stabilize membrane localization of multiple cargoes
(including cilium-localized proteins, such as TRPV4 (Al-Awagati, 2015; E. J. Lee, Shin, S.H, Chun,
J, Hyun, S, Kim, & Y, 2010), i.e., impairing their endosome-to-PC transport (a process which
involves Ocrll (N. Luo et al., 2014)). In fact, constitutive activation of mTOR has been
consistently linked to cilia abnormalities (Zullo et al., 2010). It should be noted that although
mTORC1 displays substantially higher sensitivity for rapamycin, mTORC2 can also be inhibited
by this pharmacological agent (Li, Kim, & Blenis, 2014). Indeed, our results showed that upon
rapamycin treatment, mTOR underwent dephosphorylation consistent with inactivation of both
MTORC1 and 2 and also exhibited SGK1 dephosphorylation (Fig.2.11B) along with the re-
establishment of efficient ciliogenesis of LS cells (Fig.2.9B). In contrast to LS patient cells, an
ocrl1-deficient zebrafish line showed no major activation of AKT/mTOR signaling (Ramirez et
al., 2012) pointing to inevitable differences between this animal model and the human scenario
and/or between the comparison of cellular and whole organismal levels. Along the same lines, and
very interestingly, although PC assembly defects have been observed in more than 28 different
patients’ cells (Brian G. Coon et al., 2012; Florian Recker et al., 2015), cilia abnormalities are
milder in LS zebrafish. This latter observation further indicates the strong correlation between the
MTOR/AKT signaling susceptibility of the model under study and the magnitude of the cilia
defects; i.e., high mTOR activation (humans) leads to substantial ciliogenesis defects, while
low/normal mTOR/Akt activation (zebrafish) correlates with mild PC assembly abnormalities.

Recent studies by Hakim et al. (S. Hakim et al., 2016) have demonstrated that renal-specific
deletion of INPPSE in mice, the gene which encodes the lipid 5’ phosphatase mutated in Joubert
and MORM syndromes led to hyperactivation of mTOR/PI3K-Akt signaling. Further, ablation of

INPP5E in the kidney also resulted in ciliary loss as observed by others previously (Bielas et al.,
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2009). The authors also demonstrated that treatment with rapamycin was able to reduce mTOR
hyper signaling (S. Hakim et al., 2016).

mTOR hyperactivation has also been demonstrated in human patients and murine models of
Autosomal dominant and recessive polycystic kidney disease (ADPKD and ARPKD, respectively).
While the molecular mechanisms that lead to this mTOR hyperactivation in these kidney
pathologies is currently under investigation, many pre-clinical studies however, have shown
significant success in the use of Rapamycin (or everolimus) as a treatment strategy to reduce
cystogenesis (Ibraghimov-Beskrovnaya & Natoli, 2011; Pema et al., 2016).

In addition, the neurological condition known as Tuberous sclerosis complex is also
characterized by a mTOR hyperactivation scenario that strongly correlates with the presence of
epileptic seizures (Zeng, Xu, Gutmann, & Wong, 2008). Interestingly, LS patients display
neurological abnormalities and at least half of them present with seizures.

2.4.2 How do cellular phenotypes translate into patient symptoms?

Although highly dependent on cell type and cellular environment, the process of cell
spreading, migration and adhesion play crucial roles during embryogenesis; therefore, defects or
delays in these processes are predicted to lead to developmental abnormalities. Further, we
speculate that both membrane remodeling and ciliogenesis phenotypes contribute to specific LS
patient symptoms. For example, either PC or FPU abnormalities are predicted to impact kidney
function. On the one hand, the role of the PC in osmo/chemo/mechanosensing, epithelia repair and
signaling, explains why the LS ciliogenesis phenotype will affect renal function (Coon et al., 2009;
N. Luoetal., 2014). In addition, the underlying vesicle trafficking defect involved in PC phenotype
(Brian G. Coon et al., 2012) also affects the steady state distribution of receptors involved in solute
reabsorption such as Megalin (Oltrabella et al., 2015; Vicinanza et al., 2011). On the other hand,
FPU deficiency will impair quick reabsorption of material from the ultrafiltrate and control of
membrane composition. For example, FPU is the major mean of uptake of oxalate crystals by
proximal tubule cells (Aggarwal, Narula, Kakkar, & Tandon, 2013). Therefore, one predicted
consequence of the FPU phenotype is the generation of kidney stones (nephro-calcinosis/lithiasis),
which indeed are often present in LS patients (T. Liu, Yue, Wang, Tong, & Sun, 2015; Tasic et al.,
2011). In addition to these defects, a recent study (Gliozzi et al., 2020) has also demonstrated the

shortening of proximal tubules in Ocrl1-deficient zebrafish. Taken together, these deficiencies may
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cause a severe impact on renal function which may explain the severity of kidney involvement in
LS patients.

These phenotypes are also predicted to play a role in LS neurological and eye symptoms. For
example, since neurons rely on FPU for synaptic vesicle recycling upon sustained stimulation,
abnormalities in this process may contribute to limitations in synaptic plasticity and other functions
dependent on synaptic vesicle replenishing (Holt, Cooke, Wu, & Lagnado, 2003). Also, during
embryo development, neuron and lens migration defects, as well as abnormalities in PC-dependent
planar cell polarity, will lead to neurological and ocular symptoms (E. J. Lee, Shin, S.H, Chun, J,
Hyun, S, Kim, & Y, 2010; May-Simera, Nagel-Wolfrum, & Wolfrum, 2017).

It should be noted that in the context of a whole organism the ultimate symptom outcome is
determined by multiple layers of complexity. Specifically, organ/tissue characteristics, cell type
sensitivity and multiple genetic modifiers may accentuate or alleviate phenotype severity (and may
affect drug accessibility/response). Also, although FPU abnormalities do NOT contribute to PC
defects (and PC phenotypes do NOT affect FPU), when both abnormalities are present (e.g., in
Ocrll NULL patients), phenotypes may synergistically act on specific processes in vivo. For
example, cell migration defects directly depend on membrane remodeling; however, PC function
is required for establishing proper direction of migration in chemo/hapto/duro-taxis gradients

typical of in vivo environments (Schneider et al., 2010; Schneider et al., 2005).

2.4.3 Therapeutic Perspectives

This study also explored the possibility of using pharmacological agents to counteract LS
cellular phenotypes to set up the basis for the development of post-natal treatments against LS that
should take a precision medicine approach based on patient-specific variations.

To mitigate RhoA hyperactivation, we relied on the use of statins. These compounds are the
most widely prescribed class of drugs for lowering cholesterol during hypercholesterolemia and
ischemic heart disease treatment (Davies et al., 2016). Statins act upon the mevalonate pathway
(cholesterol synthesis) as small molecule inhibitors of HMG-CoA reductase, preventing
mevalonate synthesis and subsequent cholesterol production (Fig.2.3A) (Davies et al., 2016).
However, intermediate products of the mevalonate pathway are involved in other cellular
processes. Examples include geranylgeranyl pyrophosphate and farnesyl pyrophosphate which are

involved in prenylation and hence are required for the activation of RhoGTPases such as RhoA
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(Fig.2.3A). In fact, these functions of statins are being exploited as a treatment for HIV infection
(Feinstein, Achenbach, Stone, & Lloyd-Jones, 2015) and cancers where RhoA is found
hyperactivated (Zhong et al., 2015). In addition, statins have been effectively used against another
genetic disease with a neurological component known as Noonan syndrome (Y. S. Lee et al., 2014).
Similarly, we demonstrated that treatment with statins could alter the RhoGTPase imbalance and
mitigate the membrane remodeling phenotypes exhibited by LS cells.

The use of a farnesyl transferase inhibitor emulated statin’s action in rescuing the spreading
phenotype (Fig.2.3B); therefore, these observations suggested that RhoA hyperactivation can be
inhibited by interference of its prenylation, leading to decreased RhoGTPase membrane anchoring
and consequent activation.

Since RhoA is hyperactivated in LS patient cells (Lasne et al., 2010; van Rahden et al., 2012)
it makes it the primary target for statin-mediated inhibition. Impairment of prenylation will
decrease RhoA activation to a level in which Racl inhibition is not complete, allowing Racl to
signal which in turn will contribute to RhoA inactivation. Although this treatment would lead to
lower levels of total membrane-anchored activated RhoGTPases, our studies indicate that a better
Racl/RhoA signaling balance can be acquired.

Rapamycin’s and other drugs’ capabilities to inhibit mTOR constitutive signaling activation,
correlate with their ability to restore normal ciliogenesis in LS patient cells. Nevertheless, it should
be noted that only rapamycin is currently approved for use in humans. Interestingly, rapamycin
has been shown to counteract phenotypes observed in ciliopathy models (S. Hakim et al., 2016).

Indeed, both statins and rapamycin are currently and successfully used in children to
ameliorate ~ conditions such as  familial  hypercholesterolemia and  rejection
prophylaxis/autoimmune lymphoproliferative syndrome, respectively (Davies et al., 2016;
Teachey, 2012). Therefore, these drugs are prime candidates to be readily and successfully
repositioned/repurposed to counteract symptoms in LS. Nevertheless, as mentioned before, the
anti-LS efficacy of such drugs would be directly linked to patient specific characteristics such as
the nature of the OCRL1 mutation and genetic modifiers.

We believe that this work has the potential to pave the way to clinical trials. In addition, since
previous investigations unveiled that LS shares some characteristics with other genetic diseases
such as ciliopathies (Brian G. Coon et al., 2012), these discoveries may also impact patients

suffering from other conditions besides LS.
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In summary, our results lead us to propose a working model in which Ocrll deficiencies
cause trafficking and signaling abnormalities (Fig.2.12).

On the one hand, absence of Ocrl1 (or mutations affecting its phosphatase activity) conduce
to accumulation of P1(4, 5)P2, which in turn leads to constitutive activation of the PI3K/AKT and
MTOR pathways (Fig.2.12). This signaling axis is known to affect the trafficking of cargo (e.g.,
channels such as TRPV4) to the endosomal compartment and therefore to the PC, ultimately
impacting ciliogenesis (Fig.2.12).

On the other hand, lack of Ocrl1 also contributes to general trafficking abnormalities (Brian
G. Coon et al., 2012; Vicinanza et al., 2011) and likely to defects in endosomal activation of Racl
(Fig.2.12). These and other abnormalities yet to be mechanistically established, contribute to a
RhoA/Racl signaling unbalance scenario (high RhoA- and low Racl-activation) that conduces to
actin re-organization abnormalities (Suchy & Nussbaum, 2002) (Fig.2.12). This RhoGTPase-
mediated effect on microfilament cytoskeleton assembly is predicted to be synergic with abnormal
control of PI(4, 5)P2-sensitive actin dynamics regulators (Fig.2.12). Lack of proper cytoskeletal
control/regulation constitutes the major cause of the membrane remodeling defects observed in LS
patient cells (Fig.2.12).

Finally, given their activities down-modulating mTOR and RhoA signaling, this working
model provides an explanation for the phenotype alleviating properties of FDA-approved doses of
the drugs rapamycin and rosuvastatin (Fig.2.12).

Further studies should be pursued to test/refine this model and to add mechanistic details to
it. We speculate that broader models that provide emphasis in the effects of Ocrl1-deficiency on
important cellular signaling circuits have the potential to better our understanding of the disease

and led us towards viable therapeutics against this terrible disease.
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Figure 2.12 Working model for LS phenotype development as a consequence of lack of
Ocrll activity.

Ocrl1 deficiencies would increase the availability of the PI3K substrate PIP2 leading to mTOR
hyperactivation and consequently to inhibition of cilia-localized cargo traffic to endosomes and

their delivery to the cilia (**: (Coon et al. 2012). Indeed, PIP2 accumulation will also interfere
with normal actin dynamics affecting membrane remodeling processes. Ocrl1 abnormal function

is also directly linked to vesicle trafficking defects and [Rac1-GDP] requires traffic to
endosomes to be activated by the GEF TIAM (*: (75, 76)) and recycle back to the plasma
membrane (PM) to promote membrane rearrangements (see text for further details).

2.5 Materials and methods
2.5.1 Reagents

Materials were purchased from Fisher Scientific (Fairlawn, NJ) or Sigma (St. Louis, MO)

unless stated otherwise. The different antibodies used in this study are listed in Table 2.3.

2.5.2 Cells and culture conditions

Normal (GM07492) and LS primary dermal fibroblasts (GM01676 and GM03265) were
purchased from the NIHGMS Human Genetic Cell Repository (Coriell Institute for Medical
Research, Camden, NJ, USA). Cells were cultured in DMEM, Streptomycin/Penicillin, 2mM L-
Glutamine and 15% fetal bovine serum (FBS) at 37 °C in a 5% CO> incubator. When needed, cells
were transferred to fibronectin-coated surfaces (plates or coverslips) prepared by incubation with

10pg/mL Fibronectin for 2h at 37 °C. Normal human proximal tubule epithelial (HK2) and human
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embryonic kidney epithelial 293T (HEK293T) cells obtained from ATCC were grown in DMEM,
Streptomycin/Penicillin, 2mM L-Glutamine and 10% fetal bovine serum (FBS) at 37 °C in a 5%
CO; incubator. OCRL1"- (OCRL K.0) HK2 and HEK293T cells were prepared by GenScript Inc.
Piscataway, NJ, USA and maintained under same conditions than their normal counterparts.

2.5.3 Pharmacological treatments and viability/toxicity assessment

Cells were incubated with the indicated drugs, for the specified times at different
concentrations as described, in low serum (0.1%) media to avoid substantial protein-mediated drug
sequestration. In addition to cell counting post-treatment, a sample of cells seeded on fibronectin-
coated coverslips was fixed and stained with FITC-phalloidin and DAPI for cell morphology
inspection. Viability was monitored by performing MTT assays as follows: Following treatment
of cells (in triplicates) with indicated drugs at different concentrations for specific times, media
was aspirated and replaced with MTT solution (freshly prepared at 0.5mg/ml in complete media)
and incubated for 1.5h. Additionally, a blank control with only MTT reagent containing no cells
was also prepared. Following incubation, solution was aspirated and MTT was immediately
solubilized using ImL DMSO (per well) by gentle pipetting, Absorbance values of solubilized
MTT solution from the different wells were measured at 570nm using a spectrophotometer.
Pharmacological compounds used in this study are listed in Table 2.2.

Cholesterol uptake Assay: Was performed using an AbCam kit (ab236212) according to

manufacturer instructions.

2.5.4 Cell Spreading Assays

We utilized two approaches to monitor cell spreading: 1) After a predetermined time-point
and 2) At multiple time points.

Spreading after a predetermined time-point.

Human dermal fibroblasts (12h after seeding) were treated with the indicated drug (or vehicle)
in 0.1% serum for indicated time. After drug treatment, the cells detached from the culture dish
using 20mM EDTA (in 1X PBS), centrifuged at 300xg for 5min, resuspended in 1% serum in the
presence of drug or vehicle. Cell suspensions were then set in a rotator for 1h before seeding them

on fibronectin-coated coverslips for 30min, undisturbed, to allow attachment and spreading.
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Following this, coverslips were washed with 1X PBS and fixed in 4% formaldehyde. Rhodamine-
Phalloidin was used to stain the actin cytoskeleton of the fixed cells and imaged by epifluorescence
microscopy. At least 50 cells were quantified per experiment by tracing and measuring cell areas
by using the magic wand tool in ImageJ software.

Spreading at multiple time points.

Human dermal fibroblasts were treated as described above, seeded on fibronectin-coated
LabTek chambers and allowed to attach and spread. Cells were imaged at intervals of 10min after
seeding for 8h using 20X objective in a Zeiss Axiovert inverted microscope. Number of detaching
cells were quantified at every 10min up to the first 1h by using cell counter tool in ImageJ. To
determine spreading kinetics, individual cells were tracked in each time lapse image and were
scored from 1-5 based on general cell morphology. Briefly, cells that were just attached and looked
circular with no protrusions or visible extensions received score 1. Cells with needle-like (filopodia)
projections were scored 2, cells with lamellopodia-like extensions were scored 3, cells with more
extended lamellopodia-like extensions and increase in cell area were given a score of 4 and a
further increase in cell area, often accompanied by isotropic spread morphology was given score
of 5.

Alternatively, cells treated as described above and allowed to attach on fibronectin-coated
dishes. Immediately after seeding, the cells were imaged with 10X objective simultaneously using
up to 3 Cytosmart Imaging Systems (Lonza) at intervals of 30s for 2h. Number of cells attached
were quantified at every 10min up to the first 1h using Cell Counter tool in ImageJ software.

2.5.,5 Confocal microscopy

Cells were prepared as described under Spreading after a pre-determined time point and after
fixation indirect immunofluorescence was performed using antibodies against phospho-FAK
('Y397) or vinculin. Briefly, cells were gently washed with PBS, fixed with 4% formaldehyde-PBS
for 10min and permeabilized using 0.25% Triton-X 100 in PBS for 20min, followed by blocking
with 5% BSA in PBS for 30min. Cells were also immunostained with Phalloidin-FITC and DAPI
to label the actin cytoskeleton and nucleus respectively. Images were acquired at the Indiana
O’Brien Center Biological Microscopy (Division of Nephrology, U School of Medicine) using an
Olympus 1X81 inverted confocal microscope. A 60X Oil objective (NA 1.42) was used and
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randomly selected fields were imaged using constant voltage, gain and intensity for the different

groups, as well uniform step size (0.19um) using sequential image collection mode.

2.5.6 Fluid shear stress assays

We utilized two approaches to monitor resistance to Fluid sheer stress (FSS): 1) After a
predetermined time-point 2) At multiple time points.
FSS after a predetermined time-point.

Equal number of normal and LS cells were allowed to attach on fibronectin-coated coverslips
(22mm x 22mm) as described before. 20min after seeding, one set of coverslips were washed
gently washed and immediately fixed using 4% formaldehyde. Another set of coverslips were
subjected to fluid shear stress by flushing 1X PBS using a standard wash bottle with spout and
then fixed with 4% formaldehyde. Coverslips were then immunostained with Rhodamine-
Phalloidin (1:200) to label the actin cytoskeleton and DAPI to label the nucleus. Cells were then
imaged by using Axiovert inverted epifluorescence microscope. For each group, 3 random rows
were selected on the coverslip and completely imaged from end to end without skipping any field
within the row. Attached cells were then counted from each row and the fraction of cells remaining
on the coverslips before and after fluid shear stress was calculated.

FSS at multiple time points.

Normal and LS fibroblasts were seeded on fibronectin-coated wells and allowed to attach.
Immediately after seeding, cells were imaged with 10X objective simultaneously using up to 3
Cytosmart Imaging Systems (Lonza) at intervals of 30s for up to 2h. 20min after seeding, a 1mL
pipette tip was used to gently aspirate ImL of media which was immediately released into the
culture dish to produce a sudden fluid shear stress. Number of cells attached before this event
(t=19min) and after the shear stress (t=24min) were counted using Cell Counter tool on ImageJ

and fraction of cells detaching was calculated.

2.5.7 Fluid phase uptake assay

Cells were seeded on glass coverslips for 12h prior to experiments and then treated with the
indicated drug or vehicle in 0.1% serum media for the specific amount of time. Cells were treated
with Img/mL 70kDa dextran-TMR (dissolved in media containing FBS) at 37°C for 20min.

95



Coverslips were washed extensively with PBS (at 4°C) and fixed. The cells were then imaged and

the fluorescence intensity of the dextran-TMR taken up by cells was measured using Image J.

2.5.8 Ciliogenesis assays

Cells were grown on coverslips overnight in complete media. Then media was replaced by
0.1% serum DMEM (starvation media) containing vehicle or the drug to induce ciliogenesis for
indicated times. Cells were then fixed with 4% formaldehyde (in 1X PBS) and immunostained
with anti-acetylated tubulin antibody (Table 2.3). At least 50 cells were imaged for every
experiment and repeated at least thrice. The fraction of cells displaying cilia and cilia length were
determined described before (Brian G. Coon et al., 2012).

2.5.9 Indirect immunofluorescence for lysosomes

Following treatment with drugs, cells were washed and fixed with 4% formaldehyde-PBS
for 10min and immunolabeled for LAMP2. Random fields were imaged using Zeiss Axiovert
inverted microscope using 40X objective with constant fluorescence exposure times. Cells were
scored for the presence or absence of autolysosomes and fraction of cells/field exhibiting these

structures was determined.

2.5.10 Western blotting

Normal and LS cells were seeded on 100mm plates and grown to 60-70% confluency in
complete media. Then media was exchanged to 0.1% serum DMEM media with DMSO or 10nM
rapamycin for 12 hrs. The cells were washed twice with ice-cold PBS, collected by scraping cells
in 200ul/plate of lysis buffer (25mM HEPES-KOH , pH7.4, 250mM NaCl, 1% Triton-X-100
supplement with phosphatase and protease inhibitors), and lysed by passing the cells 10 times
through a 26G1/2 needle. The lysates were centrifuged at 14,000xg for 20min at 4°C, and the
supernatant fractions were collected. The samples were analyzed by SDS-PAGE using 7% or 10%
poly-acrylamide gels, and transferred to nitro cellulose membranes. The membranes were blocked
with 5% skim milk in PBST and immunoblotted with indicated primary and HRP-conjugated

secondary antibodies.
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2.5.11 Statistical analysis

The Kolmogorov-Smirnov (KS) test was used to determine statistical significance of
differences between spreading-distribution histograms. While the student’s t-test was used to
evaluate the significance of differences of normally distributed samples, the Wilcoxon’s test was
employed when samples were non-normally distributed. The Bonferroni’s correction was
performed whenever there were multiple comparisons [aC=p/n; n being the number of
comparisons].

A von Bertalanffy logistic model was adopted to fit the data presented in Fig.2.4A (adhesion)
and Fig.2.7 (spreading). The estimated time to achieve half the maximal value of each process
(To.s) was obtained and used to calculate their continuous rates (K) according to: K=-Ln(0.5)/ Tos.
The associated error AK was estimated using standard rules of error propagation (Taylor, 1997)
based on the determined Tos error (ATos), according to AK=K(ATos/Tos).
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Table 2.2 Pharmacological agents used in this study

Compound Activity Source Catalog number Use (conc/time)
Calpeptin Rho activator Cytoskeleton, Inc | CNO1 137.5uM/1h
3 Rho inhibitor Cytoskeleton, Inc | CT04 10.5nM/2h (Fibroblasts),
Transferase 4.2nM/2h (HK2)
Fasudil Rho Kinase Selleck S1573 10uM/3h
PF-3758309 PAK inhibitor AdooQ A11930 1-10puM/3-6h
ML7 MLCK inhibitor | Enzo BML-EI197- 1uM/6h
fluvastatin Cayman 10010337 1-100uM/3-6h
simvastatin Cayman 10010344 1-10uM/8-12h
AMG-COA  oronto Research 1-100pM/3-6h
atorvastatin oronto Research | 791750 ~HOPHMIS
reductase .
Chemicals
pitavastatin inhibitors Selleck S1759 10uM/12h
Rosuvastatin Bio Vision 1955-5 100uM/12h or 10-20uM/72h
(long-term exposure)
FTI276 Farnesylation CalBioChem 344550 0.5uM/6h
Rapamycin mTOR inhibitor Cayman No013346 100nM/12h or  10nM/72h
Chemicals (long-term exposure)
WYE132 mTOR inhibitor | BioVision Inc 2256-500 1uM/72h
INK128 mMTOR inhibitor | MedKoo 205495 20nM/72h
SAR405 PI3K clll inhibitor | MedChem HY 12481 1uM/72h




Table 2.3 List of antibodies used in this study

Dilution used and

Antigen Host Source o
application?
_ Cell signaling
MTOR (total) Rabbit 1:1000 (WB)
(#2972)
_ Cell signaling
p-mTOR (S2448) Rabbit 1:1000 (WB)
(#2971)
_ Cell signaling
p-mTOR (S2481) Rabbit 1:1000 (WB)
(#2974)
Akt (Total) Rabbit Bioss (Bs-0115R) 1:500 (WB)
_ Cell signaling
p-Akt (S473) Rabbit 1:1000 (WB)
(#4058)
SGK-1 (Total) Rabbit Millipore (# 07-315) | 1:100 (WB)
Santa Cruz  (sc-
p-SGK-1 (S422) Mouse 1:100 (WB)
16745)

Tubulin Mouse Biolegend (627903) | 1:500 (WB)
] Sigma Aldrich (6-
Acetylated-Tubulin | Mouse 1:1000 (11F)

11B-1)
Pericentrin Rabbit Abcam (ab4448) 1:300 (1IF)

L Sigma Aldrich

Vinculin Mouse 1:800 (I1F)

(V9131)
Phospho-Paxillin Rabbit Epitomics (2128-1) 1:500 (WB)
Pan FAK Rabbit Santa Cruz (C-20) 1:500 (WB)

_ 1:50 (IIF), 1:500
Phospho-FAK Rabbit Santa Cruz (11765-R)
(WB)

LAMP2 Mouse Santa cruz (sc-18822) | 1:150 (IIF)

a: WB: Western blotting; IIF: Indirect Immuno-Fluorescence.
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CHAPTER 3. LOWE SYNDROME CELLULAR PHENOTYPES ARE
DIFFERENTIALLY AFFECTED BY SPECIFIC OCRL1 PATIENT
MUTATIONS

3.1 Abstract

Lowe Syndrome (LS) is a lethal genetic disorder caused by mutations in the OCRL1 gene,
which encodes the lipid 5> phosphatase Ocrll. Patients exhibit characteristic triad of symptoms
including congenital cataracts, low molecular weight proteinuria and mental retardation.
Progressive renal dysfunction is the cause of death. Ocrll localizes to the trans-Golgi network
(TGN) and participates in many cellular processes. Over 200 OCRL1 mutations have been
identified in LS, but their impact on cellular processes is unknown. Despite observations of
heterogeneity in LS patient symptoms, there is little understanding of the correlation between the
genotype of patients and disease and/or cellular phenotypes.

Here, we demonstrate for the first time that different mutations have diverse effects on
triggering LS cellular phenotypes. Additionally, mutations in specific domain impart unique
characteristics to the resulting mutant protein, including TGN fragmentation as well as centriolar
sequestration. Some mutations also conformationally affect the protein, resulting in phenotypes
and loss of activity which can be reverted by using an FDA-approved drug, 4-phenyl butyric acid.

This study demonstrates for the first time, the differential effect of LS mutations on cellular
phenotypes as well as highlights a conformational disease component for LS. It can provide a
framework that can help stratify patients as well as provide better prognosis depending on the
nature and location of mutation in the OCRL1 gene and its effect on the biochemical activity and

protein domains of Ocrl1.
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3.2 Introduction

Lowe Syndrome (LS) (OMIM#30900) is an X-linked genetic disorder caused by mutations
in the OCRL1 gene (Attree et al., 1992b). Affected children suffering from the disease are born
with bilateral congenital cataracts and develop neurological and renal symptoms as early as 6
months of age (Mario Loi, 2006; LOWE et al., 1952). Progressive renal dysfunction leads to end
stage renal disease and their premature death (Mario Loi, 2006). There are currently no LS-specific
therapeutics (Bokenkamp & Ludwig, 2016).

The gene product of OCRLL1 is an inositol 5’ phosphatase (EC 3.1.3.36) (Suchy et al., 1995;
X. Zhang et al., 1995) that localizes at the trans-Golgi network (TGN) (Dressman et al., 2000),
endosomes (Erdmann et al., 2007) and transiently at the plasma membrane (Faucherre et al., 2005);
with specificity for the signaling lipid phosphatidyl inositol 4,5-bisphophate, P1(4,5)P> (Suchy et
al., 1995; X. Zhang et al., 1995). In addition to its phosphatase domain, Ocrl1 possesses an N-
terminal PH domain (Mao et al., 2009) and C-terminal ASH-RhoGAP domains (Erdmann et al.,
2007; Ponting, 2006) through which it interacts with several signaling and trafficking proteins in
cells, thereby participating in several basic cellular processes including cell migration, cell
spreading, actin remodeling, ciliogenesis, vesicle trafficking, cytokinesis and phagocytosis
(Bohdanowicz et al., 2012; R. Choudhury et al., 2005; Brian G. Coon et al., 2012; Coon et al.,
2009; Dambournet et al., 2011; El Kadhi et al., 2011; Noakes et al., 2011; Suchy & Nussbaum,
2002; van Rahden et al., 2012).

Our lab previously identified LS-specific cellular phenotypes, namely- membrane
remodeling (Coon et al., 2009) (fluid phase uptake, cell migration and spreading) and primary
cilia assembly (Brian G. Coon et al., 2012) abnormalities. Further, we determined that Ocrll
participates in the above two processes is through determinants spatially segregated within the
protein (with the N-terminus involved in membrane remodeling (Coon et al., 2009) and the C-
terminus required for cilium assembly (Brian G. Coon et al., 2012)). In contrast, a functional Ocrl1
5’-phosphatase domain is required for both processes to proceed normally (Brian G. Coon et al.,
2012; Coon et al., 2009) (Fig.3.1A).

There are over 200 unique LS-causing mutations that have been identified in OCRL1
(Bokenkamp & Ludwig, 2016; Hichri et al., 2011) and affect all domains of Ocrll. There is
heterogeneity in LS patient symptoms (Bokenkamp & Ludwig, 2016; Hichri et al., 2011), but little
is known about the correlation between the genotype of patients and their cellular phenotypes.
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Taking this together with the domain-specific involvement of Ocrl1 in various cellular processes,
we speculated that Lowe syndrome cellular phenotypes would be differentially affected depending
on which domain is affected by the mutation.

Here we demonstrate that different OCRL1 mutations depending on the domain they affect,
have a differential impact on cell spreading and ciliogenesis, thereby proposing cellular basis for
LS patient symptom heterogeneity. Based on the domain they affect; mutants possess unique
characteristics including differences in localization and protein stability. Importantly, the
phosphatase domain mutants tested produced fragmentation of TGN, a phenotype exclusive to this
domain. This novel cellular phenotype has been associated with other neurodegenerative diseases
(Bexiga & Simpson, 2013). Given LS has a neurological component, we predict that this defect
may contribute to disease pathogenesis.

In addition, molecular dynamics analysis on mutations affecting non-catalytic residues of the
phosphatase domain predicted conformational changes affecting catalytic regions, thereby
explaining the impairment of enzyme activity as well as cellular phenotypes. These results not
only explain how mutations affecting non-catalytic residues cause LS but also to propose that some
OCRL1 mutants lead to a conformational/protein misfolding disease scenario.

Importantly, we were able to rescue cellular phenotypes tested as well as enzymatic activity
using 4-phenylbutyric acid (4-PBA), an FDA-approved drug that is currently administered as the
treatment for cystic fibrosis (as well as in trials for other neurological misfolded protein disorders
(Cortez & Sim, 2014)) where it is predicted to function as a molecular chaperone (Rubenstein,
Egan, & Zeitlin, 1997).

In summary our results provide the first comprehensive analysis of the effect OCRL1
mutations on cellular phenotypes likely to impact overall embryogenesis and organ-specific
function (ex.kidneys). Our data also establishes a conformational disease component for Lowe
Syndrome. Further, the FDA-approved drug 4-phenyl butyric acid (4-PBA) can alleviate
phenotypes triggered by conformationally affected Ocrl1l mutants. We believe that this study will
provide the framework that can stratify LS patients as well as allow aid in creating tailored
therapeutic strategies that would consider the nature, location of mutation in the gene and its effect

on the biochemical activity and protein domains of Ocrl1.
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3.3 Results

LS-causing mutations in OCRL1 predominantly affect exons 9-23 which encodes the
phosphatase and ASH-RhoGAP domain, with less than 10% of mutations affecting the PH domain.
The phosphatase domain, however, is a hotspot, with over 50% of mutations mapping to this region
(Hichri et al., 2011; Utsch et al., 2006). Though different mutations types are found to cause LS,
we decided to focus on the missense mutations in the gene.

In order to cover the spectrum of mutations in gene, we selected mutations that affect the
different domains of Ocrll. As representatives of the ASH-RhoGAP domain, we selected
mutations V577E, F668V (ASH domain) and 1768N and A861T (RhoGAP domain). Within the
phosphatase domain, there are nearly 80 unique missense mutations that cause LS. While many of
them map to conserved regions within the domain important for catalysis, substrate specificity and
recognition, mutations are also found in residues that are non-catalytic. Therefore, we selected
mutations we selected phosphatase mutations H524R (catalytic residue) and D451G and V508D
(non-catalytic residues) in order to represent both categories. Since there are no reported LS-
causing missense mutations that map to the PH domain, this domain could not be represented in
the study (Fig.3.1B).
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Figure 3.1 Dual function of Ocrll and mutations used in the study
A: Ocrl1’s function in cellular processes is spatially segregated across its different protein
domains. B: LS mutations tested in this study mapped on the different Ocrl1 domains they affect.
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3.3.1 Ocrll mutants differentially affect cell spreading and ciliogenesis in kidney epithelial
cells

Since renal failure is the cause death in LS patients, we reasoned that it would be critical to
determine how patient genotype may affect processes that were critical for renal function.
Therefore, we used human embryonic kidney (HEK) epithelial cells lacking OCRL1 (HEK KO)
and selected cell spreading and ciliogenesis as cellular readouts.

Spreading

We transfected the different GFP-tagged WT Ocrll or mutants in HEK KO cells and
performed standard spreading assays as described before (Coon et al., 2009) and in materials and
methods. Briefly, 18h after transfection, cells were lifted and allowed to attach and spread for
30min on fibronectin-coated coverslips. After 30 min of attachment and spreading, cells were fixed
with 4% formaldehyde, stained with rhodamine-phalloidin to label the actin cytoskeleton. Random
fields with transfected cells were imaged using Zeiss inverted epifluorescence microscope with a
40X objective. Spreading area was measured using magic wand tracing tool in ImageJ and
statistical analysis were performed as described in materials and methods.

We found that all phosphatase domain mutants exhibited a smaller cell spreading area
compared to Ocrl1"T (Fig.3.2). Due to the comparison of multiple mutants with Ocrl1"T in the KS
test, a Bonferroni correction was applied which concluded that a p value < 0.0167 to be the accurate
significance value (see Materials and methods). The mutants were all significantly affected for cell
spreading. Interestingly, though mutations in the phosphatase domain resulted in defects in cell
spreading, we also observed a diverse range of severity in the spreading phenotype within
mutations affecting one domain. For instance, unlike Ocrl1P*¢ and Ocrl1™52*R Ocrl1V5%P was
only modestly affected for spreading (~10% reduction in median spreading area compared to WT)
(Table 3.1).
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Figure 3.2 Ocrll phosphatase domain mutants are differentially impaired for cell
spreading activity.

HEK KO cells transfected with different Ocrl1 phosphatase mutants were allowed to attach and
spread on fibronectin-coated surfaces (See materials and methods). Histograms are from a single
representative experiment, n=40 cells. Experiments were repeated at least 3 times, with a total
n=120-150 cells. Example of stained cells representative of the high frequency groups within
each histogram. Scale bar: 10um. **p<(0.05/3=0.0167) (Bonferroni correction) using KS test.
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Table 3.1 Statistical analysis of cell spreading in cells
expressing Ocrl1WT vs. phosphatase mutants

KS test
Median | p value
WT 1
H524R | 0.67 | <0.0167
D451G | 0.79 | <0.0167
V508D | 0.91 | <0.0167

Based on our demonstration that the ASH-RhoGAP domains of Ocrll is not involved in
membrane remodeling (Coon et al., 2009), we expected mutations affecting the C-terminus (ASH-
RhoGAP) domains to not impact cell spreading processes. Unexpectedly, all ASH-RhoGAP
mutants Ocrl1V>7"E Ocrl176%8Y Ocrl1'768N and Ocrl1”8%1T demonstrated a trend to exhibit smaller
spreading area (Fig.3.3, Table 3.2) though it was not statistically significant. Overall, ASH-
RhoGAP mutants showed a consistent cell spreading defect, though phosphatase mutants appeared
to be more sensitive to this phenotype compared to the former.

Interestingly, we also noticed that the mutants Ocrl1V3""E Ocrl1768Y Ocrl1'768N produced a
distinct perinuclear punctate structure which was also investigated (Fig.3.3, yellow arrows; see

next section).

Figure 3.3 Ocrl1 ASH-RhoGAP domain mutants are modestly affected for cell spreading
activity.

HEK KO cells transfected with different Ocrl1 ASH-RhoGAP were allowed to attach and spread
on fibronectin-coated surfaces (See materials and methods). Histograms are from a single
representative experiment, n=40 cells. Experiments were repeated at least 3 times, with a total
n=120-150 cells. Example of stained cells representative of the high frequency groups within
each histogram. Scale bar: 10um. **p<(0.05/4=0.0125) (Bonferroni correction) using KS test.
Arrowhead indicates centriole accumulation (see Section 3.3.2)
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Figure 3.3 continued
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Table 3.2 Statistical analysis of cell spreading in cells
expressing Ocrl1WT vs. ASH-RhoGAP mutants

KS test
Median | p value
WT 1
V577E 0.85 <0.05
F668V 0.87 <0.05
1 768N 0.85 <0.05
AB861T 0.85 <0.05

Ciliogenesis

We also tested the impact of Ocrl1 mutants on ciliogenesis by expressing them HEK KO
cells. Cells were seeded at ~30-50% confluency, transfected with Ocrl1 mutants and ciliogenesis
assays were performed as described previously (Coon et al., 2009). Briefly, 18h after transfection,
cells were starved for 24h by replacing with 0.1% FBS media to induce ciliogenesis. Cells were
fixed with 4% formaldehyde, followed by indirect immunofluorescence using antibodies against
acetylated tubulin (to label primary cilia) and pericentrin-2 (to label centriole; base of cilium).
Fields were randomly imaged using Zeiss Axiovert Inverted microscope using 40X objective.

The fraction of Ocrll mutant transfected cells forming a cilium was calculated and
normalized to the fraction of cilia produced by Ocrl1WT-expressing cells from the respective
experiment (See materials and methods).

We predicted that LS mutations in phosphatase domain will affect ciliogenesis. Indeed,
phosphatase mutants Ocrl17°24R Ocrl1P41¢ Ocrl1V5%P were affected for ciliogenesis again in
varying degrees (Fig.3.4). Ultimately, Ocrl1H524R Ocrl1P#51¢ were significantly impaired for this

phenotype, though Ocrl1V>%P had a reproducible trend to produce fewer cilia than Ocrl1T.
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Figure 3.4 Ocrll phosphatase domain mutants are differentially impaired for cilia
formation.

Ciliogenesis assays (see Materials and methods) were done with HEK KO cells transfected with
different Ocrl1 phosphatase mutants. 20 random fields with at least 50 cells were imaged and
fraction of transfected cells with cilia were calculated. This number was normalized to fraction
OcrlIWT cells forming cilia. Each experiment was repeated at least thrice (n=120-150 cells).
Scale bar: 10pm. **p<(0.05/3=0.0167) (Bonferroni correction) using Student’s t-test, *p<0.05.
Red reference line represents fraction of Ocrl1WT expressing cells making cilia, green reference

line represents fraction of GFP expressing cells making cilia.

Since Ocrl1’s C-terminus was also required for ciliogenesis (Brian G. Coon et al., 2012), we
expected that all the ASH-RhoGAP mutants would be affected for ciliogenesis. Mutants Ocrl1V>7E,
Ocrl17%%8Y and Ocrl1'"%8N produced fewer cilia, though only Ocrl1'7®8N was significantly affected
for ciliogenesis (Fig.3.5). On the other hand, Ocrl1*®!T remained unaffected for cilia formation
(Fig.3.5). Like the effect on cell spreading, we observed a trend for phosphatase mutants to have

a more striking ciliogenesis defect, compared to mutants of C-terminus (Fig.3.2- 3.5).
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Figure 3.5 Ocrll ASH-RhoGAP domain mutants are differentially impaired for cilia
formation.

Ciliogenesis assays (see Materials and methods) were done with HEK KO cells transfected with
different Ocrll ASH-RhoGAP mutants. 20 random fields with at least 50 cells were imaged and
fraction of transfected cells with cilia were calculated. This number was normalized to fraction
OcrlIWT cells forming cilia. Each experiment was repeated at least thrice (n=120-150 cells).
Scale bar: 10pum. **p<(0.05/4=0.0125) (Bonferroni correction) using Student’s t-test, *p<0.05.
Red reference line represents fraction of Ocrl1'WT expressing cells making cilia, green reference
line represents fraction of GFP expressing cells making cilia.

3.3.2 Mutations affecting different domains result in unique mutant protein behaviors and
novel cellular phenotypes specific to the domain

Centriolar accumulation

Transient expression of ASH-RhoGAP mutants Ocrl1V577E, Ocrl1F668V and Ocrl11768N
in HEK KO cells under nutrient-fed conditions (such as those maintained during cell spreading
experiments) produced a characteristic perinuclear punctate structure (Fig.3.3, yellow arrows).
Therefore, to better determine Ocrll localization in different cellular compartments we used
human proximal tubule kidney (HK2) epithelial cells lacking OCRL1 (HK2 KO). Unlike HEK
cells, HK2 cells are larger in size and possess a flat morphology. This makes them more suitable
to observe intracellular compartments. (All mutant-specific phenotypes validated in HK2 KO cells
were also observed in HEK KO cells).

Similar to our observations in HEK KO cells, Ocrl1V3""E, Ocrl1F%68Y and Ocrl1'"®8N produced
a punctate perinuclear structure in HK2 KO cells (Fig.3.6, yellow arrows & Ocrl1 panel inset).

Upon starvation, which results in ciliogenesis induction, Ocrl1 has been shown to localize
transiently (~25% of the time) at the base of cilium for trafficking of ciliary cargo (Brian G. Coon

et al., 2012). Even though the mutants produced this perinuclear punctate structure under steady
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state conditions, given the proximity of the centriole to the region where the structure was found,
we performed colocalization of these perinuclear dots with the centriole by co-staining cells with
an antibody against pericentrin-2 (PC2), a marker of the centriole. We found that Ocrl1V>""E,
Ocrl17%%8Y and Ocrl1'"®8N mutant-expressing cells exhibited higher colocalization of perinuclear
dot with PC2 (Fig.3.6A&B). Under these conditions, we could not observe Ocrl1VT at the
centriole, reiterating its transient localization at the organelle only under ciliogenesis conditions.
Ocrl#881T hehaved more like Ocrl1T in that there was no significant observable enrichment at the
centriole (Fig.3.6A&B).

Under steady state conditions, GFP by itself has been reported to diffuse into the centriolar
space due to its small size (27KDa) (Verdier, Morthorst, & Pedersen, 2016). On the other hand,
Ocrl1™T only localizes to this region upon induction of ciliogenesis (Brian G. Coon et al., 2012).
The ASH-RhoGAP mutants however displayed a localization to this compartment that was greater
than both Ocrl1"T and GFP indicating aberrant behavior. (GFP localization at centriole marked by

red reference line in Fig.3.6B).
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Figure 3.6 ASH-RhoGAP domain mutants exhibit enrichment or accumulation at the

centriole under steady state conditions.
A: HK2 KO cells transiently expressing Ocrl1WT or ASH-RhoGAP mutants (left panel)
immunostained for PC-2 (centriole marker; middle panel) (see materials and methods). Yellow
arrows indicate Ocrll at PC-2 labeled structures. Scale bar: 10um. B: Transfected cells were
randomly imaged from at least 25 fields containing at least 40 cells. Cells with Ocrl1 colocalization
to PC-2 were scored and fraction of cells exhibiting colocalization in a field was determined.
**p<(0.05/4=0.0125) (Bonferroni correction), *p<0.05 using Wilcoxon test. Box plot of
representative experiment. Red reference line indicates enrichment observed in GFP-transfected
cells

113



Figure 3.6 continued
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We also analyzed if this association with the centriole was a dose-dependent effect, created
by transient overexpression of these mutants. We segregated transfected cells into ‘low’, ‘medium’
and ‘high’ fluorescence groups based on the minimum and maximum fluorescence of the entire
population. Over 85% of the cells populated the ‘low’ fluorescence category indicating that levels
of expression of all the mutants were similar. Independent of fluorescence intensity, mutants
Ocrl1V37E, Ocrl17%%8Y and Ocrl1'7%8N were localizing at the centriole (data not shown).

In addition to the centriolar enrichment, ASH-RhoGAP mutants Ocrl1V>""E, Ocrl17%¢8 and
Ocrl1'"%8N had an overall diffuse cytosolic appearance in cells and lacked perinuclear TGN
enrichment (Fig.3.6A). On the other hand, Ocrl14%1T had a perinuclear localization comparable to
OcrlIWT (Fig.3.6A). Higher levels of expression of all four mutants, compared to OcrlIWT
resulted in mutant protein aggregation (data not shown). Though this may not be representative of
a physiological level of expression, it indicated that mutations in the ASH-RhoGAP domains are
likely to affect overall protein stability and/or folding.

To recreate a more ‘patient-like’ scenario, we prepared HK2 KO cells stably expressing
Ocrl1'"8N (see Materials and methods) to see if the centriolar enrichment was recapitulated.
Multiple attempts of producing cell lines stably expressing Ocrl1'7%8N were unsuccessful. Though
we observed GFP-Ocrll positive cells in the first 7 days of antibiotic selection, none of them

successfully produced clonal populations (even after 3 weeks of antibiotic selection) that could be
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isolated and sub-cultured. Therefore, after multiple unsuccessful attempts to prepare these lines,
we took an intermediate approach and prepared ‘quasi’ stables where 24h following transfection
with plasmid encoding Ocrl1'7%8N cells were grown on coverslips and subject to antibiotic
selection for up to a week. Following 7 days of antibiotic selection, coverslips were fixed and
indirect immunofluorescence was performed using antibodies against PC2. Cells stably expressing
Ocrl1'"8N also showed centriolar accumulation of mutant as observed under transient expression
conditions (Fig.3.7). Stable integration of Ocrl1'"®®N (presumably with lower copy numbers of
plasmid) produced diffuse cytosolic distribution of the mutant, that lacked perinuclear enrichment
(except centriole accumulation) and did not produce aggregates (Fig. 3.7). This was compatible

with our observation of aggregates only under high levels of mutant protein expression.
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Figure 3.7 Stable expression of Ocrl1'7%N in HK2 KO cells also results in centriole accumulation under steady state conditions.
HK2 KO cells stably expressing Ocrl1'"%8N immunostained for PC-2 (centriole marker) (see materials and methods). Yellow
highlighted region in merged images corresponding to the perinuclear region which was scaled to 2X (inset images) to better visualize
Ocrl1 and PC2 colocalization. Yellow arrows indicate Ocrll at PC-2 labeled structures. Scale bar: 10um.



TGN fragmentation

Besides defects in cell spreading and ciliogenesis, we had previously observed that
Ocrl1™#R induced fragmentation of the trans-Golgi network (TGN) (Coon et al., 2009). This was
seen in HeLa cells, as a dominant negative effect (Coon et al., 2009). Similarly, an Ocrl1 truncated
variant lacking phosphatase domain also induced the same phenotype (R. Choudhury et al., 2005).

Since non-catalytic mutants (Ocrl1P%¢ and Ocrl1V°%P) induced ciliogenesis and cell
spreading defects (although in varying degrees) like Ocrl17°24R we also tested their ability to
produce TGN fragmentation. When compared to HK2 WT cells, HK2 KO cells themselves showed
no TGN fragmentation (data not shown). But when they were transiently transfected with
Ocrl1P%516 or Ocrl11V°%P TGN fragmentation was observed (Fig.3.8A,B). TGN fragmentation was
quantified by measuring the area occupied by the TGN with respect to the whole cell area.

During transient transfections, cells often acquire multiple copies of the plasmid. This may
result in cellular behaviors that are a consequence of overexpression. To test if this was the case,
we also analyzed TGN fragmentation in transfected cells as a function of total fluorescence
intensity and found no correlation between the two parameters (data not shown). This suggested
that fragmentation of TGN was independent of the levels of mutant Ocrl1 expressed in cells. TGN
fragmentation was accompanied by dispersed mutant Ocrll in the perinuclear region that

colocalized poorly with TGN particles (see Fig.3.8A inset).
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Figure 3.8 Transient expression of phosphatase domain mutants produces TGN
fragmentation.

A: HK2 KO cells transiently transfected with Ocrl1WT (top panel) or Ocrl1P4¢ (middle panel)
or Ocrl1V%%P (hottom panel) and immunostained for TGN. Yellow highlighted region in merged
images corresponding to the TGN area which was scaled to 4X (magnified image) to better
visualize TGN fragmentation. Yellow arrowheads indicate fragmented TGN puncta that lack
Ocrll1. White arrows indicate dispersed mutant Ocrl1 lacking TGN colocalization. Scale bar:
10um. B: At least 40 transfected cells were imaged randomly, per experiment and area occupied
by TGN was quantified (See materials and methods). Each experiment was repeated at least
thrice with total n=120-150 cells/group. **p<(0.05/2=0.025) (Bonferroni correction) using
Wilcoxon test.
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Figure 3.8 continued
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We also created stable HK2 KO cell lines (see Materials and methods) expressing Ocrl1H>24R
or Ocrl1™WT, In agreement with our previous observations using transient transfections, stable
integration of Ocrl1M°2*R also led to TGN fragmentation. (Fig.3.9A,B). (Cells with stable plasmid
integration were identified by the presence of GFP-tagged Ocrl1).

We also attempted to make stable HK2 KO cell lines expressing Ocrl1P41C, Like Ocrl1'768N,
we could not isolate clones stably expressing Ocrl1P*1C, Therefore, we used a similar ‘quasi’
stables approach where 24h following transfection with plasmid encoding Ocrl1°%°1¢, cells were
grown on coverslips and subject to antibiotic selection for up to a week. Following 7 days of
antibiotic selection, coverslips were fixed and indirect immunofluorescence was performed using
antibodies against TGN. All GFP-positive cells that survived antibiotic selection were imaged. We
found that these ‘quasi’-stable cells expressing Ocrl1P*1C also showed significant TGN
fragmentation (Fig.3.9A&B). Mutant Ocrl1 fragmentation was also recapitulated (data not shown).
In both cell lines stably expressing Ocrll mutants, the average fluorescence intensity of cells was
comparable and within a low and narrow range. These values were compatible with cells
expressing low copy numbers of the plasmid. This is the closest we could recapitulate a patient-
like scenario, although the exact levels of expression of these two mutants in actual patients bearing

these mutations is unknown.
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In summary, though we did not observe significant TGN fragmentation in HK2 KO cells,
three different phosphatase domain missense mutations, when expressed transiently or stably in
cells lacking Ocrl1 produced TGN fragmentation. These results also suggested that presence of
some mutants may induce phenotypes that may be more severe than those produced when Ocrll
is absent.

Golgi fragmentation has been associated with many other neurological disorders including
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotropic lateral sclerosis
(ALS), Angelman syndrome, spinal muscular atrophy and epilepsy (Ayala & Colanzi, 2017;
Bexiga & Simpson, 2013; Caracci, Fuentealba, & Marzolo, 2019; Martinez-Menarguez, Tomas,
Martinez-Martinez, & Martinez-Alonso, 2019). Given that LS patients have neurological
symptoms, (Mario Loi, 2006), we envisioned that this cellular defect may be relevant to disease
pathogenesis.
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Figure 3.9 Stably expressed phosphatase domain mutants also induce TGN fragmentation.
A: ‘Semi’ stable HK2 KO cell lines expression Ocrl1VT (top) or Ocrl1H524R (middle) or
Ocrl1P%16 (hottom) (see materials and methods) were prepared. All cells stably expressing Ocrll
variants were imaged and TGN area was quantified (see materials and methods). Scale bar:
10pum. B: TGN fragmentation determined as a function of total cell area. **p<(0.05/2=0.025)
(Bonferroni correction) using Wilcoxon test.
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Figure 3.9 continued
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3.3.3 Subset of OCRL1 mutations affecting phosphatase domain likely cause a
conformational change in catalytic domain of mutant protein

So far, two out of the three phosphatase domain mutations we tested map to residues that
are not essential for phosphatase activity. However, they all produced cellular defects that are
linked to lack of phosphatase activity. In order to better understand how three different mutations
within the phosphatase domain result in similar cellular phenotypes, we first mapped the mutations
within the phosphatase domain (Fig.3.10A).

The phosphatase domain contains 6 conserved motifs essential for 5° phosphatase activity
(Jefferson & Majerus, 1996; Tsujishita et al., 2001; Whisstock et al., 2000), as well as other
conserved residues recently identified to also play a role in substrate binding as well as lipid chain
interactions (Mills et al., 2016; Lionel Tresaugues et al., 2014) (Fig.3.10A, yellow and grey
highlighted regions). The mutation H524R affects a critical residue that interacts with the scissile
5’ phosphate (Mills et al., 2016; Lionel Tresaugues et al., 2014), and has been demonstrated to
abolish phosphatase activity (Lin et al., 1997). On the other hand, D451G and V508D affect
residues that are found outside the conserved catalytic motifs within the phosphatase domain, and
yet were still affecting cellular functions of Ocrll (Fig.3.10A). We hypothesized that these
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mutations affected the conformation of the catalytic domain, thereby impairing phosphatase
activity.

Using 3-dimensional molecular dynamics, we modeled the two single residue changes
D451G and V508D in the phosphatase domain of Ocrll (PDB ID: 4CMN) and our analysis
predicted that these two mutations imparted conformation changes in critical catalytic residues.
Particularly, D451G mutation was predicted to affect the conformation catalytic residues within
and adjacent to the motif “?GDLNYR*% and “*PAWCDRIL®® (Fig.3.10B) while V508D was
predicted to affect residues adjacent to the *22SDHKPV>?" motif (data not shown).
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Figure 3.10 Mapping and molecular dynamics of OCRL1 missense mutations in the
phosphatase domain.

A: Mapping of all LS causing OCRL1 missense mutations in the phosphatase domain, inset
highlights location of mutations H524R, D451G and V508D. B: Molecular dynamics prediction
of the effect of D451G mutation on Ocrl1 phosphatase domain structure. Ocrl1 phosphatase
domain crystal structure (PDB ID: 4CMN) was used to run molecular dynamics simulations. WT
(left) domain represented by stick model; blue color represents catalytic residues. Mutation of
residue 451 Asp (D) to Gly (G) in this model (right, represented by orange shape fill) resulted in
change in the position of catalytic blue residues (listed in white boxes) and acquired new position
in red, resulting in overall conformation changes within the phosphatase domain. (Prepared by
Dr. R. Claudio Aguilar)
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Figure 3.10 continued

To determine if mutations D451G and V508D affected Ocrll phosphatase activity, we
performed in vitro malachite green phosphatase assays (Materials and methods) using bacterially
purified Ocrl1 catalytic mutants (Ocrl17524R Ocrl1P1C Ocrl1V5%P) or Ocrl1WT that was fused to
a glutathione S-transferase (GST) tag. Ocrl1H5?*R as expected lacked phosphatase activity
(Fig.3.11, top right panel). Surprisingly, the other two mutants Ocrl1P1¢ and Ocrl1V°%P also
lacked enzymatic activity (Fig.3.11, bottom panel), thereby supporting our hypothesis and

molecular dynamics predictions.
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Figure 3.11 Ocrl1 catalytic and non-catalytic phosphatase domain mutants are impaired
for 5° phosphatase activity.

Bacterially expressed GST-tagged Ocrl1 (amino acids 1-563; encoding PH and phosphatase
domain); WT (top panel left) and the different phosphatase mutants were purified (See materials
and methods). In vitro malachite green phosphatase assays were performed (See materials and
methods). Standard curve for each experiment was prepared and free phosphate generated by
Ocrl1 variants was calculated. Experiments were done with constant enzyme and substrate
concentration, only varying the incubation times of enzyme and substrate (X-axis). All
experiments were done in triplicates and repeated at least thrice. **p<(0.05/3=0.0167)
(Bonferroni correction) using Student t-test.

Taking these results together with our molecular dynamics predictions, provided a potential
mechanism underlying the lack of phosphatase activity in these mutants, thereby explaining the
LS-specific cellular phenotypes we observed. Importantly, these findings now suggested that LS

had a component of a ‘conformational or misfolded protein disease’. A conformational disease is

one where mutations in the gene lead to loss of function of the resultant mutant protein, either by
affecting synthesis, transport stability, protein folding or its enzymatic activity (Kopito & Ron,

2000). This causes the accumulation of the non-native conformation, rendering loss in function
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(Kopito & Ron, 2000). In fact, we mapped all known OCRL1 missense mutations affecting the
phosphatase domain and interestingly, found that ~50% of these mutations affect residues outside

of the regions essential for catalysis within the domain (Fig.3.10A).

3.3.4 Subset of non-catalytic phosphatase domain mutants can regain cellular and
biochemical function upon treatment with 4-phenyl butyric acid, a chemical
chaperone

Some well-studied conformational diseases include cystic fibrosis (Kopito & Ron, 2000). In
this disease, the gene CFTR (encoding a chloride channel) acquires a mutation that leads to the
deletion of amino acid phenylalanine at position 508, resulting in CFTR AF508 mutant protein.
This single mutation is found in almost 70% of the Caucasian patients (Rubenstein et al., 1997),
resulting misfolded mutant CFTR protein and subsequent accumulation in the endoplasmic
reticulum (ER) As a result, this chloride channel protein does not localize to the cell surface,
resulting in partial function, poor regulation of fluid composition in the airway. This produces
thick mucus and respiratory difficulties in patients (Rubenstein et al., 1997). Lowering the
temperature (thermal stability) or treating with glycerol (a chemical chaperone) helped in releasing
this mutant CFTR from the ER as well as restored its function (Rubenstein et al., 1997).

A chemical chaperone is a molecule that is either an osmolyte or a hydrophobic compound
that interacts with a protein that is in its non-native conformation, thereby allowing it to fold and
stabilize its native conformation (Cortez & Sim, 2014). 4-phenyl butyric acid (4-PBA) is a
hydrophobic chemical chaperone that is currently used for treatment of cystic fibrosis (Cortez &
Sim, 2014). In addition, it has also shown promise for other conformational diseases such as
Parkinsons disease, Alzheimers disease and amylotrophic lateral sclerosis, sickle cell anemia
(Cortez & Sim, 2014) and myopathies (C. S. Lee et al., 2017).

Based on the effectiveness of 4-PBA in other conformational disorders, we treated Ocrl1°451¢
or Ocrl1V3%P transfected HK2 KO cells with either vehicle or 5mM 4-PBA (Rubenstein et al.,
1997) and used TGN fragmentation as a read-out. Ocrl1-mutant expressing cells treated with 4-
PBA had significantly reduced TGN fragmentation compared to vehicle-treated Ocrl1l-mutant
expressing cells. (Fig.3.12A,B). To determine if this rescue in TGN morphology was due to a
direct effect on the phosphatase activity of mutant Ocrl1, we performed in vitro malachite green
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assays using purified Ocrl1P*C incubated with 4-PBA and found that the drug was also able to
restore phosphatase activity of the mutant in a dose-dependent manner (Fig.3.12C).
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Figure 3.12 4-phenyl butyric acid (4-PBA) reverts TGN fragmentation and restores 5’

phosphatase activity in a dose-dependent manner.
A: HK2 KO cells transiently transfected with Ocrl1P4C or Ocrl1V5%P and treated with vehicle
(top panel) or 4-PBA (bottom panel) and immunostained for TGN. Scale bar: 10um. B: At least
40 transfected cells were imaged randomly, per experiment and area occupied by TGN was
quantified (See materials and methods). Each experiment was repeated at least thrice with total
n=120-150 cells/group. **p<(0.05/2=0.025) using Wilcoxon test. C: Bacterially purified
Ocrl1P%6 was incubated with different concentrations of 4-PBA and in vitro malachite green
assays were performed. Each experiment was done in triplicates and repeated at least thrice.
*p<0.05 using Student’s t-test.

Together, these findings strongly suggested a new paradigm for LS pathogenesis- that is
caused by ‘conformational or misfolded proteins’ and that this phenomenon can be reverted by
treatment with 4-PBA. Interestingly, similar to our findings, other studies have demonstrated that

4-PBA can rescue the function of select missense mutants of BMPR2 and MCT8 genes in diseases
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such as pulmonary arterial hypertension (PAH) and Allan-Herndon-Dudley Syndrome

respectively (D. Braun & Schweizer, 2017; Dunmore et al., 2020).

3.3.5 Lack of Ocrll PH domain results in protein mis-localization but sustains Ocrl1’s C-
terminus specific functions

As mentioned earlier, OCRL1 mutations affecting the PH domain are less frequent in
occurrence compared to other domains. (~10% of total LS causing mutations). Additionally, the
nature of these mutations are mostly nonsense mutations, deletions or insertions that cause
frameshift and result in premature truncations and splicing defects. (Bokenkamp & Ludwig, 2016;
Hoopes et al., 2005; Shrimpton et al., 2009; Utsch et al., 2006).

However, mutations in OCRL1 cause another disease called Dent-2 disease (OMIM
#300555). Interestingly, majority of Dent-2 disease causing OCRL1 mutations affect the PH
domain (especially exons 2-7) and most of these mutations cause frameshift, resulting in deletions
of 5” genomic regions, premature protein termination as well as splicing defects between exons 2-
7 (Hichri et al., 2011; Utsch et al., 2006; Zaniew et al., 2018). In spite of the deleterious nature of
the Dent-2 disease causing OCRL1 mutations, Dent-2 disease is characterized by renal symptoms
with little to no ocular and neurological involvement; and is therefore classified as a milder form
of Lowe Syndrome (Bokenkamp et al., 2009).

Multiple studies have demonstrated phenotype heterogeneity between LS and Dent-2
disease (Cho et al., 2008; Hichri et al., 2011; Shrimpton et al., 2009; Utsch et al., 2006). It is
speculated that the segregation of LS vs. Dent-2 disease causing mutations in OCRL1 may indicate
a genotypic correlation to phenotypes observed in patients. Shrimpton et al. (Shrimpton et al.,
2009) proposed that premature protein termination within exons 2-7 which frequently seen in
Dent-2 disease patients may lead to milder phenotypes if these patients were producing other Ocrll
variants, whose translation was occurring from a site beyond this region. Using bioinformatic tools,
methionine 187 (M187) within exon 8, received the highest score and was predicted a likely
candidate as an alternative translation initiation site. In addition, verified cDNA clones encoding
regions of Ocrl (past exon 7) have also been detected, particularly in organs such as brain and
eyes (Shrimpton et al., 2009). Taken together, these findings suggested that patients who may carry
deletions or truncations that affect the PH domain may still be producing shorter Ocrl1 variants,
particularly in brain and eyes that are translated from an alternative methionine (M187 being a
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likely candidate) (Shrimpton et al., 2009). Since these variants will likely encode a functional
phosphatase and ASH-RhoGAP domain, it may still be able to participate in a subset of cellular
functions, thereby producing a milder phenotype only in some organs (Shrimpton et al., 2009). To
date, no cellular studies have experimentally tested this hypothesis in cells.

Therefore, we prepared a GFP-tagged N-terminal (Ocrl14P) truncation variant of Ocrl1,
translated from M187 but that lacks amino acids 1-186 (that includes the PH domain) (Fig.3.13).
This served two purposes; on one hand, it would allow us to test whether functional product is
being produced from M187. On the other hand, it would help better elucidate the role of the PH

domain in Ocrl1’s localization and function.
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IPPc: Inositol polyphosphate phosphatase, catalytic
ASH: ASPM-SPD- 2-Hydin

RhoGAP: RhoGTPase Activating Protein

Figure 3.13 Representation of the proposed alternative Ocrll1 transcript.

Ocrl12PH Jocalized to the TGN like Ocrl1'WT but surprisingly, it was also enriched in the
nucleus (Fig.3.14). Rab-mediated membrane targeting is predicted to be pivotal for Ocrll’s
intracellular localization (Hou et al., 2011; Hyvola et al., 2006). Since this is likely preserved in

this variant, it was surprising to observe the nuclear mis-localization of this Ocrl1 variant.
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Figure 3.14 Truncation of Ocrl1 PH domain results in nuclear mis-localization of protein.
HK2 KO cells transiently expressing GFP (top panel), Ocrl1WT (middle panel) or Ocrl14PH and
immunostained for TGN (see materials and methods). Yellow arrows indicate Ocrl14PH
enrichment in the nuclear compartment at PC-2 labeled structures. Scale bar: 10um.

Next we tested the ability of Ocrl14PH to participate in cell spreading and ciliogenesis. In line
with Ocrl1’s N-terminus region being essential for spreading, Ocrl14P* showed a spreading defect
(Fig.3.15). However, Ocrl14"" was unaffected for ciliogenesis (Fraction of transfected cells with
cilia, normalized to Ocrl1WT: 1.05, p<0.05 Student’s t test), not shown), that can be attributed to
the presence of functional phosphatase and ASH-RhoGAP domains. These results suggested that
a partially functional Ocrl1 variant can be produced from M187 that could sustain ciliogenesis,
although it lacked the ability to facilitate cell spreading. In addition, the aberrant mis-localization
of this variant to the nucleus suggested that the N-terminus may be also important for maintaining

correct Ocrll localization in cells.

133



Rhodamine-Phalloidin o4
GFP

03 n= 40 cells

Fraction of cells

M

00 05 10 15 20 25

Spreading area normalized to WT

Ocrl1WVI

Fraction of cells

-] 1 APH
Ocrll : OcrllAPH

Fraction of cells

00 05 10 15 20

Spreading area normalizedto WT

KS test
Median | p value
WT 1
GFP 0.86 <0.01
APH 0.81 <0.01

Figure 3.15 Ocrl1l PH domain truncation results in cell spreading defect.

HEK KO cells transfected with GFP (top panel) or Ocrl1WT (middle panel) Ocrl1PH (bottom
panel) were allowed to attach and spread on fibronectin-coated surfaces (See materials and
methods). Histograms are from a single representative experiment, n=40 cells. Experiments were
repeated at least 3 times, with a total n=120-150 cells. Example of stained cells representative of
the high frequency groups within each histogram. Scale bar: 10um. p<0.05 using KS test.

3.4 Discussion

In this study, we have found that Ocrl1 mutants differentially impact LS-specific cellular
phenotypes namely cell spreading and ciliogenesis. However, contrary to the expectation that only
those processes will be impaired, that were associated with the domain affected by the mutation,
we found that almost all mutants were producing both spreading and ciliogenesis phenotypes in

varying degrees. We also determined that mutants exhibited diverse behaviors in terms of
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intracellular localization, protein stability and in some cases produced domain-specific phenotypes.
We reasoned that these unique characteristics will influence the role of mutant Ocrl1 in triggering
LS cellular and patient phenotypes.

Specifically, we found that ASH-RhoGAP mutants were predominantly diffuse and cytosolic,
lacking the WT-typical perinuclear enrichment. For these variants we also observed aggregates
with dose-dependent abundance. Indeed, mutations affecting this domain are predicted to be
destabilizing in nature, resulting in misfolded and/or degraded products (McCrea et al., 2008;
Pirruccello & De Camilli, 2012). Consequentially, this may either result in degradation or
aggregation of mutant Ocrll. Ultimately, if the protein gets eliminated or remains as aggregates,
it will fail to be present where it is needed (as observed by us), creating a scenario similar to having
‘no Ocrl1’. This may explain why we observed a subtle yet consistent trend for these mutants to
display cell spreading defects even though the ASH-RhoGAP domain is primarily involved for
ciliogenesis (Brian G. Coon et al., 2012).

At the other end of the spectrum, we have an Ocrl1 predicted variant that lacks its N-terminal
PH domain but bears all other regions. This Dent-2 typical variant will be able to undergo Ocrl1-
Rab interactions, required for proper intra-cellular localization (Hou et al., 2011; Hyvola et al.,
2006). Indeed, like Ocrl1WT this protein was enriched in compartments like TGN; however, we
still observed nuclear mis-localization. These observations suggest that the eliminating the PH
domain led to the loss of a previously unnoticed localization determinant, that allows the GFP-tag
to aberrantly drag/mis-localize at the nucleus. This behavior is typical of free GFP (see Fig.3.14,
top panel), but it is not observed in GFP-tagged Ocrl1WT where the protein’s strong localization
determinants overpower the tag tendency to accumulate in the nucleus. Indeed, this variant lacks
the N-terminal region that contains the clathrin binding motif (CBM) as well as the AP2-binding
site (ABS), indicating a possible role of clathrin and AP2 interactions for sustaining Ocrll
localization. Alternatively, this may be revealing the presence of yet to be identified Ocrll-
interaction partners in the N-terminus that play a critical role in maintaining its cellular localization
and must be actively pursued. This variant produced cellular phenotypes that were in agreement
with the well demonstrated segregation of Ocrl1’s functions across the protein domains, however
we must consider if the mis-localization in any way contributed to some of the phenotypes in

addition to the absence of the PH domain.
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Other mutants localized to Ocrll-specific compartments to some extent, but displayed a
pattern significantly different from that of Ocrl1WT. Proteins containing ASH domains (including
Ocrll) localize at the centriole and cilia (Ponting, 2006), indeed, is within this region that Ocrl1
contains Rab-binding sites (Hyvola et al., 2006) that during starvation (ciliogenesis-stimulating
conditions) contribute to localization to and support the assembly of the primary cilia (Brian G.
Coon et al., 2012; Hagemann et al., 2012). However, this enrichment of ASH-RhoGAP mutants at
centriole occurred even under steady state conditions (which was not the case for Ocrl1WT).
Importantly, this was observed even in a Rab-binding mutant Ocrl17®V suggesting that this
phenomenon is likely related to unique properties these mutants may possess.

These mutants also produce aggregates at higher levels of expression. Though this may not
necessarily be physiologically compatible, we observed a positive correlation in cells exhibiting
aggregates and enrichment at centriole (data not shown). Interestingly, subunits as well as
substrates of proteosomal complexes have also been demonstrated to be enriched at the centriole
(Vora & Phillips, 2016). Given the proposed unstable nature of ASH-RhoGAP mutants, it is
tempting to speculate that this enrichment we observed may be due to these misfolded or unstable
proteins being targeted for degradation by the centriole-associated proteasome aka ‘aggresome’
(Johnston, Ward, & Kopito, 1998; Olzmann, Li, & Chin, 2008; Park et al., 2017) and must be
experimentally tested. In fact, many other misfolded protein diseases, mutant protein enrichment
has been observed in this compartment (Johnston et al., 1998; Park et al., 2017).

We must also consider the possibility that this aberrant enrichment may interfere with
centriolar function. Centrioles serve as the microtubule organizing center a nucleation site for
primary cilia, facilitate cargo trafficking to the cilia and participate in cell division (Madhivanan
& Aguilar, 2014; Satir, Pedersen, & Christensen, 2010). Therefore, the likelihood of the mutant
Ocrl1 accumulation contributing to the ciliogenesis defects observed with these variants cannot be
ignored.

Unlike ASH-RhoGAP mutants, the phosphatase mutants (both catalytic and non-catalytic)
did not show apparent signs of aggregation and appeared ‘perinuclear’. However, they produced
TGN fragmentation. A closer observation of phosphatase mutants also revealed that though they
appeared like Ocrl1WT, TGN fragmentation was often accompanied by dispersion of mutant Ocrl1
in this area and these Ocrll puncta colocalized poorly with TGN. This TGN phenotype, also

observed in neurological diseases, may be extremely important for LS pathogenesis, given the
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neurological component of LS. In addition, TGN fragmentation is often accompanied with
dysfunction in the organelle including defects in secretion, trafficking and TGN-dependent post
translational modifications (ex. Glycosylation) (Fan et al., 2008). Supporting this prediction, Ocrl1
deficiency has already been shown to cause trafficking defects in LS patient cells (R. Choudhury
et al., 2005). In addition, there are also reports of LS patients exhibiting defects in synthesis of
heparan sulfate, decreased urinary excretion and sulfation of glycosoamino glycans (Kieras,
Houck, French, & Wisniewski, 1984; Wisniewski, Kieras, French, Houck, & Ramos, 1984) , all
processes dependent on TGN function (Fan et al., 2008). Given that TGN fragmentation is specific
to phosphatase mutants, it might be interesting to determine if the above clinical manifestations
are only observed in patients with phosphatase domain mutations.

Besides TGN fragmentation, these mutants produced striking defects in cell spreading and
ciliogenesis that was compatible with loss of phosphatase function which we confirmed. However,
one of the most critical findings of this work is the conformational disease component of LS based
on our analysis of the non-catalytic mutants Ocrl1°41¢ and Ocrl1V°%P, This finding now allows
us to understand and explain LS pathogenesis from the conformational disease point of view.
Second, it opens a new therapeutic avenue for LS, which is the use of chemical chaperones, like
4-PBA that are successful in other conformational diseases like cystic fibrosis (produced by
misfolded CFTR protein) (Cortez & Sim, 2014).

In fact, out of the 80 unique missense mutations within the phosphatase domain of Ocrl1,
~50% of the mutations (including D451G and VV508D) are affecting non-catalytic residues and yet
produce LS. We are actively pursuing studies to expand our understanding of whether these other
non-catalytic mutations may behave in a similar manner. Importantly, the ability of 4-PBA to
restore Ocrl1 enzymatic activity as well as revert TGN fragmentation suggests that for a subset of
LS patients who carry these (and similar) mutations, 4-PBA may allow them to restore the function
of their endogenous Ocrll enzyme.

In summary, our data shows that mutations have a diverse impact on protein stability as well
as localization; which may produce a diverse range of cellular phenotypes, including those unique
to specific domains. This generates a considerable degree of heterogeneity in LS cellular
phenotypes.

Another very interesting conclusion of this work is that (for reasons yet to be fully

understood) in some cases mutated Ocrl1 variants could be worse that the absence of this protein.
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Specifically, we found that some cellular phenotypes like TGN fragmentation and cell spreading
appear to be more severe in the presence of mutants Ocrl1°%1¢ and Ocrl17°%*R (independent of
levels of expression) when compared to the complete absence of Ocrl1. One hypothesis to explain
these observations is that in addition to impairing cell spreading or TGN maintenance, these
mutants may be sequestering other interaction partners in cells, which may contribute to the
severity in the phenotypes. This may be yet another reason for cellular phenotype heterogeneity.
Nevertheless, it needs to be determined if patients carrying these mutants indeed have specific or
more severe clinical manifestations of LS compared to others.

The heterogenous behavior of mutants within a given domain, creates yet another level of
complexity when we try to establish a correlation between the genotype and cellular phenotypes
of LS. For instance, though Ocrl1V5%P exhibited all phosphatase domain-specific defects, the
phenotypes induced by this variant were milder in comparison to other mutants within the same
domain. Similarly, Ocrl178¢1T an ASH-RhoGAP mutant, for reasons unknown, produces only
some phenotypes like spreading defects but retains its localization as well as participation in
ciliogenesis.

Taking together the various aspects of heterogeneity the mutants presented with, we propose
that even though Ocrl1’s function is spatially segregated within the protein, we have demonstrated
that mutations affecting these domains do not impact its function in the same manner (Fig.3.16).
In addition to the domain affected by the mutation, we must consider

1. Effect of mutations on intrinsic properties of mutant Ocrll including stability,

biochemical interactions and intracellular localization.

2. Mutations in OCRL1 trigger diverse phenotypes, some of which are common to mutants

across different domains, which some are unique to specific Ocrl1 domains.

3. Some phenotypes like TGN fragmentation are exacerbated in the presence of mutant

Ocrl1 when compared to having no Ocrl1.

Therefore, the impact of OCRL1 mutations on LS cellular phenotypes is a composite of all
the above factors (Fig.3.16). This is the first study to provide compelling evidence for
heterogeneity in LS cellular phenotypes. It is however imperative to keep in mind that how this
links to LS patient symptom heterogeneity needs to be directly verified. Along with the vast
cellular basis for heterogeneity, genetic modifiers as well as environmental factors may play a role

in how these defects manifest in patients.
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Figure 3.16 Heterogenous consequences and cellular phenotypes produced by LS-causing
OCRL1 mutations.
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We have also recently identified 2 FDA- approved compounds statin and rapamycin that can
revert LS-specific cell spreading (and other membrane remodeling) defects and cilia abnormalities
respectively (Madhivanan et al., 2020). Importantly, we found that neither compound could correct
the both phenotypes while combinatorial administration was able to rescue both spreading and
cilia defects. This reiterates the dual and independent function of Ocrll in these two processes
(Madhivanan et al., 2020). In addition, our results with 4-PBA provides an additional therapeutic
candidate to consider. Therefore, based on our current findings with the different Ocrl1 mutants,
we must take into account not just the domain affected by the mutation but also its impact on
protein behavior, biochemical properties such as stability or conformation as well as tendency to
trigger domain specific phenotypes in addition to other universal LS phenotypes before selecting

a therapeutic strategy for LS patients.
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3.5 Materials and methods
3.5.1 Reagents and constructs

All reagents were procured from Fisher Scientific (Fairlawn, NJ) or Sigma Aldrich (St. Louis,
MO) unless stated otherwise. Antibodies used in this study are listed in Table 3.1. Site-directed
mutagenesis (Agilent Technologies) was performed using pEGFP-c1 hsOCRL1 (wild-type,
isoform b) as template to create the various OCRL1 constructs used in this study. Plasmid

constructs used in this study are listed in Table 3.4.

3.5.2 Cells and culture conditions

Normal human proximal tubule epithelial (HK2) and human embryonic kidney epithelial
293T (HEK293T) cells were purchased from ATCC and cultured in DMEM,
Streptomycin/Penicillin, 2mM L-Glutamine and 10% fetal bovine serum (FBS). Cells were
maintained at 37 °C in a 5% CO; incubator. OCRL1"" (OCRL KO) HK2 and HEK293T cells were
prepared by GenScript Inc. Piscataway, NJ, USA and maintained under identical conditions.
Absence of Ocrl1 as well LS-specific phenotypes including cell spreading and ciliogenesis defects
were validated in the KO cell lines (Hsieh et al., 2018; Madhivanan et al., 2020).

3.5.3 Preparation of stable cell lines

HK2 cells (and HK2 KO) have been immortalized using a plasmid encoding SV40 large T
antigen than confers it resistance to G418 (ATCC). However, all plasmids encoding hsOCRL1
utilize G418 to provide mammalian selection. To overcome the inherent G418 resistance HK2 KO
cells exhibit, we co-transfected our plasmid of interest (encoding Ocrl1WT or Ocrl1 mutants) with
pTre2Hyg-6XHis vector (uses Hygromycin for mammalian selection) which was used to select for
cells that stably integrated plasmid. Plasmids were transfected at 4:1 DNA ratio (1.6pg plasmid of
interest: 0.4ug selection plasmid). This was done to ensure that a fraction of cells expressing our
plasmid will also express the selectable marker carrying plasmid. 24h after transfection, cells were
treated with complete media containing 100ug/ml Hygromycin. Media was replaced every 48h
with fresh media containing antibiotic. By 7 days of selection, we observed cells with stably
integrated plasmid of interest (observed by GFP fluorescence). Within 2-3 weeks, colonies of
stable clones (3/Ocrl1 variant) were identified and isolated using sterile cloning discs. These clones
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were sub-cultured over multiple passages and TGN localization of Ocrl1 was confirmed by indirect

immunofluorescence.

3.5.4 Drug treatments

HK2 KO cells were cultured and transfected as described above. Following transfection,
cells were either treated with vehicle (sterile tissue culture grade water) or 5mM 4-phenyl butyric
acid (4-PBA) (Millipore Inc, #567616) dissolved in DMEM+ 0.1% FBS media for 6h. For
phosphatase assays done in the presence of 4-PBA, 0-20mM of 4-PBA was used.

3.5.5 Transfections

Plasmids encoding different Ocrl1 mutants were transfected using Fugene 6 reagent
(Promega) according to manufacturer’s instructions. Briefly, 4ul of Fugene 6 reagent was added
dropwise to 200ul of DMEM media (free of serum and antibiotics) and incubated for 5min at room
temperature. Then, 1ug of plasmid DNA was added to this mixture dropwise and incubated for
15min at room temperature to allow complex formation. This mixture was added dropwise to
freshly plated cells. Cells were incubated with this mixture for 18h to allow for plasmid uptake

and expression following which they were used for different assays.

3.5.6 Cell Spreading Assays:

Cells were transfected as described above and grown in complete media up to 18h. Cell
confluency was maintained at ~50% to ensure single cell suspensions were obtained prior to
spreading assays. 18h post transfection, 20mM EDTA (in 1XPBS) was used to lift cells, pelleted
at 100xg for 5min and resuspended in fresh media. Cell suspensions were then set in a rotator for
1 hour before seeding them on 10ug/ml fibronectin-coated coverslips for 30min, undisturbed, to
allow attachment and spreading. At 30min, coverslips were gently washed using 1X PBS and fixed
in 4% formaldehyde for 10min at room temperature. Actin cytoskeleton were stained with
rhodamine—phalloidin (used at 1:200) and imaged by epifluorescence microscopy. At least 40 cells
were analyzed per experiment. The magic wand tool in ImageJ software was used to trace the cell

boundaries and determine cell areas and perimeter.
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In every experiment, spreading area of cells expressing Ocrl1 mutants was normalized to the
median area calculated in Ocrl1"T-expressing for that respective experiment. Histograms were
constructed from the normalized spreading area values and Kolmogorov-Smirnov (KS) test was
performed to determine statistical significance.

3.5.7 Ciliogenesis assays

Cells were seeded (in complete media) on glass cover slips coated with poly-D-lysine and
transfected as described above. Confluency of cells was maintained in such a way that it did not
exceed 50% at the time of cilia formation. 18h after transfection, the media was replaced by 0.1%
serum DMEM (starvation media) for another 24h to induce ciliogenesis. Cells were washed with
1X PBS, fixed in 4% formaldehyde—PBS for 10min. Indirect immunofluorescence was performed
using antibodies against acetylated tubulin antibody (to label cilium) and pericentrin-2 (PC-2; to
label centriole) (refer to Table 3.3). 20 random fields, comprising of at least 50 cells were imaged
for every experiment and repeated at least thrice.

From all the transfected cells imaged, the fraction of Ocrl1 mutant-transfected cells forming
a cilium was calculated. This was normalized to the fraction of cilia produced by Ocrl1"T-
expressing cells from the respective experiment. The upper limit of fraction of ciliated cells was 1
(represented by HEK KO cells expressing Ocrl1WT) while the lower limit of fraction of ciliated
cell was 0.7 (HEK KO cells expressing Ocrl1°F). Though we observed variability between

experiments, individual experiments were statistically significant.

3.5.8 Indirect immunofluorescence and fluorescence microscopy

In all immunofluorescence procedures, antibodies were diluted in DMEM media containing
10% FBS (blocking agent) and 0.1% saponin (permeabilizing agent). Primary antibodies were
incubated for 1h at room temperature, washed 2X with PBS. Fluorescent molecule-conjugated
secondary antibodies were incubated with cells for 45min in the dark, washed 2X with PBS. Cells
were then stained using DAPI to label the nucleus and mounted on pre-cleaned glass slides using
Aqua-PolyMount reagent (Polysciences). Following indirect immunofluorescence, coverslips

were imaged with constant fluorescence exposure times using a 40X objective on Zeiss Axiovert
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inverted microscope. Random fields were imaged to cover the entire coverslip. Exposure times

were maintained consistent for all independent experiments.

3.5.9 Protein purification

The PH and phosphatase domain of wild-type hsOcrll (1-563 residues) was cloned in a
pPGEX-4T1 plasmid (Clontech) that contains an N-terminus glutathione S-transferase (GST) tag.
Using site directed mutagenesis, missense mutations H524R, D451G and V508D were introduced.
Plasmids were transformed in Rosetta (DE3) competent cells. Bacterial cultures were grown
overnight at 37°C, in LB medium supplemented with 2.5% glucose, 1X ampicillin, and 1X
chloramphenicol. The following day, cultures were expanded in super broth media containing 1X
ampicillin and 1X chloramphenicol for 3h at 37 °C. Then, cultures were supplemented with 5%
glycerol and 0.1 mM IPTG and incubated for 5h at 30 °C.

Cells were harvested by centrifugation (3,000g, 10 min), and pellets were stored at -80 °C
until use. Cells were lysed in lysis buffer containing 200mM Tris (pH 7.4), 10% glycerol, 01.%
Tween-20, complete EDTA-free protease inhibitor, 1 mg/ml lysozyme was added to resuspend
prepared cell pellets. Cells were disrupted by sonication at 50% power for 3 sets of 33 pulses with
30 second breaks in between pulses. Cell debris was removed via centrifugation at 21,500g, 30
min, 4 °C. The supernatant was transferred to tubes containing glutathione resin (Pierce) and
incubated at room temperature on a shaker (12rpm) for 2 hours. Beads were washed 4 times with
lysis buffer (w/o protease inhibitor and lysozyme). Then, 100mM glutathione (pH 8.0) was added
to the tubes containing supernatant and incubated at room temperature on a shaker (12rpm) for 2h
to elute the protein. Supernatant (after centrifugation at 1,000g for 2 min) was loaded onto
desalting columns (ThermoFisher Scientific, Zeba, 89891), centrifuged (1,000g, 2 min,
acceleration: 5) and purified protein was obtained. Protein concentration was estimated using
NanoDrop 1000 (ThermoFisher Scientific) and was used immediately for malachite green

phosphatase assays.

3.5.10 Malachite green phosphatase assays

For phosphatase activity assays, the malachite green phosphate assay kit (Sigma-Aldrich,
MAK307) was used. Briefly, in a 384-well plate, 10ul of 2uM of purified Ocrl1 (wildtype and
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mutant) was incubated with drug or vehicle for one hour at room temperature, to obtain a final
enzyme concentration of LuM. After treatment,10ul of 50uM PI(4,5)P2 diC8 (Echelon Biosciences,
P-4508) was added to wells and incubated for 5 minutes at room temperature in the same buffer
as the purified phosphatases, containing 200mM Tris, pH 7.4. To stop enzyme reaction, 20ul of
0.25X malachite green reagent was added to the reaction wells. After 20min of color development,
absorbance was measured at 620nm. A standard phosphate curve was prepared (as per
manufacturer’s instructions) in the enzyme buffer solution to determine the amount of free
phosphate released by the enzyme variants tested. Experiments were repeated at least three times
and each condition was tested in triplicates. Student’s t-test was used to determine statistical

significance.

3.5.11 Statistical analysis

The Kolmogorov-Smirnov (KS) test was used to calculate statistical significance between
spreading-distribution histograms. The student’s t-test was used to evaluate the significance of
differences of normally distributed samples (ex. for ciliogenesis experiments), while the
Wilcoxon’s test was employed when samples were non-normally distributed (ex. Estimation of
TGN fragmentation and PC-2 colocalization). For all comparisons involving Ocrl1"T and Ocrl1
mutants, the Bonferroni’s correction for multiple comparisons was performed whenever applicable
[aC=p/n; n being the number of comparisons].

After carefully analyzing each data set distribution the most appropriate representation of
data in each case was adopted. These representations included histograms and box plots as they
allow to thoroughly examine the data distribution (Weissgerber, Milic, Winham, & Garovic, 2015).
When the data presented a normal distribution, a bar graph with standard deviations was used to
represent the data.
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Table 3.3 List of antibodies used in this study

) Dilution used
Antigen Host Source o
and application
Acetylated-Tubulin Mouse Sigma Aldrich (6-11B-1) 1:1000 (I1IF)
Pericentrin-2 (PC-2) Rabbit Abcam (ab4448) 1:300 (1IF)
TGN46 Rabbit Thermo Fisher (PA5-23068) 1:400 (11F)
[1F: Indirect Immuno-Fluorescence
Table 3.4 List of plasmids used in this study
Construct name Species Vector Source
GFP pEGFP-cl Clontech
Homo sapiens
Ocrl1WT _ PEGFP-c1 Coon et al. 2009
(isoform b)
Homo sapiens
Ocrl1H524R _ PEGFP-c1 Coon et al. 2009
(isoform b)
Homo sapiens
Ocrl1P%16 _ P PEGFP-c1 This study
(isoform b)
Homo sapiens )
Ocrl1V508D _ PEGFP-c1 This study
(isoform b)
Homo sapiens )
Ocrl1Vo7'E _ pEGFP-c1 This study
(isoform b)
Homo sapiens
Ocr|17668v _ P PEGFP-c1 This study
(isoform b)
Homo sapiens )
Ocrl1!768N _ pEGFP-c1 This study
(isoform b)
Homo sapiens
Ocr|1A861T _ P pPEGFP-c1 This study
(isoform b)
Homo sapiens )
Ocrl14PH _ pEGFP-c1 This study
(isoform b)
pTRe2HygZ pTRe2HygZ Clontech
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CHAPTER 4. CONCLUSIONS AND DISCUSSION

LS is a devastating congenital disease that currently has no cure. Through cell and animal-
based models, we have been able to identify various LS-specific defects caused by the deficiency
of the 5’ phosphatase activity of Ocrll. However, mechanisms underlying these phenotypes have
not been studied.

This disease affects mainly the eyes, brain and kidney; however, other clinical manifestations
such as dental and oral cysts, growth deformities, musculo-skeletal problems including scoliosis,
as well as bone-related conditions such as osteopenia have also been observed (Bokenkamp &
Ludwig, 2016; Mario Loi, 2006). In addition, patient symptom heterogeneity makes it a
complicated disease to provide prognosis for. (Bokenkamp & Ludwig, 2016; Recker et al., 2013).

Nearly 300 OCRL1 mutations have been identified to cause LS and they are distributed
across the gene, although the regions encoding for the catalytic domain are more frequently found
affected. Since there is genotypic and phenotypic heterogeneity, LS is a very complex disease. In
order to determine if patient symptoms are related to the mutation harbored by the patient, we must
determine the effect these mutations have on LS cellular phenotypes.

Ocrl1’s participation in two key cellular processes- membrane remodeling and ciliogenesis
has been shown to occur independently via the N-terminus and C-terminus of the protein
respectively (Brian G. Coon et al., 2012; Coon et al., 2009). However, the phosphatase domain is
essential for both processes (Brian G. Coon et al., 2012; Coon et al., 2009). Us and others have
previously demonstrated that membrane remodeling defects are produced due to a RhoGTPase-
signaling imbalance (Lasne et al., 2010; Madhivanan et al., 2012; Madhivanan et al., 2020; van
Rahden et al., 2012). Now, we have identified mTOR signaling hyperactivation to be the
underlying cause for ciliogenesis defects (Fig.4.1). Based on these findings, we have identified
statins and rapamycin as two candidate compounds that can revert these signaling problems and
the cellular phenotypes produced.

Importantly, we have discovered a RhoGTPase-dependent, previously unidentified cell
adhesion defect in LS patient cells and proximal tubule kidney cells lacking Ocrl1 (HK2 KO). This
consequentially causes abnormal focal adhesion arrangements and diminished resistance to fluid
shear stress (Fig.4.1). This phenotype is relevant to renal as well as neurological functions (Essig
& Friedlander, 2003; Robles & Gomez, 2006) and was rescued by treatment with statins.
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The identification of mTOR hyperactivation also led us to monitor autophagy in Ocrl1-
deficient cells (Fig.4.1). Despite the critical role autophagy plays in organs like brain and kidney
(Damme, Suntio, Saftig, & Eskelinen, 2015; Takabatake et al., 2014), not much is known about
the status of this process in LS. We observed defects in autolysosome morphology in HK2 KO
cells that could be rescued by rapamycin treatment. mTOR hyperactivation and autophagy defects
are observed in many other renal diseases such as Joubert syndrome and polycystic kidney disease
(S. Hakim et al., 2016). Similarly, Rho hyperactivation has also been implicated in deterioration
of renal function in diseases like polycystic kidney disease and nephrotic syndrome (Cai et al.,
2018; Peng et al., 2008; Sharpe & Hendry, 2003).

We demonstrated that the nephrogenesis- related transcription factor Six2 was mislocalized
in kidney cells derived from iPSCs obtained from LS patient cells (Hsieh et al., 2018). This
transcription factor is important for maintenance and differentiation of kidney progenitor cells.
Following a similar trend, preliminary evidence from the lab suggests that HK2 KO cells exhibit
defects in Wnt signaling including hypersensitivity to Wnt agonists leading to increased apoptosis
(unpublished data). Given the importance of Wnt signaling in nephrogenesis (Schmidt-Ott &
Barasch, 2008), this may be very relevant to LS-related kidney abnormalities and must be pursued.

In summary the discovery of novel cellular deficiencies has expanded our understanding of
LS, provided us with an expanded arsenal of theories to explain some of the LS patient symptoms
(particularly deteriorating renal function). LS affects thousands of children but has no specific cure
so far. Therefore, the identification of therapeutic candidates to counteract LS-specific cellular
phenotypes is promising.

While majority of LS research has focused on determining cellular phenotypes produced in
the absence of Ocrll, many of the LS-causing OCRL1 mutations result in the production of a
mutated protein that is expressed in patient cells. The impact of these mutated protein products on
cellular phenotypes and its consequences on patient symptoms is unknown. Based on previous
studies in the lab (see Chapter 2), we hypothesized that mutations affecting N-terminus regions
lead to severe impairment in cell spreading and mutations in the C-terminus will lead to
ciliogenesis defects. On the other hand, mutations affecting the phosphatase domain will cause
both defects.

Our results show that nearly all mutations trigger defects in both phenotypes. In addition,

mutations affecting some domains also produce unique cellular phenotypes such as TGN
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fragmentation. Depending on the nature and position of the mutations, patient variants are also
differentially impacted for intracellular localization and stability. All of these collectively
determine the functionality of the mutant (Fig.4.1). For example, most mutations in the ASH-
RhoGAP domain tend to destabilize the protein, leading to misfolding or degradation (Pirruccello
& De Camilli, 2012; M. Pirruccello, L. E. Swan, E. Folta-Stogniew, & P. De Camilli, 2011).
Compatible with this, these mutants have a cytosolic distribution, lack TGN enrichment and tend
to form aggregates at higher levels of mutant expression. This may lead to a scenario close to
having “no Ocrl1”. This may explain why mutations affecting the C-terminus may also produce
spreading abnormalities.

Furthermore, these domain-specific phenotypes include TGN fragmentation (phosphatase
mutants) and centriolar accumulation (ASH-RhoGAP mutants) (Fig.4.1). TGN fragmentation has
been implicated in neurological diseases (Bexiga & Simpson, 2013); therefore, it is possible that
this phenotype may also have a role in the neurological abnormalities observed in LS. It may also
be valuable to determine if LS patients with phosphatase domain mutations display more severe
neurological impairment.

TGN morphological defects may also affect functions such as trafficking, secretion and
protein modifications and can be investigated. This phenotype was observed by us (with Ocrl17524R)
(Coon et al., 2009) and another group (with an Ocrl1 variant lacking only the phosphatase domain)
(R. Choudhury et al., 2005). Choudhury et al. (R. Choudhury et al., 2005) attributed the
observation to defective endosome to TGN trafficking in the absence of functional Ocrl1. However,
in LS patient and HK2 cells lacking Ocrl1, we do not observe TGN fragmentation This suggests
that though the phenotype may be linked to the domain, it may not entirely be due to lack of activity.

On the other hand, while Ocrl1'"WT transiently localizes to the centriole upon ciliogenesis
induction, it is absent from this region in steady state whereas ASH-RhoGAP mutants enrich at
the centriole. This brings up many interesting questions. Is this aberrant localization facilitated by
a localization determinant? Although proteins with ASH domain (including Ocrl1) tend to localize
at the cilia, the absence of this phenomenon with Ocrl1"T suggests this is an unlikely possibility.
Most mutations in the ASH-RhoGAP domain tend to destabilize the protein, leading to misfolding
or degradation (Pirruccello & De Camilli, 2012). Compatible with this, these mutants have a
cytosolic distribution, lack TGN enrichment and tend to form aggregates at higher levels of mutant

expression. The centriole contains a proteosomal machinery, also called ‘aggresome’ that is known
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to facilitate protein degradation (Kopito, 2000; Park et al., 2017). Taken together, it is possible that
this enrichment is in fact, an indication of the unstable nature of these mutants. Whether this
enrichment is the physiological consequence of proteosomal degradation needs to be determined.
In addition, the effect of this phenotype on centriolar function must be considered. If this were to
be true, this may contribute to the ciliogenesis defects we observe with these mutants.

Even within mutants, we observed varying degrees of impairments in cellular phenotypes.
While we cannot explain these differences yet, a closer structural approach may allow us to frame
hypotheses. Importantly, some phenotypes like TGN fragmentation were worse in the presence of
mutants when compared to a complete absence of Ocrl1. This may speak to the varying severity
of symptoms seen in patients.

Nonetheless, all the mutants we tested may have resulted in an impairment of cell spreading
and ciliogenesis, however, the underlying mechanisms driving these phenotypes are likely to be
different and depend on various other domain-specific attributes these mutants have.

A very exciting finding that has come out of this work is the possibility of LS having a
component of conformational disease (Fig.4.1). This provides new directions for LS research.
First, this expands our current understanding of the disease mechanism. Importantly, the use of 4-
PBA, a chemical with conformational mutants reverted TGN fragmentation and enzyme activity.
This is in agreement with our modeling data and is a promising therapeutic candidate for LS.
Structural verification of our molecular dynamics data is necessary to determine what residues are
affected. Further, the exact mechanism of 4-PBA chemical chaperone activity in this context needs
to be thoroughly studied.

Overall, our results have allowed us to rationally identify and test three FDA-approved
compounds as candidate LS therapies. In addition, we have reported and characterized new cellular
abnormalities including cell adhesion, autophagy defects as well as TGN fragmentation that may
bear a lot of relevance for organ function; particularly in kidney and brain tissue homeostasis.
Typically, renal and neurological symptoms manifest early in LS and worsen with time. This
indicates that Ocrl1 may be critical for early organ development as well necessary for maintaining
homeostasis in these organs. Therefore, how these cellular defects may impact either of these
processes can be followed up.

In LS patient cells lacking Ocrl1, we were able to rescue cellular phenotypes and the revert

the underlying signaling deficiencies by treating with candidate compounds. The expression of
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various Ocrll mutants also produces similar cellular phenotypes and this indicates that the
underlying signaling deficiencies may be present. Since different mutants (belonging to the same
as well as different domains) differentially impact a given phenotype, one can envision tailoring
the choice and dose of drug, depending on the mutation. In addition, our studies have established
a cellular basis for heterogeneity in LS, revealing that this is a very complex disease not just
genotypically but also at the cellular level (Fig.4.1). As a first step towards this, we must test the
efficacy of these candidates to rescue phenotypes in the context of various mutants. But extensive
studies involving but not restricted to response, efficacy, toxicity and long-term effects must be

performed before making such determinations.

LS is a heterogenous disease
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Figure 4.1 Genotype-dependent heterogeneity in Lowe Syndrome cellular manifestations.
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