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Abstract

The chloride intracellular channel (CLIC) isoform 5A was discovered in a complex with
ezrin and actin in placenta microvilli. CLIC5A is also greatly enriched in kidney glomeruli and
is essential for assembly of the ezrin/NHERF2/podocalyxin complex at the apical domain of
glomerular podocyte foot processes. CLIC proteins are soluble members of the GST family
whose crystal structure is inconsistent with the theory that they are membrane-spanning chloride
channels. CLIC5A stimulates Racl activity and ezrin, radixin, moesin (ERM) protein
phosphorylation. The goals of this thesis are to better understand direct and functional
relationships of CLIC5A with Racl, ERM proteins and taperin in the organization of the cortical
actin cytoskeleton of cells.

Though CLIC5A expression increased Racl-GTP levels, and CLIC5SA was part of the
Racl-GTP complex, I found the CLICS5A interaction with Racl to be indirect. Unbiased yeast
two-hybrid screening revealed that radixin and taperin bind CLIC5A directly. I observed that
CLICS5A interacts directly with the carboxyterminal domain of all ERM proteins, but its affinity
for ezrin is the highest. Furthermore, the last 16 aa of ezrin are necessary for CLIC5A binding,
and phosphorylation of ezrin at T567 markedly enhances its interaction with CLIC5A.

In renal glomeruli, endogenous CLIC5A was predominantly soluble, and Staurosporine
and phospholipase C activation reduced the small proportion of CLIC5A associated with the
membrane fraction. In cultured cells, triple ezrin, radixin, and moesin silencing reduced CLIC5A
localization to the apical cell periphery, suggesting that CLIC5A localizes to the cortical
cytoskeleton by interacting with ERM proteins.

The ezrin 432-586(T567D) mutant, which has a high affinity for CLIC5A, competitively

inhibited CLIC5A-dependent phosphorylation of endogenous ERM proteins and Racl
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activation, but ezrin 432-570, which does not bind CLIC5A, was without effect. Knockdown of
endogenous ezrin also reduced CLIC5A-dependent Racl activation, and CLIC5A expression
enhanced Rho GDI/ezrin co-immunoprecipitation. These findings indicate that CLICSA-
stimulated Racl activation is ezrin dependent, and that CLIC5A enhances Rho GDI/ezrin
binding promoting Racl activation.

CLIC5A-stimulated Rac1-GTP activation increased PI4P5KIa and PISP4KIa lipid kinase
precipitation with the Rac1-GTP complex, and in kidneys in vivo, precipitation of the PI4P5Ka3
kinase isoform with Racl-GTP required CLIC5A. I therefore postulate that CLIC5A promotes
Racl activation in ERM complexes, stimulating localized P14,5P; generation by PI4P5Ka3.

Taperin. a protein phosphatase 1 (PP1) regulatory subunit, exists as isoform 1 (taperin 1,
1-711 aa) and as splice variants 2, 3 and 4, all starting at aa 307. I found that taperin isoforms 1
and 2 interact directly with CLIC5A and that residues 307-385 of taperin are sufficient for the
interaction. The 4sKGVVF49 motif of CLIC5A, conserved among all CLICs, is required for its
interaction with taperin. As expected, mutation of the s77KISFsgo motif of taperin 1 (1-711 aa) or
2 (307-711 aa) to 577KASAsgo abolished binding of the PP1 catalytic subunit (PPlc). In the
presence of wild-type CLIC5A, immobilized GST-ezrin 432-586 captured taperin 1 and PPlc,
but neither taperin nor PP1c were captured by GST-ezrin in the presence of mutant CLICSA
4sKGAVY49. GFP-taperin 1 localized predominantly to the nucleus and the cell periphery. By
contrast, GFP-taperin 2 localized exclusively to the nucleus. In the presence of wild-type
CLICSA, but not CLIC5A 4sKGAV Yy, there was a dramatic reduction in the taperin 1 nuclear
localization, without effect on taperin 2, and RFP-CLIC5A co-localized with GFP-taperin 1 at
the cell periphery. Interestingly, PPlca and PP1cp, but not PPlcy, were captured by GST-

CLICS5A even when taperin was silenced, and purified GST-CLICS5A precipitated all purified
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PPlc isoforms in vitro, independent of taperin. Taperin knockdown did not change CLICSA
localization at the cell periphery, but reduced ERM phosphorylation. Therefore, CLIC5A brings
taperin 1/PPlc into the CLIC5A/ezrin complex, and it profoundly reduces the nuclear
localization of taperin 1.

To sum up, CLIC5A interacts directly with ERM proteins, and the interaction is
enhanced by ERM phosphorylation. The ezrin/CLIC5A interaction enhances the sequestration of
Rho GDI by ezrin to facilitate Racl activation. CLIC5A also brings taperin 1/PP1c into the ezrin

complex and reduces the nuclear localization of taperin 1.
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Chapter 1

1. Introduction

The renal system consists of kidneys, ureters, bladder, and urethra. Mammalian kidneys are
extremely vascularized and receive nearly 25% of cardiac output. Filtration of blood plasma
occurs in kidney glomeruli, specialized capillaries that lie between afferent and efferent
arterioles (1). Arterioles are contractile high resistance blood vessels that regulate the plasma
flow rate and hydraulic pressure within glomerular capillaries. Kidney glomeruli filter around
150 L of blood plasma every day in healthy adult humans. To drive filtration, glomerular
capillary hydraulic pressures (45-50 mm Hg) are much higher than those in other systemic
capillaries (10-15 mm Hg). The degree of efferent arteriolar contraction is vitally important in
maintaining a high hydraulic pressure within the glomerular capillaries. It varies depending on
the physiological state and ensures a near constant renal blood flow and glomerular filtration rate
(GFR). By contrast, blood in other capillary beds empties into low-resistance venules, and the
degree of contraction of pre-capillary arterioles in other vascular beds can cause blood flow to be
extremely variable.

Glomerular capillaries provide a large, extremely porous surface area for filtration. The
glomerular filtration rate (GFR) is defined as the amount of water filtered from blood plasma
across the glomerular capillary walls into Bowman's space per unit of time (2). The rate of
filtration depends on the plasma flow rate, the pressure gradient between capillary and
Bowman’s space, the glomerular capillary surface area, and the hydraulic permeability of the
capillary wall. Hydraulic permeability is defined as the permeability to water. The GFR can be
measured using substances dissolved in plasma that are freely filtered by glomerular capillaries

and are not reabsorbed or secreted into the urine by the tubules. Clinically, creatinine produced



by muscle comes close to being a good substance to measure the GFR. For studies in animals
infused inulin is often used. GFR = [urine concentration of creatinine or inulin)] X urine flow
rate (mL/min)]/[plasma concentration of creatinine or inulin)] (2).

Accurate measurement of GFR is crucial for the diagnosis of kidney disease. The GFR in healthy
people is 90 ml/min/1.73m? or higher, while it is less than 60 ml/min/1.73m? in chronic kidney
disease patients (3). Although the GFR is extremely high, most of the filtered fluid is reabsorbed,
in a regulated fashion, by the kidney tubules, and normally only 1-2 % of the glomerular filtrate
is excreted as urine.

The glomerular capillary wall (GCW), also called the glomerular filtration barrier (GFB) acts as
a molecular sieve that selectively filters blood to generate the initial urinary filtrate, which
consists of water and small dissolved molecules (4). Despite the rapid flux of water and small
solutes across the GCW, filtration of large proteins like albumin and immunoglobulins is
extremely restricted. The GFB consists of three layers. Layer 1: the glomerular endothelial cells
(glomerular ECs), lining the interior surface of the capillaries. Layer 2: glomerular basement
membrane (GBM), which is thicker than the basement membrane of other vascular beds (5).
Layer 3: glomerular visceral epithelial cells called “podocytes”, which cover the exterior surface
of the capillaries. Other cell types that do not belong to the GFB are also present in the
glomeruli. Among them are the mesangial cells and parietal epithelial cells. Mesangial cells
together with mesangial matrix confer structural support for the glomerular vasculature. Parietal
epithelial cells form the lining of Bowman’s capsule. Glomerular filtrate flows into Bowman’s
space, then into proximal tubule and down into the loop of Henle, followed by the distal
convoluted tubule, and finally into the collecting ducts. The efferent glomerular arterioles divide

into peritubular capillaries, which take up fluid reabsorbed by the tubule epithelial cells,



returning it back to the body via the renal veins. The renal tubule epithelial cells contain ion and
water channels and many transporters which adjust the composition of the urine through
resorption and secretion. This is necessary for body water homeostasis, electrolyte and acid-base
balance, mineral homeostasis (particularly Ca**, Mg?" and PO4* for bone mineralization) and
resorption of amino acids, glucose, and other substances.

If the glomerular capillary pressure is elevated above normal for prolonged periods, or if there
are other forms of glomerular injury, for instance, glomerulonephritis, or genetic abnormalities,
glomerular cells undergo structural and functional changes to adapt. Defects in the structure and
function of glomerular cells almost always disrupt the glomerular filtration barrier causing
albumin and other large proteins to pass into the urine (proteinuria) and often progress to end-
stage renal disease. Importantly for this thesis, injury of glomerular podocytes, which express
extremely high levels of CLICS5A, always lead to proteinuria and triggers glomerular
remodelling leading to glomerular sclerosis. Spot urine measurements of the albumin-to-
creatinine ratios is used to define proteinuria or albuminuria (albuminuria 300 mg to 3
grams/day, normal <300 mg/day) (6). Understanding the signalling pathways that regulate the
dynamic changes of the actin cytoskeleton of podocytes is promising to pinpoint new therapeutic
targets to slow down proteinuria and the progression of kidney disease.

1.1. Brief summary of the main kidney functions

Kidneys are paired organs located in the retroperitoneum just below the diaphragm. Each kidney
weighs 125-170 grams in adult men and 115-155 grams in adult women. Longitudinal cuts
reveal two different regions in the kidney, the pale outer cortex that contains the glomeruli,
proximal tubules, and distal tubules, and the darker inner medulla, that contains the loops of

Henle and the collecting ducts (Figure 1) (7). The kidneys are perfused with blood through renal



arteries, which arise from the abdominal aorta. The renal arteries branch into smaller arteries and
then arterioles, and finally into afferent arterioles, which empty into glomerular capillaries.
Glomerular capillaries form a nearly protein-free filtrate consisting of water and small solutes at
a rate of about 125 ml/minutes (8). Kidney tubules maintain body fluid homeostasis and
osmoregulation despite changes in dietary intake or endogenous metabolic by-product
production. They regulate osmolarity predominantly via urine diluting and concentrating
mechanisms (9) by its response to vasopressin and the ability to deploy aquaporins to the luminal
membrane of collecting duct cells (10). Kidney tubules also regulate the total body water content
and the concentration of electrolytes, sodium (Na") as the main cation in the extracellular space,
potassium (K) as the main cation in the intracellular space, chloride (Cl) as the main
extracellular anion, and other important electrolytes like calcium (Ca®"), magnesium (Mg?"),
bicarbonate (HCOs"), bisphosphate (HPO4%), sulfate (SO4>). The normal blood plasma Na*
concentration is 142 mmol/L, K* 5.0 mmol/L, Mg** 1.5 mmol/L, ionized Ca** 2.5 mmol/L, CI
103 mmol/L, HCO3" 27 mmol/L, HPO4* 1.0 mmol/L, SO4> 103 mmol/L. The intracellular Na*
concentration is 15 mmol/L, K* 150 mmol/L, Mg?" 1.0 mmol/L, Ca*" 0.0003 mmol/L, CI" 5
mmol/L, HCO3™ 8§ mmol/L (11).

The kidneys also produce erythropoietin to stimulate red blood cells generation. They produce
renin for the regulation of blood pressure. They also produce a 1-a-hydroxylase enzyme which

converts vitamin D to its active form 1,25 dihydroxy vitamin D3.
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1.2. Glomeruli: The filtration unit of the kidney

A human kidney contains an average of 1 to 2.5 million glomeruli (12). The glomerular capillary
wall allows free passage to water and small solutes while circulating blood cells and large
plasma proteins like albumin, immunoglobulins are selectively retained in the blood (13, 14).
1.2.1. Mesangial cells

Mesangial cells (MCs) are microvascular pericytes with features similar to smooth muscle cells
(15). MCs represent 30—40% of the glomerular cell population (16) and are located between the
capillary loops embedded in the mesangial matrix, together referred to as the “mesangium”. The
MC:s play a role in clearing pathogens from the glomerulus, depositing matrix in cellular immune
responses, and contributing to cell-to-cell signalling. The MCs are in contact with the glomerular
capillary loop basement membrane at the para-mesangial angles, and they also directly contact
glomerular EC without intervening basement membrane (17). During glomerular development,
glomerular EC produce PDGFf that binds MC PDGF receptors resulting in MC recruitment
into the developing glomerular tuft (18). The MCs are in continuity with the extraglomerular
mesangium and the juxtaglomerular apparatus. The MCs are not a direct component of the GFB
but form a central stalk of the glomerulus where they are important contributors to glomerular
structure.

1.2.2. Endothelial cells: the first layer of the glomerular filtration barrier

Glomerular ECs are the first layer of the perm-selective glomerular capillary wall and are in
direct contact with blood. Similar to all endothelial cells, glomerular ECs have an anti-coagulant
surface that prevents blood coagulation and acts as a barrier to prevent blood cells and large
proteins from escaping into the urine. Glomerular ECs are quite flattened and much more

permeable to water and small solutes than other capillary endothelial cells because they are



heavily perforated with transcellular pores, called fenestrae. Fenestrae are plasma membrane-
lined pores of around 60-70 nm in diameter accounting for around 20% of the glomerular EC
surface (19, 20). These transcellular pores are suitable for rapid passage of high volumes of fluid
(21). Although the 60—70 nm pore size of glomerular EC fenestrae is too large to prevent the
passage of proteins such as albumin, the fenestrae contain a gel-like, negatively charged
glycoprotein mesh (21-23), which is a continuum of the glycocalyx that covers the glomerular
EC. The glomerular EC glycocalyx is composed of proteoglycans and glycoproteins that are
anchored at or in the cell membrane. The endothelial surface layer (ESL) is an associated layer
of proteins, glycoproteins, and proteoglycans that adhere to the glycocalyx, but are not anchored
in the membrane (4). Some of the ESL proteins, including albumin, are in equilibrium with
blood (4, 24). The strong negative charge of the glomerular EC glycocalyx and its associated
ESL repels negatively charged proteins like albumin and prevents their entry into the fenestrae,
thus adding substantially to the permselectivity of the GFB (25).

Podocyte-derived vascular endothelial growth factor-A (VEGF-A), transforming growth factor-
B1 (TGF-B1), and glomerular basement membrane-derived laminin $3/03 are all involved in the
formation of glomerular ECs fenestrae. Deletion of VEGF-A from podocytes in mice (26), TGF-
B1 inhibition in developing rat kidneys (27), laminin B3 gene mutation in humans (28, 29) and
laminin a3 gene deletion in mice (30), all prevent glomerular EC fenestrae formation. Also,
perfusion of kidneys the drug Adriamycin induces proteinuria in mice, believed to be due, at
least partly, to reduced synthesis of glomerular proteoglycans and disruption of the glomerular
EC ESL (31). In rats, aging-related proteinuria also correlates with the loss of the glomerular EC
ESL, and in human patients, diabetes-induced proteinuria correlates with the destruction of the

glomerular EC ESL (21). Injury of glomerular ECs may promote tubulointerstitial fibrosis, a



cause of progression to end-stage renal disease (32). Diseases of the glomerular endothelium that
compromise normal kidney function also include the Thrombotic Microangiopathies (TMAs),
described by glomerular EC swelling, GBM splitting, fibrin and platelet deposition, and red
blood cell fragmentation (33, 34).

1.2.3. The glomerular basement membrane (GBM)

The GBM is a highly ordered extracellular matrix (ECM) located between the podocytes and
glomerular EC. As an integral component of the GFB, the GBM acts as an intermediary sieving
matrix. It also is a sink for pro-angiogenic ligands and other mediators that provide for
communication between podocytes and glomerular ECs. Electron microscopic observations
revealed that GBM has an electron-dense lamina densa as its inner layer, flanked by the thinner
laminae rara interna and rare externa (35). Although it is composed of the same types of
macromolecules found in all other basement membranes, the GBM is thicker than most other
basement membranes (36).

Proteomic analysis of purified human glomerular extracellular matrix identified 144 distinct
proteins in the GBM (37, 38) the most abundant being laminin glycoproteins, type IV collagen
network, heparan sulfate proteoglycan (HSPG), and nidogen. In the GBM, the major laminin
trimer present is LM-521 (a5B2y1) secreted by both podocytes and glomerular EC (39).
Missense mutations in LAMB2, encoding the laminin 2 chain cause Pierson syndrome. Mice
deficient in the laminin B2 chain have nephrotic syndrome (40) associated with podocyte foot
process effacement, loss of slit diaphragms, as well as defective GBM formation (41). The
collagen IV network is secreted as heterotrimers containing three o chains whose sequences
include collagenous domains composed of many Gly-X-Y amino acid triplet repeats. The

collagen IV network consists mainly of a304a5 heterotrimers secreted by podocytes, also some



(a1)2a2 secreted by the glomerular EC. Mutations in the collagen a5(IV) gene (COL4AS5) cause
Alport syndrome, a hereditary glomerulonephritis that progresses to end-stage kidney disease
(42). HSPGs have a protein core with covalently attached glycosaminoglycan side chains, which
are modified by sulfation to provide a negative charge to the HSPGs. Genetic studies in mice to
minimize the negative charge of the GBM surprisingly failed to result in overt proteinuria (43-
45). Likewise, heparanase treatment of the GBM to minimize negative charges of
glycosaminoglycan also did not induce proteinuria (46). Agrin is present as the HSPG in the
mature GBM (47) while perlecan and agrin co-distribute during glomerulogenesis (44).
Although the HSPG abundance confers a negative charge to the GBM, which was thought, for a
long time, to be a determinant of the charge selectivity of the GFB (44, 48-50), later studies
indicate the GBM does not play a major role glomerular permselectivity. These studies, along
with studies showing that disruption of the endothelial ESL leads to albuminuria, lead to the
conclusion that the glomerular EC glycocalyx with its ESL is the main barrier to bulk albumin
filtration with podocytes (see below) forming the final barrier for the small amount of large
proteins that pass through the glomerular EC fenestrae and the GBM.

1.2.4. Podocytes, the final barrier for renal protein filtration

Podocytes are a major and final component of the GCW with structural and functional
uniqueness. They are terminally differentiated cells whose foot processes cover outer surface of
glomerular capillaries (35). Podocytes have a unique cellular morphology consisting of the cell
body, long primary extensions also called major processes, from which extend secondary actin-
based projections called foot processes (Figure 2). The foot processes are anchored along their
length to the GBM, and their apical domain faces Bowman’s space. Foot processes from one

podocyte form an interdigitating structure with foot processes of adjacent podocytes (51).
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Microtubules and intermediate filaments support the structure of the major processes while the

actin-cytoskeleton forms the structural frame of foot processes (52, 53).

Podocyte
Foot Processes

Podocyte
Primary Processes

POOCYte mmmm—
Cell Body

Figure 1.2: Scanning electron micrograph of mouse podocytes. Primary thick processes
branch into secondary interdigitating foot processes that wrap around the capillary loops. This
image was captured in our lab from a 2-month-old CLIC5-deficient mouse. Podocytes appear

reasonably normal, but the number of foot processes is reduced, and they are, on average,

broader.
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The space between adjacent foot processes through which the glomerular filtrate flows into
Bowman’s space is called the filtration slit. A cell-cell junctional complex termed the “slit
diaphragm” bridges adjacent foot processes (54). It is a meshwork of proteins consisting mainly
of nephrin, nephrin-related protein (NEPH1), P-cadherin, FAT, neurexin and ephrin-B1. The slit
diaphragm only bridges the foot processes from adjacent podocytes but not the podocyte cell
bodies or adjacent primary extensions (55-57). Finnish-type congenital nephrotic syndrome
(CNF or NPHSI1) is an autosomal recessive disease resulting from nonsense mutations in the
nephrin gene (58). NEPH1 knockout mice similarly develop podocyte foot process effacement
and severe proteinuria (59). Other critical components of the podocyte slit diaphragm include P-
cadherin (54), and the large transmembrane protein “FAT” (60). FAT deficient mice develop
severe proteinuria(61). Neurexin and ephrin-B1 also are extracellular components of the slit
diaphragm (62, 63). The slit diaphragm transmembrane proteins interact with intracellular
scaffold proteins podocin, CD2AP, Par-complex molecules (Par-3, Par-6, aPKC), ZO-1, Nck,
and MAGI. The podocyte glycocalyx contributes to the charge selectivity of the GFB and keeps
the filtration slits open by repelling adjacent foot processes (64, 65).

Podocyte injury is the primary cause of many kidney diseases, most prominent among them
membranous nephropathy, membranoproliferative glomerulonephritis, diabetic kidney disease
(66, 67) and focal segmental glomerulosclerosis (FSGS). Podocyte injury often results in
nephrotic syndrome characterized by severe proteinuria due to loss of glomerular
permselectivity. FSGS, which is characterized by progressive scarring of glomeruli, is caused by
several distinct mutations of proteins forming the podocyte actin cytoskeleton. By contrast,
minimal change disease, which also causes massive proteinuria, results in reversible loss of foot

processes. Calcium signaling regulates podocyte structure and slit diaphragm function. Podocyte
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plasma membrane TRPCS5 and TRPC6 channels promote calcium influx that results in actin
cytoskeleton reorganization (68). TRPC6 binds RhoA, while TRPCS5 binds Racl. TRPC6
mutations R895C and E897K lead to increased calcium influx (gain-of-function) that leads to
FSGS, but a loss of function mutation in TRPC6 is also associated with human FSGS (69).
Mutations in a-actinin-4 and INF2, both of which are actin regulating proteins also results in
podocyte dysfunction and human FSGS(70, 71), while mutations in nephrin and podocin cause
recessive forms of steroid-resistant nephrotic syndrome. A common glomerular disease in adults,
FSGS is due to mutations in essential podocyte proteins (72, 73). Acquired disorders due to viral
infections, drug toxicity, diabetes, autoimmune disease and previous glomerular injury (74) can
also cause podocyte injury and FSGS (75-78).

1.2.5. Protein complexes involve in the podocyte-GBM interaction

Integrin- and dystroglycan protein complexes anchor podocyte foot processes to the GBM. a3p1-
integrins are the predominant integrins in mature podocytes (79-81). a3p1-integrins with distinct
a and P chains are heterodimeric adhesion receptors that bind to GBM extracellular matrix type
VI collagens, laminins, fibronectin, and nidogen (80, 81). Mice deficient in integrin a3 lack
podocyte foot processes, have less than normal glomerular capillary loops and die within 24
hours of birth (82). Moreover, a- and B-dystroglycan, dystrophin and utrophin are also present at
the basal domain of podocyte foot processes, where they bind to GBM components laminin,
agrin, and perlecan. A reduction in dystroglycan expression has been reported in several mouse
model of minimal change disease (83, 84).

1.2.6. Protein complexes at the apical domain of podocytes foot processes

The main objective of this thesis is to better understand the molecular mechanisms through

which chloride intracellular channel (CLIC) isoform 5A participates in regulating the protein

13



complex that shapes the apical domain of podocyte foot processes. CLIC5A is one of the most
highly expressed proteins in podocytes with transcript levels ~800 to 1000-fold higher in
glomeruli compared to other tissues and cells (85). CLIC5A 1is necessary for ezrin
activation/phosphorylation in podocytes in vivo (86, 87), and the assembly of the ezrin-
NHERF2-podocalyxin complex that shapes the apical domain of podocyte foot processes(88,
89). Podocyte injury due to Racl hyperactivation is emerging as a key mechanism leading to
FSGS and proteinuria. Therefore, it is critically important to define Racl-dependent processes in
podocytes. At the apical domain of podocyte foot processes, CLIC5A-dependent Racl activation
thought to be required for phosphatidylinositol (4,5)-bisphosphate (P14,5P2) accumulation at the
inner leaflet of the plasma membrane which, in turn, is required for ezrin phosphorylation, actin
polymerization and hence maintenance of podocyte integrity. Thus, the CLIC5A-ezrin pathway
might be a potential target for the interruption of glomerular injury. In addition, increasing
evidence indicates that CLICs are not membrane-spanning chloride channels, but instead
regulate Racl GTPase activity in the context of ERM phosphorylation. I will therefore first
summarize major facts about the molecules that are part of the CLIC5A-podocalyxin-NHERF2-
ezrin complex at the apical domain of podocyte foot processes, followed by a detailed

description of CLIC proteins.

14



« actinind

Podocalyxin ﬁ*-q EZR
_ NHERF1¢§}C.¢,> l

Infegrin 351

1 G
Laminina 85271 | : —Jﬂ i
I \

"3 ,,-’7'22\5\,.-\./ ﬂ

GBM
Perlecan

Figure 1.3: Podocyte foot processes showing protein complexes at the apical, lateral, and
basal domain. (Reproduced with permission, Machuca E et al. Hum. Mol. Genet. 18:R185-
R194, 2009). At the apical domain, the Ezrin-NHERF2-podocalyxin protein complex interacts
with cortical actin and CLIC5A is a component of this protein complex [Wegner et al. (85)]. At
the lateral domain, the filtration slit diaphragm functions as a modified adherens junction. It is
composed of nephrin, podocin, P-cadherin, FAT, and CD2AP, and also interacts with the actin
cytoskeleton. At the basal domain, integrins and dystroglycan interact with the GBM.
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1.3. Rho GTPases: The critical regulators of actin cytoskeletal dynamics

Small GTPases are GDP/GTP-regulated monomeric switches that regulate many aspects of
intracellular actin dynamics. More than 150 members of small GTPases (90) are divided into five
main families: Rho, Ras, Rab, Arf, and Ran families (91). The Rho family of small GTPases is
one of the most important subfamilies of the Ras superfamily. Rho GTPases are GTP-binding
proteins commonly found in the eukaryotic cells (92). They consist of a GTPase domain, a short
N-terminus, and a C-terminus. Rho GTPases consist of five conserved G box GDP/GTP-binding
motifs GI-G5 (G1: GXXXXGKS/T, G2: T, G3: DXXGQ/H/T, G4: T/NKXD, G5: C/SAK/L/T)
(93, 94). They have two variable regions- switch I (G2) region corresponding to amino acids ~28
to 40) and switch II (G3) region corresponding to amino acids 60 to 81(95-97) that serve as the
nucleotide-binding pocket and interacts with Rho GEFs and Rho GAPs (98, 99). Rho GTPases
switch I and switch II regions undergo structural rearrangement causing GTP-bound active/ON
signal or GDP-bound inactive/OFF signal (100). Rho GTPases undergo posttranslational
modifications at a cysteine residue in the CAAX motif, which is critical for their interaction with
lipid bilayers and their biological activity within specific protein complexes (101).

In humans, Rho GTPases have 20 members, of which Racl, RhoA, and Cdc42 have been
extensively studied in mammalian cells. They have a crucial role in the formation of filopodia,
lamellipodia, membrane ruffles, and stress fibers (102, 103). They regulate the organization of
actin and microtubule cytoskeletal structures (104, 105), gene expression (106), vesicle
trafficking (107-109), and cell cycle entry and progression through expression of genes involved
in G1/8S transition, and mitosis (110, 111).

There are three regulators of Rho GTPases, guanine nucleotide exchange factor (GEFs) that

facilitate the exchange of GDP to GTP; GTPase activating proteins (GAPs) which increase GTP
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hydrolysis; and the guanine nucleotide dissociation inhibitor (Rho GDI) which prevents GDP to
GTP exchange (97). Over 80 Rho GEFs and 70 GAPs have been identified so far (97). Rho
GEFs have limited binding specificity towards distinct Rho GTPases. Dbl and Vav 1-3 GEFs
activate Racl, RhoA, and Cdc42 and p190RhoGEF activates RhoA, RhoB, RhoC but not Racl
and Cdc42 (97). The GTP-bound active Rho GTPases associate directly with their downstream
effector proteins and thus elicit cellular responses (112). The on-off cycle of Rho GTPases
ensures the appropriate spatiotemporal regulation of many cellular processes. RhoA, Racl, and
Cdc42 control actin assembly/disassembly when extracellular signal molecules bind receptors
that triggers a signal cascade inside the cell. RhoA and Racl/Cdc42 antagonistically regulate

each other.
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Figure 1.4: Regulation of Rho GTPases. (Reproduced with permission from Dandamudi, A.;
Akbar, H.; Cancelas, J.; Zheng, Y. Rho GTPase Signaling in Platelet Regulation and Implication
for Antiplatelet Therapies. Int. J. Mol. Sci. 2023, 24, 2519). GEFs activate Rho GTPases into
their active, GTP bound form and GAPs inactivate Rho GTPases. Rho GDI extracts prenylated
Rho GTPase from the plasma membrane by binding the isoprenoid moiety and sequestering it.
Rho GTPase expression at the transcriptional level is controlled by the action of micro RNAs
(miRNAs). Rho GTPases undergo posttranslational modifications by phosphorylation and
sumoylation that cause the activation or inactivation of Rho GTPases depending on the cellular

context. Protein levels of Rho GTPases are regulated by the ubiquitin-26S proteasome system.
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1.3.1. RhoA

The Ras-related homolog (Rho) subfamily of Rho GTPases constitutes three members RhoA,
RhoB, and RhoC (113). RhoA is mostly localized in the cytosol, and also at the plasma
membrane and nucleus (114). The RhoA gene on chromosome 1 3p21.3 has more exons and
introns than RhoB and RhoC and is suggested to be the ancestor of the latter two (115). RhoA is
a monomeric protein with a molecular weight of ~21.7 kDa. RhoA prenylation at Cys190 in the
CAAX-box provides stability and RhoA anchorage in the plasma membrane required for its
function (115). Like other Rho GTPases, RhoA can cycle between the GTP-bound active form
and GDP-bound inactive form (116) and is involved in regulating actin organization, cell
morphology, and cell migration (103). Specifically, RhoA participates in the regulation of
vesicle trafficking, tumor invasion, and metastasis (107, 117). In response to growth factors,
RhoA is involved in the regulation of actin polymerization via effector molecule mDia and the
formation of focal adhesion complexes that trigger cell motility and invasion (103). RhoA
activates Rho activated kinase (ROCK) for force generation required for cell migration. ROCK,
in turn, phosphorylates and inactivates myosin light chain phosphatase (MYPT) resulting in
myosin I activation and actomyosin contraction (118). RhoA is active at the rear of the cell body
required for rear retraction necessary for cell migration while Racl and Cdc42 are active at the
leading edge of the cell to generate actin-based protrusion (119). While Rho regulates the myosin
light chain phosphatase, RhoA and Racl control the synthesis of PI4,5P2; both activities linked
to actin organization (120).

In podocytes, RhoA is dispensable in the early developmental stage but becomes essential in
enabling podocyte motility during later development (121). Appropriate localized RhoA activity

stabilizes podocyte foot processes and protects them from effacement, but excessive RhoA
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activity disrupts podocyte integrity. For example, podocyte-specific expression of constitutively
active RhoA produces heavy albuminuria with histologic features like FSGS (122). Also, ROCK
inhibition decreases podocyte dysfunction in chronic kidney disease (123) and combined
angiotensin-converting enzyme (ACE) and ROCK inhibition in the 5/6-nephrectomy mouse
model is more effective in reducing albuminuria than ACE inhibition alone(123). ROCK
inhibition also blunts albuminuria in streptozotocin-diabetic rats (124). Such studies suggest that
elevated RhoA activity in hypertensive and diabetic disease models mediate podocyte
dysfunction. Conversely however, RhoA activity was found to be markedly reduced and
accompanied by loss of actin stress fibers and podocyte apoptosis in the model of
Lipopolysaccharide (LPS) and Adriamycin — induced injury in vivo (125), and siRNA mediated
RhoA knockdown of and reduced actin stress fibers and enhanced podocyte apoptosis (125).
Therefore, preservation of RhoA function in podocytes appears to be essential in preventing
proteinuria.

1.3.2. Cdc42

Cell division control protein 42 homolog (Cdc42) is another important Rho GTPase. In humans,
Cdc42 localizes to the Golgi complex, the plasma membrane, and various vesicles (126, 127).
Cdc42 activation controls cytoskeletal remodeling, cell polarity, cell proliferation, cell migration,
and transcription (109, 128). It has also been implicated in intracellular trafficking, regulation of
malignant transformation and tumor metastasis (129, 130). The most widely studied Cdc42
isoform Cdc42u, first isolated from the placenta, is ubiquitously expressed and while Cdc42b is
found in the brain (131, 132). In the GTP-bound active state, Cdc42 interacts with more than 60
effector molecules (133). Most important among these are PAK1-4 whose activation causes

phosphorylation of LIM kinases 1 and 2, which phosphorylate and inactivate the actin-severing
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protein cofilin (134), resulting in enhanced cell mobility. The MRCKa and MRCKJ effectors of
Cdc42 phosphorylate moesin causing reorganization of the cortical actin cytoskeleton. In
addition, the Cdc42 effector Par6 can induce apicobasal cell polarity. The active GTP-bound
form of Cdc42 also binds and activates WASP, which, in turn activates the Arp2/3 complex
(135, 136) leading to the actin polymerization and filopodia formation (137). The Cdc42
effectors ACK1 and ACK2 cause receptor endocytosis and degradation (132). Other Cdc42
effectors involved in the cellular processes are p70 S6 kinase, PI3K, PLD, PLC-B2, IQGAPI,
IQGAP2, MLK2, MLK3, MEKK1 and MEKK4, ACK1 and ACK2, CIP-4, and MSES55 and
BORGs (131).

In podocytes, Cdc42 plays a critical role in early development, and Cdc42 deletion from the
podocytes triggers congenital nephropathy in mice (121). The lack of Cdc42 or its downstream
effector N-WASP results in loss of stress fibers, podocyte apoptosis, and proteinuria apparently
by decreasing expression of YAP (138). The Roundabout (ROBO) family of receptors and their
ligands “SLIT glycoproteins”, function as axon guidance molecules but they are also expressed
in podocytes. The SLIT/ROBO/Rho GTPase activating proteins 2a (SRGAP2a) inactivates
Cdc42 and RhoA but not Racl and helps to reduce podocyte motility and podocyte foot process
effacement (139). Downregulation of SRGAP2a, expected to enhance Cdc42 activity has been
detected in patients with diabetic nephropathy, and Angiotensin II or TGF-B1 treatment of
podocytes increased Cdc42 activity resulting in loss of F-actin stress fibers (140). However,
NMDA receptor activation reduced Cdc42 activity in mice and enhanced progression of diabetic
kidney disease (141). Therefore, similar to RhoA, reduced and increased activation of Cdc42 has
been linked to podocyte dysfunction implying that tight regulation of activity and localization are

required to maintain normal podocyte structure and function.
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1.3.3. Racl

The Ras-related C3 botulinum toxin substrate (Rac) GTPases Racl, Rac2, and Rac3 share 92%
amino acid sequence identity and approximately 58% amino acid sequence homology with Rho
family proteins RhoA, RhoB, and RhoC (142). Rac2 is predominantly found in the lymph nodes,
bone marrow cells, appendix and spleen, while Rac3 expression is restricted to the brain, fat
tissues and testis (143). Racl is expressed in most cell types, including podocytes. Racl
regulates cell morphology, cell growth, cell migration, and gene transcription (144). Racl
function is initiated after it anchors in the plasma membrane where it interacts with signalling
lipids and effector proteins. The effector protein-binding region in Racl is located mostly in its
N-terminus (145), and the Racl G-domain consists of switch regions that bind to GTP/GDP. The
C-terminus includes the protein-binding domain, a CAAX motif (CLLL), and palmitoylation
sites. The CAAX motif is necessary for membrane targeting (146). The inhibitor Rho GDI
blocks switch I and II regions preventing Racl anchorage in the plasma membrane (147).
Interestingly, PI(3,4,5)P; facilitates RhoGDI dissociation from Racl to promote GTP-bound
active Rac1 (148).

In podocyte foot processes, Racl activation occurs in the ezrin/podocalyxin complex at the
apical domain (86, 149), and it acts at the basal domain in conjunction with integrins to promote
mobility and mechanosensing (150). Racl is not necessary for early podocyte development and
but plays a role in podocyte differentiation (121). Increased Racl activity is associated with
podocyte injury. For instance, in Adriamycin-treated mice, glomerular Racl activity is
significantly increased, but RhoA activity remains unaltered. In LPS-treated mice, activation of
Racl and suppression of RhoA activity were associated with severe glomerular injury. Inducible

overexpression of constitutively active Racl (Q61L) in podocytes caused rapid onset of
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proteinuria within 2 days of induction (151), and the severity of proteinuria was associated with
the level of active Racl expression. Conversely, Racl inhibition considerably reduced podocyte
dysfunction in chronic kidney disease (151). Racl activation in podocytes is also associated with
proteinuria in human immunodeficiency virus-associated nephropathy (152) and in Rho GDI
alpha knockout mice (153). Proteinuria due to prolonged Racl hyperactivation can be reduced
by blocking Racl or blocking its downstream target aldosterone (153). In podocytes,
ARHGAP24 controls the RhoA/Racl signalling balance, and mutations in this protein are
associated with familial FSGS (154). Indeed, all gene mutations leading to Racl hyperactivation
damage the podocyte actin cytoskeleton resulting in podocyte FP effacement (155). Conversely,
podocyte-specific Racl deletion was protective against protamine sulphate-induced foot process
effacement in mice (156). Hyper-activated Racl induces beta-1 integrin redistribution, decreased
adhesion of cultured podocytes to laminin, and podocyte detachment in cultured cells, and foot
process effacement, glomerulosclerosis, and loss of GFB integrity in vivo (155). It is therefore
possible that the damaging effects of Racl hyperactivation are localized to the basal domain and
result in loss of podocyte adhesion to the GBM. RNA quantification in podocytes from patients
and healthy controls revealed that Rho GEF “Trio” was upregulated in FSGS podocytes, and
podocyte-specific knockout of Trio decreased Racl activity, cell size, and motility (157). In
addition, proximity-based BiolD assay showed that Rho GEF B-PIX might associate with and
regulate Racl in human podocytes (157). ARHGDIA encodes Rho GDP dissociation inhibitor
RhoGDIa. Disease-causing mutations in ARHGDIA result in severe proteinuria and FSGS in
humans, and ShRNA-mediated knockdown of endogenous RhoGDIao in cultured podocytes
induced Racl, but not Cdc42 or RhoA activity (158). Moreover, transient receptor potential

canonical cation channels (TRPCs) drive podocyte injury and proteinuria upon Racl activation
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(159). Therefore, as is the case for RhoA and Cdc42, Racl activation in podocytes can be
protective or harmful. Development of therapies that selectively inhibit Racl will therefore
require careful titration to preserve the Racl protective functions.

The ezrin-podocalyxin-NHERF2-CLIC5A complex is localized, in a very polarized fashion, at
the apical domain of podocyte foot processes, and Racl is part of that complex. Racl activity is
considerably reduced in podocytes of ezrin knockout mice, leading to protection from injury-
induced morphological changes (160). Our laboratory reported that CLIC5A stimulates podocyte
Racl (but not RhoA) activity leading to the activation of PAK and ezrin (86). Activated ezrin
links cortical actin to PI4,5P; leading to the formation of cellular projections (161-163).
Activated ezrin also serves as a bridge between cortical actin and membrane-spanning proteins,
including podocalyxin. Our lab showed that CLIC5A-dependent generation of apical P14,5P; at
the inner leaflet of the plasma membrane as well as ezrin, radixin, and moesin (ERM)
phosphorylation requires Racl activation (86). However, the mechanism of CLIC5A-dependent
Racl activation is not known.

1.4. Phosphoinositides

Phosphoinositides (PPIs) are inositol-containing glycerophospholipids (164). The inositol ring,
which sticks out from the lipid bilayer toward the cytosol, can be phosphorylated at different
positions by distinct phosphatidylinositol kinases (PIPK) (165-167). PPIs are involved in the
regulation of many cellular functions such as actin dynamics, regulation of transmembrane
proteins, membrane trafficking, cell-matrix adhesion and signal transduction (168-170) (171-
173). The abundance of PPIs in eukaryotic cell membranes is low but they play critical roles in
cellular dynamics by recruiting multiprotein complexes (174). Phosphatidylinositol 4 phosphate

5 kinases (PI4P5K) catalyse the phosphorylation of the substrate phosphatidylinositol 4
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phosphate (PI4P) to generate PI4,5P,, and phosphatidylinositol 3 kinase (PI3K) causes
phosphorylation of PI4,5P> to PI3,4,P3. Inositol phosphatases dephosphorylate specific positions
on the inositol ring. For example, PTEN dephosphorylates PI3,4,P; back to PI4,5P,. Many
proteins involved in organization of the cortical actin cytoskeleton, including the ERM proteins
bind PI4,5P,. PI4,5P; stimulates actin polymerization by inhibiting the actin filament barbed end
capping proteins gelsolin and heterodimeric capping protein, and by inhibiting the actin
depolymerizing factor (ADF)/cofilin and twinfilin proteins. A preponderance of PI3,4,P3 is
associated with cell proliferation and a preponderance of PI4,5P; at the apical plasma membrane
of epithelial cells is associated with their differentiation.

Our lab has reported that CLIC5A overexpression in COS-7 cells causes a major reorganization
of PI4,5P; at the apical plasma membrane into prominent clusters (89). The lab also showed that
CLICS5A can interact with PI4P5 and PI5SP4 kinases (89), but whether that interaction is direct is
not known.

1.4.1. Racl interacts with PIPSKI and facilitates its activation

Racl interacts with PIP5KIo and weakly with PIPSKIB and PIP5KIy as observed from the pull-
down assays relying on incubation of immobilized Racl with homogenates prepared from rat
brain or liver, or with cell lysates (175-178). RhoA, but not Cdc42, also interacts with PIP5KIa,
PIPSKIB and PIP5KIy. Racl and RhoA are also co-immunoprecipitated with PIPSKI (176).
Moreover, GTP-loaded Racl and RhoA also directly interact with recombinant PIP5KIa and I8
proteins (176) causing their activation. Only GTP-bound Racl, RhoA, and Cdc42 activate
PIP5KIa, If and Iy in vivo while dominant negative mutants of Racl, RhoA, and Cdc42 failed to
activate these lipid kinases (179-181). Consistent with such findings is a study from our

laboratory (86) which showed that CLIC5A activates Racl, and that the CLIC5A-stimulated
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accumulation of PI4,5P> clusters in the apical plasma membrane was prevented by Racl
inhibition or overexpression of dominant negative Racl. We do not know whether CLIC5A-

dependent Racl activation activates any specific phosphoinositide-metabolizing kinase isoform.
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Figure 1.5: PI(4,5)P2 cycle during phospholipase C (PLC) signaling. (Reproduced with

permission, Cockcroft S. The expanding roles of PI4P and PI(4,5)P; at the plasma membrane:
Role of phosphatidylinositol transfer proteins. Biochim Biophys Acta Mol Cell Biol Lipids.
2024, 1869(2):159394). A. PI(4,5)P: interacting proteins. ERM proteins interact with P1(4,5)P»
through its FERM domain. B. PLC catalyzes the hydrolysis of PI(4,5)P, that produces two-
second messengers, diacylglycerol (DAG) and inositol trisphosphate (IP3). DAG is converted
into phosphatidic acid (PA) by DAG kinase (DAGK) and transferred to the endoplasmic
reticulum by Class II phosphatidylinositol transfer proteins (PITPs). At the endoplasmic
reticulum, PA is converted into the intermediate CDP-DAG by one of two CDS enzymes, CDS1
and CDS2. The final step in PI resynthesis is catalyzed by PI synthase (PIS) where CDP-DAG

and inositol are combined.
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1.5. Ezrin/radixin/moesin (ERM) proteins

Our laboratory showed that CLIC5A is a major protein in kidney glomeruli (85, 182, 183).
Using immunogold electron microscopy CLIC5A localized in a very polarized fashion to the
apical domain of podocyte foot processes, away from the filtration slit (85), exactly as was
already known for ezrin and podocalyxin (184). The lab also showed that CLIC5A is part of the
ezrin/podocalyxin/NHERF complex by co-immunoprecipitation of the proteins from isolated
glomeruli and by near perfect co-localization of CLIC5A with ezrin (85). In addition, previous
findings from our lab showed that CLIC5A and CLIC4 proteins stimulate ERM protein
activation (87, 89). This is the reason for the focus on ezrin and the ERM proteins.

The ERM proteins provide regulated linkages between membrane-associated proteins and the
cortical actin cytoskeleton (185, 186). They belong to the Band 4.1 superfamily, a group of
proteins characterized by the presence of a ~300 amino acid residues long conserved FERM
(Four-point-one, ezrin, radixin, moesin) domain, a hydrophobic cysteine-rich region (187) with
a globular configuration (188). The FERM domain is located at the N-terminus of most proteins
in the band 4.1 superfamily, including the ERMs, merlin, DAL-1, protein tyrosine phosphatases,
talin, the Janus Kinases, focal adhesion kinase, and guanidine exchange factors. Crystal
structures of ezrin, moesin and radixin suggest that FERM domains are three-lobed F1, F2, and
F3(189, 190).

The ERM proteins are all involved in the regulation of actin cytoskeleton networks through their
interaction with membrane proteins and other signaling molecules (191). They form a bridge
between plasma membrane-associated proteins and the cortical actin cytoskeleton and play a

major role in the regulation of cell morphology, migration, and cell adhesion (185, 192). They
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are abundant in cell surface structures such as the membrane ruffles, filopodia, lamellipodia,
microvilli, uropods, retraction fibers, and at cell adhesion sites (193).

ERM proteins are widely distributed, and many cells express more than one ERM protein.
Nonetheless, each member of this family member tends to be predominant in specific tissues and
cells. Ezrin is mainly expressed in the epithelial cells, including glomerular podocytes and renal
proximal tubule cells (194). Ezrin was first discovered as an 80-kDa protein from the chicken
intestinal microvilli and named after Ezra Cornell, a founder of Cornell University (195, 196).
Ezrin-deficient mice die soon after birth and morphological abnormalities are reported in the
intestinal epithelial cells in which ezrin is the only ERM protein expressed (197).
Membrane-organizing extension spike protein (moesin) was isolated from bovine uterus in 1988
and identified as receptor protein for heparin (198). Moesin expresses highly in the endothelial
cells(199), while some epithelial cells also express moesin in addition to ezrin (194). Moesin is
highly expressed in the lungs, spleen, and kidneys, in endothelial cells and in lymphocytes (194,
200). Defects in lymphocytes and neutrophils were observed in moesin-deficient mice, resulting
in decreased microbial killing by neutrophils (201).

Radixin was identified as an actin-binding protein and highly expressed in the undercoat of
adherens junctions of rat liver cells (202). Radixin is the dominant ERM protein in liver cells and
is mostly concentrated at the microvilli of bile canalicular membranes where multidrug
resistance protein 2 is co-localized to secrete conjugated bilirubin into bile (203). Radixin is also
enriched in cochlear and vestibular stereocilia (204, 205). Radixin is also expressed in the
kidney. Radixin-deficient mice are normal at birth but after 4 weeks the concentration of
conjugated bilirubin increases in their serum and after 8 weeks liver injury occurs. In the inner

ear hair cell stereocilia, radixin is the predominant ERM protein, and radixin-deficient mice
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show progressive degeneration of cochlear stereocilia resulting in deafness but they do not
display vestibular dysfunction (204). In radixin-deficient mouse cochlea, ezrin was upregulated
up to post-natal day 14 and stereocilia developed normally but the cells degenerated thereafter,
indicating that ezrin cannot counterbalance radixin deficiency in mature stereocilia. In contrast,
up-regulation of ezrin is maintained in vestibular stereocilia after the onset of hearing and
stereocilia are normal suggesting structural and functional compensation of one ERM protein by
another.

1.5.1. ERM protein structure

The ERM proteins possess a high degree of amino acid sequence identity of ~85% (Appendix 1).
The globular NH2-terminus of ERMs represents the first ~300 amino acid residues termed as the
“N-terminal ERM association domain (N-ERMAD)” that binds to the PI4,5P, (185, 206). In
their inactive state, the N- and C-termini of ERM proteins interact with high affinity, resulting in
auto-inhibition. Binding of the FERM/N-ERMAD domain to PI4,5P; releases this inhibition
freeing their C-terminus (the C-ERMAD domain) to bind to their transmembrane partners and
actin. Unfolding of ERM proteins upon binding to PI4,5P> also promotes their phosphorylation
at a highly conserved site in the C-terminus. The FERM domain forms a clover-shaped
conformation and is divided into three modules F1, F2, and F3. The C-ERMAD domain includes
a binding site for filamentous actin at the highly conserved last 34 amino acids common among
ERM proteins (207). Also, in the C-ERMAD domain, a conserved threonine residue (T567 in
human ezrin, T564 in radixin, and T558 in moesin), is a critical phosphorylation site and play a
key role in the activation of ERM proteins. The C-terminus also possesses binding sites for other
signaling molecules that together form complexes with the ERM proteins at the periphery of the

cell cortex to provide cellular structural integrity. The FERM and C-ERMAD domains are
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connected via a long a-helical linker region. The a-helical domain has three extended helices, of
which two form an antiparallel coiled coil of ~7 nm in length. The a-helical linker region blocks
the PI4,5P; binding site located in the basic cleft (208). Moreover, the ERM proteins contain a

polyproline stretch the a- C-terminal regions.
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Figure 1.6: Schematic diagram of ERM protein structure. (Reprodued with permission, Ren
L, Khanna C. Role of ezrin in osteosarcoma metastasis. Adv Exp Med Biol. 2014; 804:181-201).
ERM proteins have three domains: a globular N-terminal membrane-binding domain (1-296
amino acids), also termed as FERM domain or N-ERMAD, the extended a-helical domain
(~297-431 amino acids), followed by a positively charged C-terminal actin-binding domain (C-
ERMAD). The percentage amino acid sequence identity with ezrin in N-terminal domain is

indicated. P indicates polyproline region. T567 is the critical phosphorylation site in ezrin.
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1.5.2. Regulation of ERM protein activation

The ERM proteins possess two different conformations: the inactive (closed) conformation and
the active (open) conformation. The closed conformation results from strong intra- or inter-
molecular self-association between the N-terminal and C-terminal domains. In cells, full-length
ezrin interacts with plasma membrane-associated proteins via its N-terminal FERM domain,
whereas the C-terminal domain interacts with the actin cytoskeleton (209). However, self-
association between the N-terminal and C-terminal domains buries binding sites for plasma
membrane-associated proteins as well as the C-terminal F-actin binding region (210).
Dissociation of the N-terminal/C-terminal complex is triggered by docking of ERM proteins on
PI4,5P, at the inner leaflet of the plasma membrane (211, 212). Mutations of basic lysine
residues at K63, K64, K253, K254, K262 and K263 in the ezrin N-terminus abolishes its PI14,5P;
binding and thus plasma membrane recruitment (211). Furthermore, phospholipase 2 (PLC2)-
mediated depletion of PI4,5P2 reduces the interaction of ERM proteins with actin (213, 214) and
overexpression of PI4P5 kinases, which produce PI4,5P> leads to increased ERM
phosphorylation, cytoskeletal association, and the formation of membrane projections. Finally,
osmotic cell shrinkage also triggers ERM protein activation through an increase in membrane
PI4,5P; levels (215). Therefore, the interaction of ERM proteins with PI4,5P; is required for
their activation and association with their protein partners (89, 216).

The extreme C-terminal ~34 amino acids of ezrin has been identified as the F-actin binding site
(207), and the threonine (T567 in human ezrin) residue within the C-terminal F-actin binding site
can be phosphorylated by Rho-kinase (217, 218), protein kinase C alpha (219), protein kinase C,
AKT(220), and Nck-interacting kinase. This phosphorylation keeps the N-terminal and C-

terminal domains apart and stabilizes the active state of ERM proteins (217, 221, 222, 223). An
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exogenously expressed phospho-mimic ezrin T567D mutant induces formation of actin-based
cellular projections like membrane ruffles, lamellopodia, and microvilli. In contrast, a
phosphorylation-deficient ezrin T567A mutant abolished ezrin association with the actin
cytoskeleton (224). Therefore, the two-step ERM activation includes recruitment of their FERM
domain to the plasma membrane by PI4,5P> (186) and subsequent phosphorylation of the

conserved threonine residue in the C-terminal domain (225, 226).
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Figure 1.7: Regulation of ERM protein activation. (Reproduced with permission, Jiang et al.
2014. Biochimica et Biophysica Acta 1838: 643—-657). In active/open conformation, ERM
proteins function as cross-linkers by binding to cytoplasmic extensions of membrane proteins
CDA43, CD44, ICAM (A) and podocalyxin (not shown) as well as and scaffolding proteins such
as EBP50 (NHERF1) and NHERF2, which then bind to membrane proteins (B).
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1.5.3. Interaction of ERMs with other proteins

The interaction of ERM proteins with PI4,5P, increases their interaction with the cytoplasmic
domain of many membrane-spanning proteins including intracellular adhesion molecules
(ICAM) 1-3, hyaluronan receptor CD44 and CD43 (227, 228). The binding of moesin to P14,5P»
augments its binding to CD93 (229). ERMs also bind to postsynaptic density protein (PDZ)-
containing proteins such as transporters and ion channels through scaffolding proteins like
Na'/H" exchanger regulatory factors 1 and 2 (NHERF1, NHERF2), also known as ERM-binding
phosphoprotein 50 (EBP50) (230, 231). ERM proteins link membrane-spanning proteins to the
cortical actin cytoskeleton directly or indirectly via the scaffold protein NHERF2 (185).
Podocalyxin, expressed at high levels in podocytes and endothelial cells interacts with active
ezrin through a direct interaction (232) and through an NHERF2-dependent mechanism (88,
233). There is strong evidence that ERM proteins regulate the activity or Rho GTPases by
binding Rho-GDI (234) and Dbl (235). Rho GDI forms a complex with the GDP-bound inactive
form of the Rho GTPases and hinders their activation (236). Rho GDI contains an ERM-
interacting domain at residues 391462 (234) that directly binds the N-terminal FERM domain
(amino acids 1-280) of ERM proteins (234). Binding of Rho GDI to ERM proteins prevents its
interaction with Rho GTPases and markedly enhances the activity of RhoA, Racl, and Cdc42
(234, 236-239).

1.5.4. ERM protein functions in physiology and pathophysiology

1.5.4.1. Cellular development and differentiation

ERM proteins are involved in asymmetric orientation and localization of the cytoskeleton, key
step to the establishment of cell polarity. For example, moesin deficiency in the Drosophila

melanogaster oocytes results in severe anterior-posterior polarity defects (240, 241). During
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epithelial lumen formation ERM proteins are required to form initial cell-cell contacts. They then
re-localize to the apical surface where they are crucial in the assembly of actin-rich apical
structures. In Caenorhabditis elegans embryos, ERM-1 re-localizes from adherens junctions to
the apical surface of differentiating excretory canal epithelium, and its deletion causes cyst-like
structures implying defective lumen formation (212, 242).

In Drosophila melanogaster mutant ezrin without a C-terminal actin binding site results in
epithelial adherens junction defects (243) and mutation of ezrin at the conserved C-terminal
T567 prevents the formation of E-cadherin-mediated cell-cell contacts during blastocyst
formation in mice (244-246). Late in development of Drosophila melanogaster epithelia, loss-of-
function moesin mutants exhibit disruption in morphology and epithelial integrity (247, 248). In
mice, ezrin is the only ERM expressed in intestinal epithelium (197) and in mouse embryos,
ezrin is localized at cell-cell junctions before moving to the apical surface as polarity is
established (242, 244). In fully differentiated epithelium, the majority of ezrin is localized at the
apical surface whereas a small fraction is present at cell-cell contacts (249). Ezrin-deficient mice
die soon after birth because of intestinal epithelial defects including a disorganized terminal web,
microvilli, and adhesion complexes (250). In the inner ear, radixin is essential for the formation
of apical actin-based stereocilia and radixin deficiency causes deafness due to progressive
degeneration of cochlear stereocilia (251).

1.5.4.2. Cell migration

Epithelial cell migration involves cell-cell contact dissociation, followed by extension of
membrane protrusions, and ERM proteins play a role in these processes. For instance, following
HGF stimulation, ezrin is rapidly recruited to the lateral membrane as well as to the leading edge

of migrating epithelial cells where it controls actin polymerization (249, 252). Also, upon
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phorbol-ester stimulation, protein kinase C (PKC) phosphorylates and activates ezrin it to be
involved in PKC-induced cell migration (219). Moreover, PKC also phosphorylates the
transmembrane receptor CD44 modulating its interaction with ezrin and CD44-dependent
directional cell motility (253). Hence, phosphorylation of ERM proteins recruits regulators of
actin polymerization to facilitate cell migration.

1.5.4.3. Tumor metastasis

Even though ERM protein localization to the apical domain of polarized, differentiated epithelial
cells is characteristic for epithelial cell differentiation, it turns out that ERM proteins, together
with some of the membrane-spanning proteins are also involved in tumor cell mobility and
metastasis. For example, in osteosarcomas in humans and mice and in rhabdomyosarcomas
increased ezrin expression is associated with tumor metastasis (254, 255). Association of ezrin
with CD44, a co-receptor for the hepatocyte growth factor receptor “MET”, also promotes tumor
metastasis (256, 257), and the ezrin-associated transmembrane sialoprotein podocalyxin can
disrupt the cell-cell adhesion between MDCK cells to promote cell motility (258). Increased
expression of radixin and moesin as well as enhanced ezrin phosphorylation were observed in
protein profiles of pancreatic cancers with lymph node metastasis but not in those of pancreatic
cancers without lymph node metastasis (212). Increased moesin gene expression was observed in
patients with head and neck squamous cell carcinoma patients among other upregulated proteins
(259). In a breast tumor xenograft mouse model, inhibition of ezrin activity prevented pulmonary
metastasis (260). A mechanism involving an ezrin/Fes kinase interaction that stimulates
HGF/Met /Src mediated cell scattering is thought to be one of the mechanisms for this tumor-
related activity of ezrin (261) (249, 261). A tissue array-based immunohistochemical study

showed that ezrin localizes at the apical domain of a polarized healthy breast epithelial cell but in
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invasive breast carcinomas, ezrin moves to the cytoplasm or the membrane in a non-polarized
fashion and is linked with significant lymph node metastasis, indicating that unusual cellular
localization of ERM proteins might lead to the deregulation of several functions in tumor cells
(262). Therefore, the loss of apical ERM localization may lead to an invasive phenotype. The
relocation of ERM proteins from the plasma membrane to the cytoplasm could also change
signal transduction by growth factors or perturb the anchoring of membrane receptors and
adhesion molecules. Therefore, ERM mislocalization is one of the features of tumor metastasis.
1.5.5. ERM protein function in podocytes

Ezrin is highly expressed and localized at the apical membrane of podocyte foot processes(88,
184, 194, 233). In cultured podocytes ezrin was observed predominantly at the plasma
membrane and in filopodia (263). Moreover, in wild-type mouse glomeruli, ezrin was mainly
observed in the apical membrane of podocyte foot processes (184) and did not merge with
podocyte markers synaptopodin or podocin (264). Ezrin is expressed in developing and mature
podocytes, and its localization changes in response to podocyte injury (263). In podocytes, ezrin
forms a complex with the transmembrane sialoglycoprotein podocalyxin (184) and the
ezrin/podocalyxin complex is essential for the maintenance of podocyte foot processes. While
NHERF2 was shown to link ezrin and podocalyxin at the apical domain of podocyte foot
processes (233), NHERF2 deletion in mice did not show any noticeable renal defects (265).
Proteomic profiling of glomeruli identified ezrin and NHERF2 as two down-regulated proteins
in the streptozotocin model of diabetes. Podocyte ezrin expression was also reduced in diabetic
patients, and ezrin knockdown in cultured human podocytes decreased insulin-stimulated actin
reorganization and enhanced glucose uptake (266) suggesting that ezrin downregulation could

play a role in podocyte abnormalities due to diabetes. Conditional knockout of the dicer allele to
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disrupt MicroRNA-192 in podocytes altered ezrin and moesin expression leading to cytoskeletal
disorganization and dedifferentiation with progressive glomerulonephritis (267). However,
podocyte-specific ezrin deletion in mice was not observed to change glomerular function or
podocyte morphology and had a protective effect against glomerular injury through suppression
of podocyte Racl activity (160).

Ezrin is also highly expressed in proximal tubules (194) where it plays a significant role in solute
reabsorption by regulating the apical membrane localization of several transporters (268). In
proximal tubules NHERF]1 links ezrin to several ion transporters (162, 268). In ezrin-deficient
mice proximal tubule phosphate reabsorption is blunted, resulting in hypophosphatemia (268).
Ezrin overexpression and ezrin Tyr353 phosphorylation trigger the PI3K/PI4,5P»/Akt cell
survival pathway and promote renal tubular epithelial cells proliferation (269-272), while
hyperglycemia inhibits ezrin expression and Tyr 353 phosphorylation and exposes renal tubular
epithelial cells to apoptotic stress (269, 271).

1.5.6. ERM proteins regulate Rho GTPases activity

Rho GDI inhibits Rho GTPase activation. The N-terminal domain of ERM proteins directly
binds and sequesters Rho GDI (ARHGDIA) in podocytes enhancing GTP loading of Racl (158,
160, 273). In Rho-GDIa knockout mice, Racl hyperactivation in podocytes was associated with
severe proteinuria (153). Suppression of ezrin expression and transfection of the constitutively
inactive mutant of ezrin (T567A) also reduced Racl activity. Conversely, Racl activity
increased when constitutively active ezrin (T567D) or the ezrin N-terminal FERM domain were
overexpressed. These results are consistent with a previous study by Takahashi et al. (234) who
reported that the N-terminal domain of ERM proteins plays an important role in Racl activation

and the findings support theory that the activated form of ezrin plays an important role in the
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regulation of podocyte morphology through Racl activation.

ERM proteins also interact with the Rho-GEFs (273). The active form of both, radixin and ezrin
can bind the Rho-GEF Dbl via the FERM domain and Dbl prompted ezrin translocation to the
plasma membrane through a mechanism that does not require phosphorylation of its C-terminus
(273). In ezrin knockout mice glomerular RhoA activity increased and Racl activity was blunted
relative to wild type controls, without effect on Cdc42 (160). In the models of Adriamycin and
LPS nephropathy in mice, ezrin deletion was protective with higher RhoA and lower Racl
activities (160), implying that down-regulation of Racl activity and up-regulation of RhoA
activity confer a protective effect in the presence of podocyte injury. The association of ezrin
with CD44, podocalyxin, and podoplanin can also regulate of RhoA activity positively or
negatively (274, 275). RhoA activation, in turn, has been linked both positively and negatively to
junctional stability, cell motility and tumour invasion, suggesting that context-dependency
dictates the cellular outcome of RhoA activity (276).

1.5.7. The ezrin/podocalyxin/NHERF2 complex in the renal podocytes

1.5.7.1. Podocalyxin is a major transmembrane protein of podocytes

Podocalyxin belongs to the CD34 family of cell membrane-associated epithelial mucin-like
glycoproteins. Podocalyxin was initially discovered in renal podocytes, but it is also abundantly
expressed by endothelial cells, mesothelial cells, platelets, hematopoietic stem cells, neuronal
cells, thrombocytes, megakaryocytes, and a variety of tumor cells (64, 277-283). Podocalyxin
expression induces cellular morphological changes including actin recruitment, cell junction re-
distribution, disruption of adhesion complexes and the formation of microvilli or foot processes

(281). Podocalyxin expression is also upregulated in metastatic tumor cells (284).
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1.5.7.2. Ezrin/podocalyxin/NHERF2 complex forms at the plasma membrane of podocytes

Podocalyxin has N-terminal extracellular mucin domain that is extensively O-glycosylated and
sialylated, followed by several sites of N-glycosylation, a cysteine-containing globular domain, a
juxtamembrane stalk, a single transmembrane domain, and an intracellular domain with
phosphorylation sites and a C-terminal DTHL (aspartic acid, threonine, histidine, leucine)
sequence for interaction with PDZ domains (88, 258). Sialylation of the podocalyxin
extracellular domain confers the high net negative charge (64) resulting in anti-adhesive
properties that maintain separation of adjoining foot processes keeping glomerular filtration slit
open (285). Together with the filtration slit diaphragm, the negative charge density of
podocalyxin also contributes to the albumin filtration barrier function of glomerular capillaries
(64, 286, 287). The extreme C-terminal cytoplasmic DTHL sequence (PDZ-binding motif) of
podocalxyin interacts directly with the ezrin FERM domain and with NHERF1 and NHERF?2 at
the apical domain of podocyte foot processes. NHERF1 and NHERF-2 are scaffolding proteins
that connect plasma membrane proteins with the ERM family of proteins and thus help to link
them to the actin cytoskeleton. Double immunogold labeling of ultrathin cryosections from rat
kidney showed that ezrin and podocalyxin are localized to the apical plasma membrane of foot
processes above the slit diaphragms (184) and can be ezrin co-immunoprecipitated with
podocalyxin from glomerular detergent-extracts (88). In cultured cells, the ezrin/podocalyxin
association was not disrupted by actin-depolymerizing agents cytochalasin D or latrunculin B
suggesting that the interaction between them is not dependent on polymerized actin filaments
(288). The C-terminal cytoplasmic domain of podocalyxin also binds the PDZ2 domain of
NHERF2, which, in turn, binds the ezrin N-terminus (289). Therefore, in podocytes, ezrin

couples podocalyxin directly and indirectly, via NHERF2, to actin (88). Phosphorylation of ezrin
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at Thr567 is required for formation of the ezrin/podocalyxin/NHERF2 complex and its coupling
to the actin cytoskeleton (217).

1.5.7.3. Podocalyxin also involves in regulating Rho GTPase activity

In MDCK cells, podocalyxin knockdown reduced Racl activity and its overexpression in human
embryonic kidney (HEK293) cells up-regulated Racl activity. These changes were attributed to
a podocalyxin-dependent association of ARHGEF7 with the ezrin-podocalyxin-NHERF2
complex (149). In HEK293 cells, full-length podocalyxin also activated Racl, but constructs
lacking the cytoplasmic domain or C-terminal PDZ binding motif did not. A construct
expressing the C-terminal PDZ binding motif of podocalyxin fused to full-length NHERF1
restored full activation of Racl. It turns out that the first PDZ domain of NHERF2 recruits a
Racl GEF while the second PDZ domain of NHERF2 binds to podocalyxin (149). Several Racl
GEF candidates possess a PDZ binding motif that fits favourably into the PDZ domain of
NHERF2, among them Tiam-1 (tumor invasion and metastasis), ARHGEF7, known as the p21-
activated protein kinase exchange factor beta (B-Pix) (290), FGDS5, a Racl-specific GEF, FGD6,
a Cdc42-specific GEF, PLEKHG6, a Rho G-specific GEF that interacts with ezrin, KALRN,
which conveys the signal from Arf6 to Rac and finally FLJ10357 GEF, a Rho G and Racl-
specific GEF (149). Among the candidate Rho GEFs, only GST-fusion constructs of ARHGEF7
strongly interacted with NHERF2 (149). Therefore, binding of NHERF2 to podocalyxin via its
second PDZ domain facilitates anchoring NHERF2 to the plasma membrane exerting dual

regulatory roles by removing the inhibitory RhoGDI and recruiting ARHGEF7 (149).
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1.5.7.4. Podocalyxin knockout disturbs podocyte foot process development

Even though systemic podocalyxin knockout mice suffer anuric kidney failure at birth (291),
podocalyxin heterozygous mice exhibit no basal phenotype but they are more vulnerable to the
podocyte toxin puromycin. Puromycin is known to trigger podocyte apoptosis by inducing
endoplasmic reticulum stress (292, 293). Podocalyxin loss disrupted podocyte morphogenesis
and foot process formation in early development in mice and zebrafish (291, 294). Podocyte foot
process effacement is associated with a reduction in the sialic acid content of podocalyxin in
puromycin aminonucleoside (PAN) nephrosis. Treatment of rats with sialidase results in ezrin
dephosphorylation and ezrin uncoupling from actin and neutralization of podocalyxin negative
charges results in dissociation of the podocalyxin/NHERF2/ezrin complex and its association
with actin leading to podocyte foot process effacement and eventually massive proteinuria (291,
295, 296). Interestingly, neutralization of the negative surface charge of podocalyxin with
protamine sulfate resulted in a disruption of the NHERF2/ezrin complex from the cytoplasmic
domain of podocalyxin, leaving the ezrin attached to actin filaments (88). Importantly, in
podocytes of CLICS deficient mice the podocalyxin/ezrin/actin complex is disrupted (85, 89,
297), making CLICS protein a critical molecule necessary in maintaining podocyte foot process
structural integrity.

1.5.7.5. Podocalyxin upregulation in cancer

Although podocalyxin is critical for maintenance of the structure of terminally differentiated
podocytes, its expression is upregulated in many tumors and it is involved in tumor metastasis
(284). The podocalyxin gene can exhibit a high frequency of missense mutations and in-frame
deletions, which are associated with an increased risk of developing more aggressive prostate

cancer (298). In breast and prostate epithelial cells podocalyxin functions through an ezrin-
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dependent pathway (299) and possibly also NHERF1 (300-303). An anti-podocalyxin antibody
PODOS3 delays primary tumor growth in murine tumor models and prevents metastasis to the
lung (284). Importantly, in undifferentiated cells, including cultured podocytes and tumors,
podocalyxin and ezrin localize to the basal domain, reducing cell-matrix adhesion and enhancing
cell motility (149, 304, 305) (306-308) (309). During polarization, redistribution of podocalyxin
from the basal domain to the apical domain is initiated by its dissociation from ezrin,
internalization of podocalyxin in vesicles (310), which then fuse with the apical plasma
membrane, followed by re-association of podocalyxin with ezrin. Therefore, podocalyxin is
considered a potential target for monoclonal antibody therapy to inhibit primary tumor growth
and metastasis. Since the podocalyxin/ezrin complex is so important for podocyte function, it
might be anticipated that such treatment could have side effects by disrupting the glomerular
filtration barrier.

1.6. Chloride intracellular channel proteins (CLICs)

The CLIC gene family consists of six genes (CLIC1-CLIC6) in mammals. They encode proteins
that belong to a subgroup of the glutathione-S-transferase (GSTs) superfamily (311). CLIC
proteins have been described in all animal species and even in plants (312). Drosophila
melanogaster has a single CLIC-like protein “DmCLIC” (313), while the nematode
Caenorhabditis elegans has two CLIC-like proteins, Exc-4 and ExI-1(314, 315). In vertebrates,
six CLIC paralogues have arisen from a single CLIC ancestor gene (316).

1.6.1. Discovery of the first CLIC protein: p64

Chloride channels are found in plasma membranes and in membranes of intracellular organelles
such as the Golgi, endosomes, and lysosomes. In intracellular organelles chloride channels

function parallel to H™-ATPase, which together control in intra-organelle pH and their membrane
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potential (317, 318). Searching for CI" channels, Landry et al. (319) identified indanyloxyacetic
acids IAA-94 and TAA32 as CI™ channel inhibitors and then purified a 64-kDa protein using an
IAA-32 affinity matrix eluted with IAA-94 (320). Interestingly, the partially purified protein
mixture contained another highly enriched 27-kDa protein postulated to be a CI™ channel
isoform, (320) which very likely was CLIC5A. Reconstitution of these two proteins into artificial
lipid bilayers produced a Cl™ conductance (320) and incorporation into proteoliposomes
conferred a ClI” permeability that was abolished by anti-p64 antibodies (321). Also, p64
expression in cells induced anion currents (322). The fact that p64 protein was captured by a Cl™
channel inhibitor, that an antibody raised against it inhibited Cl” flux and that an anion current
was induced in cells expressing p64 led to the conclusion that p64 might be an essential
component of vacuolar and membrane Cl™ channels (323). The p64 cDNA sequence was cloned
by the Al Awqati and Edwards labs (321, 324), and other CLIC family members were
subsequently cloned and sequenced. The p64 protein is now known as CLIC5B and was the first
identified member of the “chloride intracellular channel” (CLIC) protein family. The CLIC5
gene is now known to produce two CLICS isoforms, CLIC5A and CLIC5B, through alternative
use of exons 1A or exon 1B.

1.6.2. CLIC protein structure

Sequence alignments for the CLIC5A, CLIC4 and CLIC1 proteins are shown in Appendix 2.
CLIC proteins all contain a conserved ~240 residue “CLIC” module that consists of an N-
terminal thioredoxin fold, a short linker sequence, followed by a largely a-helical C-terminus.
The thioredoxin-like domain contains a short hydrophobic region postulated by some
investigators to be a membrane-spanning domain. The a-helical C-terminus contains a nuclear

localization signal. The CLIC module adopts a GST superfamily fold structure (325, 326). Like
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the omega class of GSTs, CLICs contain an elongated groove between N- and C-terminal
domains (325). Glutathione (GSH) is an extremely abundant low molecular-weight thiol that
maintains redox homeostasis and protects cells from oxidative damage and from toxicity of
xenobiotic electrophiles. The omega GSTs possesses a monothiol G-site [Cys-Pro-Phe-Ala] that
binds GSH with high affinity (327). While an active site Cys is highly conserved in all CLIC
proteins, they actually have a low affinity for glutathione, and their GSH-binding site is thought
to be important in targeting the CLIC to specific subcellular locations (325). The elongated
groove of CLIC proteins could potentially interact with proteins distinct from GST substrates
and serving as a binding site for its protein partners.

Two of the CLIC proteins, namely CLIC5B and CLIC6 (aka parchorin) also contain very long
N-termini in addition to the conserved CLIC module. The crystal structures of these N-terminal

extensions have not been defined so far.
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Figure 1.8: The mammalian CLIC family and schematic structure. (Reproduced with
permission, Argenzio and Moolenaar (2016). Emerging biological roles of CI intracellular
channel proteins. J Cell Sci. 129(22): 4165-4174). A. Phylogenetic tree of the mammalian CLIC
proteins based on sequence homology. The branch length is proportional to the number of
substitutions per site. CLIC1-CLIC5A proteins are 236253 amino acids (aa) in length. CLIC®6 is
different in that it is much larger (704 aa). B. General structure of CLICs domains. The N-
terminal thioredoxin-like domain and the C-terminal a-helical domains of human CLICs are
shown in light and dark blue, respectively. The thioredoxin-like domain has a hypothetical
transmembrane region (light gray), and the a-helical domain has a nuclear localization signal
(dark gray). The red asterisk indicates the reactive Cys residue (Cys32 in CLIC5A, Cys35 in

CLIC4). The horizontal bar indicates the number of amino acids.
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1.6.3. Potential molecular mechanisms of CLIC proteins

1.6.3.1. Influence of CLICs on chloride conductance and chloride channel activity

The initial identification of p64/CLICS5B as a potential Cl” channel led to many publications that
tested the effect of CLIC proteins on CI" movement across lipid membranes. The results are
mixed and are summarized here. When CLIC1 was incorporated into planar lipid bilayers, it
induced a voltage-dependent anion conductance inhibited by IAA-94, and reconstitution of
CLIC1 into K'-loaded phospholipid vesicles produced CI efflux in the presence of the K*
ionophore valinomycin (328). Similarly, CLIC1 was reported to insert spontaneously into
preformed lipid membranes allowing anion flux inhibited by IAA-94, N-ethylmaleimide,
glutathione, inactivated by heat, and sensitive to pH and membrane lipid composition (329).
Also, recombinant, purified CLIC1 partitioned from the aqueous phase into artificial lipid
bilayers resulting in pH-dependent CI” flux (330). CLIC1-induced plasma membrane CI" channel
activity was also observed in Chinese hamster ovary (CHO) cells (331, 332). Interestingly,
CLIC1 oxidation resulted in its dimerization and produced significantly greater Cl” flux in
vesicles and artificial bilayers compared to CLIC1 monomer, and a reducing environment
prevented the formation of CI channel activity (333). However, others found that although
recombinant, purified CLIC1 auto-inserted readily into lipid bilayers, it failed to form well-
defined ion channels in the presence of phosphatidylcholine and/or phosphatidylethanolamine,
with or without 1 mM DTT or 10-100 uM H20: (334).

CLIC2 also induced a Cl" conductance when inserted into an artificial lipid bilayers in vitro
(335), but compared to the PECAM transmembrane protein (336), CLIC2 was observed in the
cytoplasm and not as a transmembrane protein (337) implying that CLIC2 does not function as a

CI" channel in the plasma membrane. Under oxidative conditions and at low pH, recombinant
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CLIC1, CLIC2, and CLIC4 overexpression all stimulated poorly selective anion flux across
artificial membranes, (316, 338). Kawai et al. (339) observed that CLIC3 localizes to the plasma
membrane of gastric cancer cells, and patch-clamp experiments demonstrated that endogenous
and exogenously expressed CLIC3 induced a Cl™ conductance. Similarly, exogenous expression
of CLIC3 in LTK fibroblasts induced a CI™ conductance (340). When CLIC4 was mixed with
K"-loaded liposomes, the potassium ionophore valinomycin triggered CLIC4-dependent CI
efflux(341), and CLIC4 induced a Cl" conductance when added to artificial lipid bilayers in vitro
(342, 343). Also, patch—clamp analysis of cells expressing exogenous CLIC4 showed increased
CI" channel activity compared to control cells not transfected with CLIC4, findings that were
interpreted to suggest that CLIC4 may be a pore-forming protein or an accessory protein closely
associated with channels (344). The CI" efflux rate from CLIC5A-containing vesicles was also
significantly greater than that from control vesicles (345). However, when purified, recombinant
CLIC5A was incorporated into planar lipid bilayers, CLIC5A produced multiconductance
channels that were equally permeable to Na*, K", and CI". The effect of CLIC5A was strongly
and reversibly inhibited by F-actin. CLIC1 and CLIC4 similarly induced non-specific ion
conductance but only CLIC1 and not CLIC4 was sensitive to F-actin (342, 343). P64/CLIC5B
knockdown caused defects in microsome acidification, and Src-family tyrosine kinases (c-Src)
phosphorylate CLIC5B activating Cl™ influx (346). Overexpressed CLIC5B in cultured cells
produced a C1” conductance in whole-cell membrane preparations (322, 346). However, CLIC5B
was not at the plasma membrane when expressed in Xenopus oocytes (321) suggesting that it is
unlike typical CI” channels. CLIC6, also known as parchorin, was reported to trigger Cl efflux
from LLC-PK1 cells, and although GFP-tagged CLIC6 was mainly cytosolic, it moved to the

plasma membrane when Cl” ion efflux was induced (347). By contrast, when the intracellular C1
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concentration was monitored with the Cl-sensitive fluorophore @MQAE (N-
ethoxycarbonylmethyl-6-methoxy-quinolinium bromide) in CHO cells, the presence of CLIC6
had no effect on intracellular CI" concentrations (348). CLIC6 appears to form a multimeric
complex with G-protein coupled receptors in water and hormone-secreting cells (348). CLIC6
overexpression in Xenopus oocyte and rat CHO cells did not enhance CI” efflux as observed from
the voltage clamp studies (348, 349).

Therefore, there is abundant evidence that CLICs can induce redox and pH-sensitive currents in
planar bilayers (330, 334, 350, 351), and that they can influence ion channel activity in cells.
However, definitive studies that these proteins can form true CI” selective channels in vivo are
lacking.

1.6.3.2. Findings not consistent with CLICs chloride channel activity

The crystal structure of several CLICs has been solved (325, 333, 335, 341, 352, 353). CLICs are
globular proteins that can take on multiple folds. However, unlike bona fide CI” channels, they
lack multiple membrane spanning domains that would be required to form ion-selective pores.
Experts have therefore ruled out the possibility that CLICs are true CI” channels (354, 355). It
has been argued that the putative single hydrophobic domain of CLICs could form a channel, but
that the pore would be a primitive structure (350) since functional channels should have a
minimum of four subunits. Furthermore, CLICs do not contain a signal peptide sequence, usually
required to for membrane-spanning proteins. There also is biological evidence indicating that
CLICs are not true ion channels. For instance, lack of CLIC1 paradoxically leads to increased
plasma membrane Cl” permeability in resting macrophages (356). Also, IAA-94, A9C, and DIDS
are well-known CI" channel blockers. Electrophysiological investigations revealed that IAA-94

and A9C can block CLICI ion conductance in cells, but DIDS cannot (355, 357). To explain
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experimental findings that CLICs can changes in Cl™ ion conductance, it has been postulated that
CLICs might associate with, and activate endogenous ion channels (316). There also is strong
evidence that other purified proteins known not be channels can induce non-specific ion currents
in artificial membranes, among them amyloid peptides, and transferrin (358-361). CLICs are also
unique in comparison to other ion channels in that they are dimorphic, and can exist in
membrane-associated as well as cytosolic or soluble forms (338). In the cytosol, they interact
with cytoskeletal filaments and other cytosolic proteins. These interactions with cytoskeletal
filaments could be responsible for their functional effects (342, 362-364). How a soluble
cytoplasmic protein might unfold, undergo a major structural change, and then insert into the
membrane to form a functional ion-selective channel has not been explained (364-369).

1.6.3.3. CLIC proteins show glutathione-dependent oxidoreductase activity in vitro

Al Khamici et al. (370) measured CLIC enzymatic activity using 2-hydroxyethyl disulphide
(HEDS), a specific and sensitive substrate used to assay glutaredoxin enzyme activity. They
observed that CLIC1, CLIC2, and CLIC4 proteins all reduced the HEDS substrate when coupled
with glutathione (GSH) and glutathione reductase (GR) in the presence of NADPH, though
CLIC2 was less active than CLIC1 and CLIC4. Thioredoxins (Trx) are mostly maintained in a
reduced state by accepting protons from NADPH via the enzyme Trx reductase. No
oxidoreductase activity was observed for CLIC1, CLIC2, and CLIC4 when they were assayed in
the presence of Trx reductase instead of glutathione reductase, indicating that they are not
substrates for thioredoxin.

Cys24 is the monothiol residue within the CLICI1 enzyme active site. To determine whether
Cys24 is the key cysteine residue responsible for CLIC1 oxidoreductase activity, wild type

CLICI1, and CLIC1 mutated to alanine (C24A) or serine (C24S) were tested in the HEDS assay.
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Wild type CLIC1 showed oxidoreductase activity but the Cys24 mutants C24A and C24S did
not. Therefore, CLICs not only exhibit glutaredoxin-like oxidoreductase activity in vitro but the

structural elements required for catalytic activities were also identified(370).

Grx-1 --———-—————————————= MAQEFVNCKIQPGKVVVF IK-—-—-——-—-—-= PTCPYCRRAQEI 32
Grx-2 E----SNTSSSLENLAT---APVNQIQETISDNCVVIFSK-—--—-—-—---— TSCSYCTMAKKL 86
Grx-3 DIIKELEASEELDTICPKAPKLEERLKVLTNKASVMLFMKGNKQE---AKCGFCKQILEI 270
GST-Q SA------- RSLG--=-=-——-- KGSAPPGPVPEG-—-————-~— SIRIYSMRFCPFAERTRLV 41
CLICl --—-———-——=————————————————— MAEEQPQVELFVKAGSDGAKIGNCPESQRLEMV 33
CLIC2 =—===—=——e——— e —————] MSGLRPGTQVDPE IELFVKAGSDGE SIGNCPFCQRLFMI 39
CLIC3 —-——-————————————————————————————— KLOLFVKASEDGE SVGHCPSCQRLFMV 48
CLIC4 ALS--M---———--——-——--——- PINGLKEEDKEPLIELFVKAGSDGESIGNCPFSQRLFMI 44
CLICS5 T--—-—--—-—————————————- DSATANGDDSDPE IELFVKAGIDGE SIGNCPFSQRLEFMI 41
CLIC6 AAR--VNGRREDG-—----—-—-— EASEPRALGQEHDITLFVKAGYDGESIGNCPFSQRLFMI 478

Figure 1.9: The CLIC glutaredoxin (Grx)/thioredoxin active site motif (highlighted in grey).
(Reproduced with permission, Al Khamici H, Brown LJ, Hossain KR, Hudson AL, Sinclair-
Burton AA, Ng JPM, et al. (2015). Members of the chloride intracellular ion channel protein
family demonstrate glutaredoxin-like enzymatic activity. PLoS ONE 10(1): el115699.
https://doi.org/10.1371/journal.pone.0115699). Multiple sequence alignment obtained from
ClustalW using Grx1, Grx2, Grx3, GST-omega and, and human CLIC 1-6 proteins are shown.
CLIC1, CLIC4, CLICS and CLIC6 all contain the monothiol active site motif [Cys-X-X-Ser],
while CLIC2 and CLIC3 contain the dithiol motif [Cys-X-X-Cys](325). Accession numbers:
Grx-1 (BAAO4769), Grx-2 (AAK83089) and Grx-3 (AAH0528289), GST-omega (AAF73376),
CLIC1 (CAG46868), CLIC2 (CAG03948), CLIC3 (CAG46863.1), CLIC4 (CAG38532), CLICS
(AAF66928), CLIC6 (NP_444507).
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1.6.4. Potential cellular functions of CLIC proteins

1.6.4.1. CLIC1

CLIC1 also termed the nuclear chloride channel-27 (NCC27), was first cloned from the human
myelomonocytic cell line U937 (371). CLIC1 was originally observed in the cell nuclei (371) but
also localizes to the cytoplasm, nucleoplasm, and plasma membrane. CLIC1 expresses
ubiquitously in many cells. It is enriched in the brush border of renal proximal tubule cells,
macrophages, at the apical domain of epithelia including the luminal and glandular epithelium of
human endometrium, pancreatic ducts, colon, glandular stomach, small intestine, bile ducts,
airway, and epididymis (372, 373). Even though CLIC1 expresses highly in numerous epithelial
cells with a diverse function; it is not necessary for morphogenesis, development, or
reproduction in CLIC1 null mice. However, the absence of CLIC1 produced less reactive oxygen
species that resulted in less acute kidney and pancreas injury in mice. Peritoneal macrophages
from CLICI deficient mice generated reduced superoxide in response to phorbol ester (phorbol-
12-myristate-13-acetate), whilst CLIC1 null peritoneal neutrophils show increased superoxide
generation. Global deletion of the CLIC1 gene mildly affects platelet function and inhibits
clotting phenotypes (374). CLIC1 global deletion also compromised phagosome acidification in
macrophages and dendritic cells (375, 376). CLICI is recruited to the phagosomal membranes
where it colocalizes with ERM proteins, Rac2, and RhoA during phagocytosis in macrophages
(376). It might be possible that CLIC1 membrane association is mediated by Rac2 and/or RhoA,
causing ERM protein activation via the PI4,5P; cluster generation on the cytoplasmic side of the
phagosomal lipid membrane. Therefore, CLIC1 membrane association might require the
function of Rho GTPases in the context of ERM protein complexes. CLIC1 expression and

activity is upregulated during the cell cycle and the IAA-94 CI" channel inhibitor causes arrest of
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the cell cycle (332). CLIC1 is expressed in endothelial cells and necessary for cultured
endothelial cell growth and sprouting morphogenesis (377). CLIC1 knockdown caused
decreased cell proliferation, migration, and lumen formation (377). Genetic deletion of CLIC1 in
mice does not affect their viability but does result in vascular defects (378). In microglial cells
from Alzheimer's patients, CLIC1 moved from the cytoplasm to the plasma membrane in
response to brain B-amyloid protein stimulation along with CI” channel activity (351). The
absence of CLIC]1 protects from induced arthritis where macrophages also play a vital function
(376). During angiogenesis in response to hypoxia in CLIC4"" mice, CLIC1 was upregulated
threefold and potentially compensates for the absence of CLIC4 expression (379).

1.6.4.2. CLIC2

CLIC2 (XAP121) was identified while mapping transcripts from the chromosome Xq28
telomere (322, 380). It is the least studied CLIC protein, partly due to its absence in the murine
genome. In human male children CLIC2 gene deficiency or duplication results in developmental
disability, mental retardation, and epilepsy (380-382). CLIC2 is highly expressed in skeletal and
cardiac muscle where it localizes to the membrane of sarcoplasmic reticulum. In cardiac muscle
CLIC2 interacts with ryanodine receptors 1 and 2 (RyR1 and RyR?2), the main calcium-release
channels of sarcoplasmic reticulum, amplifying intracellular Ca*" signals in a redox-sensitive
fashion (383). Mutant CLIC2-mediated hyperactivation of RyR1 and RyR2 and enhanced post-
synaptic neurotransmitter release are associated with intellectual disability, atrial fibrillation,
cardiomegaly, congestive heart failure, and seizures (384) A CLIC2 H101Q variant is similarly
associated with developmental disabilities, epilepsy, and heart failure (385), the H101 residue

being located in the joint loop structure of CLIC2 (335).
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CLIC2 is also expressed in endothelial cells, where it co-localizes with platelet endothelial cell
adhesion molecule 1 (PECAMI1 aka CD31), which facilitates homophilic cell-cell interactions.
CLIC2 also co-localizes with claudin 1 and other tight junction proteins including claudin 5, ZO-
1 and occludin in non-tumor endothelial cells (336). Endothelial tight junction proteins regulate
endothelial permeability (386, 387) and block cancer and other cells from migrating into the
circulation (388). A substantial decrease claudins 1, 5, occludin, and ZO-1 as well as CLIC2 in
endothelial cells of tumor blood vessels has been reported (388-390). CLIC2 may also be
secreted extracellularly to bind and inactivate matrix metalloproteinase 14 (MMP14), inhibiting
of MMP14-mediated extracellular matrix degradation, which would protect tight- and adherent
junctions between endothelial cells which would tend to block metastasis of tumor cells (336,
391). CLIC2 knockdown in human umbilical vein endothelial cells (HUVECSs) increased the
fetal bovine serum-induced transmigration of human cancer cells through a HUVEC monolayer
(336). Together, the findings suggest that CLIC2 plays a role in endothelial cell-cell interactions,
maintaining the barrier between blood and tissues. In tumor endothelial cells, the lack of tight
junctions may allow hematogenous spread of cancer cells during metastasis.

1.6.4.3. CLIC3

CLIC3 was initially identified as a binding partner with the COOH-terminal tail of extracellular
signal-regulated kinase7 (ERK7) by yeast two-hybrid screen (340). Northern blot analysis
showed that CLIC3 highly expresses in the placenta and less in the heart and lung, while kidney,
pancreas, and skeletal muscle have minimal expression (340, 347). In A2780 human ovarian
cancer cells, African green monkey cell lines COS-7 and CV-1, CLIC3 localizes to nuclei,
lysosomes and endosomes (320, 347). Kawai et al. (339) showed that CLIC3 knockdown in

MKN7 gastric cancer cells significantly augmented cell proliferation. Conversely, proliferation
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was attenuated by the expression of exogenous CLIC3 in CLIC3 deficient KATOIII and NUGC-
4 human gastric cancer cells. In a low CI™ medium, gastric cancer cells (MKN28) and prostate
cancer cells (PC3) exhibit a decrease in intracellular C1™ concentration and attenuated cancer cell
proliferation with GO/G1 arrest (392, 393). It was postulated that changes in the CLIC3
expression may disrupt intracellular CI” homeostasis in gastric cancer cells, leading to increased
cancer cell growth. However, the mechanism of regulation of CLIC3 expression in gastric cancer
cells is yet to be understood.

CLIC3 silencing in a human ovarian cancer cell line (A2780) stably expressing either Rab25
(A2780-Rab25) GTPase or a control vector (A2780-DNA3) decreases migration relative to
control cells and diminished invasiveness of Rab25 expressing A2780 cells into Matrigel(394),
signifying a potential role of CLIC3 in tumor metastasis. The expression of CLIC3 mRNA in
bladder cancer tissues was found to be significantly higher than that in normal tissues. The cell
cycle, focal adhesion, the extracellular matrix receptor interaction, and the p53 signaling
pathway were significantly enriched in the high CLIC3 mRNA expression phenotype indicating
that CLIC3 might be significantly associated with cell cycle, focal adhesion, the extracellular
matrix receptor interaction and the p53 tumor suppressing signaling pathway (395).

CLIC3 is also necessary for macrophage activation required for the killing of Listeria
monocytogenes by the formation of anti-intracellular bacterial phagosomes (396). An association
of CLIC3 with pregnancy disorders such as fetal growth restriction and pre-eclampsia has also
been observed (397). CLIC3 localizes to the syncytiotrophoblast and villous cytotrophoblast
cells in the human placenta beginning in the first trimester and in term pregnancies. In Rab25
GTPase-expressing cells, CLIC3 up-regulation causes endosome acidification, a process

necessary for recycling a5B1 integrin-containing endosomes to the plasma membrane (394).
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Additionally, CLIC3 is essential for phagosome-lysosome fusion, a process that is necessary for
pathogen neutralization (396). Microarray analysis showed that changes in CLIC3 expression
might affect the membrane potential, intracellular pH, and cell volume in ischemic
cardiomyopathy patients (398). It seems, therefore, that CLIC3 might be important for cell
proliferation, but the studies so far have not pinpointed its exact mechanism of action.

1.6.4.4. CLIC4

CLIC4 was originally identified as the human homolog of a rat brain protein termed p64H1 (134,
399, 400). CLIC4 is a mammalian homologue of EXC-4 in nematode. Mutation in ECX-4 is
associated with cystic expansion of excretory canals in the nematodes (401). In mammals,
CLIC4 expresses in endothelial cells in the skin, kidney, lung, liver, and brain (402, 403). CLIC4
is highly expressed in the renal glomerular endothelial cells and renal proximal tubule brush
border epithelial cells (372, 401, 402), and in the microvilli of retinal epithelial cells, where it
colocalizes with ezrin (400), and also in human keratinocytes (404). Localization of CLIC4 in
the cytoplasm, at the nuclear membrane, the inner mitochondrial membrane, and endoplasmic
reticulum has been described (316, 403-405). CLIC4 is also associated with actin-based
membrane projections like membrane ruffles and lamellipodia. CLIC4 interacts with ezrin, actin,
tubulin, and dynamin I (362). Knockdown of CLIC4 in the retinal epithelial cells using CLIC4-
specific siRNA diminished the formation of apical microvilli, similar to the effect of ezrin
deletion (406). CLIC4-null mouse embryos undergo impaired renal tubulogenesis, and in kidney
proximal epithelial cells, CLIC4 is involved in luminal microvillus morphogenesis, and endo-
lysosome development (401).

CLICA4 is highly expressed in all endothelial cells (377, 407) and CLIC4 knockdown in human

umbilical vein endothelial cells (HUVEC) caused decreased cell proliferation, capillary network
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formation, and lumen formation (377). CLIC4 is involved in endothelial cell vacuole
acidification required for lumen formation of developing blood vessel (378). CLIC4 null mice
are viable but they exhibit a reduction in retinal vasculature in neonates (378), and smaller
kidneys with fewer glomeruli (408). These results suggest that CLIC4 is necessary for vascular
development and vascular stress response.

Sphingosine-1-phosphate (S1P) is a bioactive signaling lipid produced in the intracellular
membranes from sphingomyelin metabolism (409). SIP receptors are expressed in endothelial
cells. Once secreted by vascular endothelial cells, SIP binds and activates the S1P receptor
family of G-protein coupled receptors (410), triggering the SIP-S1PR mediated intracellular
signaling that regulates endothelial cell function and vascular development. In endothelial cells,
S1P promotes translocation of CLIC1 and CLIC4 from the cytoplasm to the plasma membrane.
S1P-stimulated Racl and RhoA signaling which lead to endothelial migration, barrier control,
and stress fiber formation were found to be CLIC1 and CLIC4-dependent (411).

CLIC4 is expressed at high levels in various types of cancer cells. CLIC4 expression is
controlled by p53 tumor suppressor protein, tumor necrosis factor (TNF)-a, transforming growth
factor (TGF)-B, and ¢c-MYC proto-oncogene and is expressed during cell differentiation and
DNA damage. Upregulation of CLIC4 is required for p53-induced apoptosis (412). Increased or
reduced CLIC4 expression can induce apoptosis depending on the cell type. In keratinocytes,
CLIC4 upregulation triggers an apoptotic response to an external stimulus (403). CLIC4
expression is elevated in malignant stromal cells and is associated with a worse histopathological
grade of colorectal cancer (413). Therefore, CLIC4 could be a useful biological marker tracking
the progression of histopathological grade of colorectal cancer. Exogenous expression of GFP-

CLIC4 in NIE-115 neuroblastoma cells, followed by stimulation with lysophosphatidic acid,
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thrombin receptor activating peptide, or S1-P, resulted in translocation of CLIC4 from the
cytosol to the plasma membrane. Gal3-dependent RhoA activation acts in this case of CLIC4
translocation to the plasma membrane. Mutation of the CLIC4 at the hydrophobic region blocks
its membrane translocation and NHERF-2 co-localization (414).

In CLIC4 knockout mice, the glomerular endothelial cell (EC) ultrastructure appears normal but
these mice have fewer glomeruli and peritubular capillaries than wild type controls (408). In the
renal proximal tubule epithelial cells, CLIC4 is involved in the formation of the tubule lumen
and apical microvilli, through an effect on actin-dependent endosome function (401).
Knockdown of CLIC4 in cultured glomerular EC using CLIC4-specific siRNA significantly
reduced ERM protein phosphorylation, which was rescued by exogenous expression of CLIC4 or
CLIC5(87). In either CLIC4” or CLIC5” mice, ERM phosphorylation did not decline in
glomerular EC, but phosphorylation of ERM proteins in glomerular EC of dual CLIC4" and
CLIC5™ mice was almost completely eliminated. In dual CLIC4”and CLIC5” mice, glomerular
EC fenestrae density was similar to wild-type controls at 2 months of age but was markedly
decreased at 8 months of age along with a build-up of subendothelial electron-lucent material,
mesangial expansion, and the onset of spontaneous proteinuria (87). The data indicate that both
CLIC5A and CLIC4 stimulate ERM phosphorylation in glomerular EC, the mechanism of which
is important for the maintenance of their structure and function. Furthermore, CLIC4”" mice
showed disrupted apical brush border of proximal tubule epithelial cells and disrupted apical
microvilli. Hence, disrupted apical actin-based cellular projections from as other CLIC proteins

do not compensate for CLIC4 (87, 400, 401).
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1.6.4.5. CLIC6

CLIC6 was first reported in the rabbit and named parchorin (parietal choroid protein). CLICG6 is
the longest among the CLIC proteins. It exists as CLIC6A (704 amino acid residues) and
CLIC6B (687 amino acid residues) isoforms in humans (415, 416). The C-terminal CLIC
domain has high degree of similarity with all other CLIC proteins while the CLIC6 N-terminal
extension is distinct from the CLIC5B N-terminal extension (349). qPCR analysis confirmed that
CLIC6 expresses highly in the lung and brain tissues as compared to other organs (417). In
MDCK and COS-7 cells, overexpressed GFP-CLIC6 localizes in the cytoplasm and the
perinuclear area (349), but a small fraction can redistribute to the apical membrane when cells
are stimulated (418). Exogenously expressed epitope-tagged rat CLIC6 in human kidney cells
was found to be localized to the cytoplasm and the plasma membrane (348), while GFP-tagged
human CLIC6 was localized in the cytoplasm in a diffusive pattern when overexpressed in
different kidney cell lines (349). CLIC6 expresses predominantly in the cytosol but can be
recruited to the apical membrane of rabbit gastric glands when secretion is activated (418).
CLICES is expressed in the pituitary in the posterior lobe and in cells co-expressing the dopamine
receptor (DR) 2 at the border between the intermediate and anterior lobes in the pituitary gland.
The neurotransmitter dopamine mediates its action via DR, particularly the D3R receptor
expressed in the ventral striatum, mammillary bodies, archicerebellum, and the striatal
proliferative subventricular zone of adult rat brain. D3R blocks the formation of cAMP to
regulate ion channel activities and stimulate mitogenesis. In transfected HEK293 cells, CLIC6
and D3R co-localize at the plasma membrane, and they interact directly as observed from the

yeast two-hybrid screen using a rat brain cDNA library (348).
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1.6.4.6. CLIC5B

CLICSB is expressed exclusively in the avian osteoclast and renal proximal tubules (419, 420)
and may be involved in actin-dependent membrane remodeling (420) and bone resorption by
osteoclasts (419, 420). CLIC5B in observed in the osteoclast ruffled membrane and antisense
mediated CLIC5B knockdown caused decreased bone resorption in differentiating osteoclasts.
Intracellular compartment acidification occurs through actions of the vacuolar proton ATPase
acting in parallel with a Cl" conductance (421). CLIC5B knockdown also caused defects in
vacuolar acidification, suggesting decreased CI influx. Src-family tyrosine kinases (c-Src)
phosphorylate CLIC5B in its unique N-terminus and this phosphorylation activates the Cl™ influx
(346). Suppression of c-Src in differentiating osteoclast abolishes the co-localization of CLIC5B
with the H-ATPase (AT54). Exogenously expression of recombinant CLIC5B in cultured cells
can produce chloride conductance in whole-cell membrane preparations and modification of the
protein alters the Cl” conductance (322, 346). However, the CLIC5B protein is not observed at
the plasma membrane when expressed in Xenopus oocytes (319) indicating that CLIC5B does
not resemble typical CI channels.

1.6.4.7. CLIC5A

1.6.4.7.1. Discovery of CLICS isoform A (CLIC5A)

Berryman et al. (422) first identified the 32-kDa chloride intracellular channel 5 isoform A
(CLIC5A) as a distinct polypeptide pulled from detergent soluble placental microvillus extract
through by glutathione-agarose bead immobilized GST-ezrin 556-586. In this pull-down assay,
exogenous actin added to the pull-down mixture enhanced the GST-ezrin 556-586 pull down of
CLICS5A. CLICS5A and actin were found to be the most abundant microvillus proteins that bound

to the immobilized GST-ezrin 556-586. Therefore, CLIC5A was first discovered in a protein
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complex with ezrin, actin, and other actin-associated proteins in placenta microvilli (422).
Nystrom et al. (182) produced a human glomerular transcriptome database using serial analysis
of gene expression (SAGE) and found a SAGE tag (CATGAATCTGAACCAATTACC)
corresponding to the 3’-UTR of the CLICS transcript. This transcript was predominant in the
renal glomeruli and found to be identical to the 3° end of CLICS5. By SAGE analysis CLIC5 was
found to be highly expressed and its expression level in human glomeruli was approximately
720-fold higher than in other tissues. A SAGE library produced from micro-dissected mouse
kidney glomeruli also contained the CLICS transcript and its abundance was 1000-fold greater in
glomeruli than in kidney tubules (423).

1.6.4.7.2. CLICS5 Gene Structure

The human CLICS5 gene consists of six exons (1A or 1B, 2-6) with alternative first exons 1A
(CLIC5A) and 1B (CLIC5B) spanning ~144 kb of genomic DNA on chromosome 6 (422, 424).
The N-terminal amino acid sequence of CLIC5A and CLIC5B isoforms vary considerably with
exon 1A encoding 18 amino acids and exon 1B encoding 180 amino acids. The CLIC homology
domain of CLIC5A and CLICS5B is transcribed from the same exons 2 through 6 and is therefore
identical. Human and mouse CLIC5A share ~96% amino acid sequence identity. Among CLIC
proteins, only CLIC6/parchorin (637 aa) and CLIC5B/p64 (437 aa) have a long N-terminal
stretch.

1.6.4.7.3. CLIC5 mRNA expression in different tissues

A commercial northern blot containing poly(A)" RNA from various human tissues probed with
radiolabelled antisense DNA corresponding to the coding sequences of CLIC5, CLIC4, and
CLIC1 (422) showed a major CLICS transcript of 6.4 kilobases observed at high levels in

skeletal muscle and heart, and moderate levels in the kidney, placenta, and lung.
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1.6.4.7.4. CLICS transcripts in the kidney

CLICS5 RNase protection assay confirmed the existence of CLIC5 RNA transcript in the human
kidney (85). A northern blot analysis of human kidney mRNA using cDNA probes
corresponding to the open-reading frame of CLIC5A detected only a single 5.7 kilobase mRNA
(85). RT-PCR analysis with the primers designed for exons 1A and 1B to evaluate CLIC5A and
CLIC5B gene expression in multiple tissues from CLICS5-wild-type mice revealed that CLIC5B
mRNA was detected only in mouse kidney and to a lesser extent in brain. On the other hand,
CLICS5A was detected in all tissues used including the lung, brain, heart, kidney, and inner ear of
mice (425).

1.6.4.7.5. CLIC5A protein expression in cells and tissues

Although markedly enriched in glomeruli and inner ear hair cells, the CLIC5A protein is also
expressed at lower levels in heart, lungs, skeletal muscles, stomach, brain, testis, eyes, and
placenta (422). When overexpressed in cells, the CLIC5A protein localizes predominantly to
membrane projections, microvilli and a substantial portion is associated with the actin
cytoskeleton (345). Confocal immunofluorescence and immunogold electron microscopy
demonstrated that CLIC5A expresses highly in the glomerular EC and podocytes (85). Cell
fractionation studies suggest that CLIC5A is mostly soluble and can translocate to the plasma
membrane as a peripheral protein (426).

1.6.4.7.6. CLIC5A is necessary for the maintenance of inner ear hair cell stereocilia

Gagnon et al. (425) identified the naturally occurring “jitterbug” mutation in the CLIC5 gene
causing mouse deafness and vestibular dysfunction. They demonstrated that only the CLIC5SA
isoform is expressed in the inner ear, and that the CLIC5A protein localizes to the apical

stereocilia sensory hair cells of the cochlea and vestibular apparatus in the mouse and in the
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chicken utricle (425). The inner ear hair cell stereocilia are giant microvilli that act as
mechanoreceptors for hearing and balance (427). Detailed analysis revealed that initial
development of the stereocilia is normal but that their structure degenerates with age resulting in
impaired hearing and deafness at 7 months in the CLIC5A deficient mice (425). Importantly, a
similar phenotype is observed with loss-of-function radixin gene mutations (204). It turns out
that CLIC5A co-localizes with radixin at the base of stereocilia where the radixin abundance
increases when CLICS is absent. CLICS deficiency causes a fused base in the hair cell rootlet.
Therefore, CLIC5A thought to associate with the radixin—actin complex in the stereocilia
stabilizing the link between the plasma membrane and actin cytoskeleton (428).

In humans, a homozygous nonsense mutation in the CLICS gene similarly leads to autosomal
recessive hearing loss starting in early childhood and becoming severe before the second decade.
The hearing loss in humans is associated with vestibular areflexia and mild renal dysfunction
(429).

1.6.4.7.7. In glomeruli, CLICS localizes to podocytes and glomerular EC

Immunoblot analysis of whole cell lysates prepared from isolated glomeruli showed that both
CLIC5A and CLIC5B were present in the CLIC5"" mice and lacked CLIC5™, with a lower
abundance of CLICB compared to CLIC5A in CLIC5"" glomeruli. Immunofluorescent labelling
of adult mouse kidney section with anti-CLICS5 antibody demonstrated that CLICS is mainly
observed in podocyte cell body and foot processes. Immunogold electron microscopy of mouse
kidney section with anti-CLIC5 antibody also showed that CLICS predominantly localizes to the
apical domain of foot processes (85). Fluorescence confocal microscopy imaging of cultured
primary mouse podocytes after 14 days in vitro showed that CLICS is localized at the tips of

actin filaments and also has a punctate labelling pattern at regions of cell—cell contact (297).
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1.6.4.7.8. CLICS regulates the expression of ERM proteins and podocalyxin

Western blot analysis using whole cell lysates prepared from isolated glomeruli of CLIC5** and
CLIC57 mice showed that the major podocyte proteins ERM proteins, podocalyxin and to a
lesser extent, nephrin abundance were reduced in CLIC5” but not in the CLIC5"* mouse
glomeruli (85, 297), and phosphorylation of ERM proteins was profoundly reduced in glomeruli
of CLIC5” mice (86), ezrin strongly colocalized with CLICS, and podocalyxin co-
immunoprecipitated with CLIC5 (85). These data indicate that CLIC5 regulates the abundance of
ezrin as well as maintains the level of ERM phosphorylation in podocytes in vivo.

1.6.4.7.9. CLIC5A stimulates ERM protein phosphorylation and actin polymerization
Phosphorylation of ERM proteins increased in COS-7 cells overexpressing CLIC5A compared to
vector-transfected cells (89), enhancing the association of ezrin with the cytoskeletal fraction.
This effect of CLICS5A was not altered by the non-specific Cl” inhibitor IAA-94. Moreover,
scanning electron microscopic imaging demonstrated cell surface ruffling in COS-7 cells
overexpressing CLIC5A, and actin polymerization increased.

1.6.4.7.10. CLIC5A4-expression increases plasma membrane PI4,5P> abundance

Live-cell confocal imaging using the PH-PLC biosensor for PI4,5P> showed a substantial
increase in PI4,5P; clusters at the dorsal plasma of CLIC5A-overexpressing cells (89). Plasma
membrane PI4,5P> is a substrate for phospholipase C (PLC) — mediated PI14,5P> hydrolysis.
Depletion of PI4,5P> with the PLC activator m-3M3FBS for 5 minutes reduced ERM
phosphorylation in COS-7 cells which could not be rescued by CLIC5A expression (89). These
results are consistent with the possibility that CLICSA actually increases the association of ERM
proteins with the plasma membrane through increased production of PI4,5P> causing greater

ERM activation.
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1.6.4.7.11. PI4P5Ka silencing reduces CLIC5A-stimulated ERM phosphorylation

It turns out that CLIC5A colocalizes with the P(4,5P>-generating kinases PI4P5Ka and PISP4Ka,
and that these enzymes can be pulled from cell lysates by purified, immobilized GST-CLIC5A
suggesting that they are in the same protein complex. Knockdown of endogenous PI4P5Ka
with PI4P5Ka-specific siRNA reduced CLIC5A-stimulated ERM phosphorylation in COS-7 and
HeLa cells (89). Deletion mutants of CLIC5A lacking the first 21 aa (22-251 aa) or the last 19 aa
(1-232 aa) did not co-localize with PI4,5P, generating enzymes and failed to stimulate P14,5P>
accumulation as well as ERM phosphorylation. These observations would be consistent with
CLIC5A-mediated stimulation of PI4P5K activity, causing PI4,5P; generation and consequent
ERM activation.

1.6.4.7.12. CLIC5-deficiency disrupts the ezrin-NHERF2-podocalyxin complex in glomeruli

The CLICS5A protein is extremely abundant in glomeruli (182, 423), and it colocalizes with ezrin
in podocytes (85, 297). Active, phosphorylated ezrin interacts with podocalyxin(184) directly
and via NHERF2, coupling podocalyxin to the actin cytoskeleton (233). In CLIC5-deficient
mice, ezrin phosphorylation is nearly absent (86, 87, 89). In wild-type mice glomerular NHERF2
is largely cytoskeleton-associated, whereas in CLIC5”" mice NHERF is mostly soluble (89). This
finding suggests that CLIC5A is necessary to maintain intact ezrin-NHERF2-podocalyxin
complexes, and its deficiency disrupts the complex causing NHERF2 to dissociate from the actin
cytoskeleton.

1.6.4.7.13. CLIC5A4 expression stimulates Racl activation, but not Cdc42 and RhoA

Ectopic expression of CLIC5A increases the level of Racl-GTP without a change in total Racl
abundance in COS-7 cells, without change in Cdc42-GTP and RhoA-GTP levels (86).

Phosphorylation of Pakl and -3, effectors of Racl and Cdc42, was also significantly higher in
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COS-7 cells expressing CLICSA compared to vector-transfected cells, whereas Pak2
phosphorylation did not change. Similarly, in cultured mouse podocytes, which do not express
CLIC5A at baseline, CLIC5A expression stimulated ERM and Pakl1,3 phosphorylation. The
Racl inhibitor NSC 23766 treatment or expression of dominant negative Racl N17 abolished
CLIC5A-stimulated ERM and Pakl1,3 phosphorylation (86). These data suggest strongly that
activation of Racl by CLIC5A is upstream of ERM as is Pak1,3 phosphorylation. PI4,5P; is the
docking site for ERM proteins at the inner leaflet of cell membrane and CLIC5A-stimulated
ERM phosphorylation cannot occur when PI4,5P> generation is disrupted (89). The Racl
inhibitor NSC 23766 abolished CLIC5A-dependent PI4,5P> cluster formation (86) indicating that
CLIC5A-stimulated apical PI4,5P; cluster generation also requires Racl activity.

1.6.4.7.14. CLICS deficiency makes mice more susceptible to glomerular injury

Scanning and transmission electron microscopic evaluation of the glomerular ultrastructure
revealed that glomerular podocyte cell bodies are smoother and foot processes are shorter and
fewer in number in CLIC5™, than in wild-type mice (85, 297). The foot processes in CLIC5™
mice were disorganized but did not undergo effacement and the slit diaphragm remained intact.
Nonetheless, there was an increase in albuminuria in CLIC5” mice compared to the CLIC5"*
mice (85). However, there was no glomerulosclerosis (297) and blood urea nitrogen and serum
creatinine concentrations were not elevated even in 12-month-old CLIC5” mice (85).
Interestingly, transmission electron microscopic also revealed the presence of large vacuoles in
many glomerular EC in CLIC5" mice though the glomerular EC fenestrae were normal (85).
Adriamycin (doxorubicin) is an anthracycline antibiotic used in cancer therapy, and it causes
predictable glomerular injury in mice (430). Albuminuria was detected in both CLIC5"* and

CLIC5” mice littermates three weeks after Adriamycin injection, but the albumin/creatinine ratio
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was 560 + 135 pg/mg in CLIC5™" mice and 1,691 + 350 pg/mg in CLIC5” mice (85). This
nearly 3-fold greater level of albuminuria in Adriamycin-treated CLIC5” mice indicates greater
the vulnerability of mice to Adriamycin-induced glomerular injury when CLICS is absent.

Uninephrectomy (UNx) combined with deoxycorticosterone (DOCA) administration and a high
salt intake is a well-established model for systemic and glomerular capillary hypertension in
rodents (431). In UNx-DOCA/salt hypertensive CLIC5”" mice, the fraction of glomeruli with

57" mice and

microaneurysms was doubled compared to the UNx-DOCA/salt hypertensive CLIC
the albumin/creatinine ratio was 1720 + 960 pg/mg after 21 days of DOCA/salt administration in
CLIC5™ mice, compared to only 91 + 31 pg/mg in UNx-DOCA/salt hypertensive CLIC5™" mice
(mean + SD, n =5, P <0.05), even though the degree of hypertension was similar in both strains
of mice. This finding indicates that CLIC5-deficient mice are much more susceptible to
hypertension-induced glomerular microaneurysm formation and albuminuria than CLIC5"" mice
(87). UNx-DOCA/salt hypertension also led to a very significant increase in glomerular Pak
phosphorylation, which was abolished when CLICS was absent (86). Taken together, these
results showed that CLICS is necessary for the maintenance of podocyte structural integrity and
GFB function. Moreover, in the absence of CLIC5A glomeruli are much more susceptible to
injury by Adriamycin and hypertension, suggesting that glomerular CLIC5A and CLIC5A-
dependent Rac1/Pak activation play an important role in resisting glomerular injury.

1.7. Taperin

CLICS5A plays a significant role in the regulation of actin-associated protein complexes. The
actin multiprotein complex consisting of CLIC5A, radixin, taperin, myosin VI (MYO6), as well

as the tyrosine phosphatase receptor Q (PTPRQ) is necessary for the proper positioning and

maintenance of the stereocilia shaft by organizing membrane-cytoskeletal attachment at the base
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of the hair cell stereocilia (428). CLIC5A colocalizes with taperin, radixin, and MYO6 at the
base of hair cell stereocilia (428). The deafness-associated proteins radixin, PTPRQ, and taperin
were mislocalized in fused stereocilia of CLICS5-knockout mice (428). Therefore, a CLIC5A-
taperin interaction might play a significant role in CLIC5A function.

1.7.1. Human taperin isoforms

Autosomal recessive nonsyndromic hearing loss is very common in humans, involving about 60
loci in a total of 113 genes. The taperin gene, also known as the “C9orf75” gene, is one of the
genes for which loss-of-function mutations have been causally linked to autosomal recessive
nonsyndromic hearing loss in two separate families (432, 433). The human taperin primary RNA
transcript undergoes alternative splicing to produce four known taperin isoforms. Isoform 1 (1-
711 aa) has calculated molecular weight of ~75.6 kDa. Isoforms 2 and 3 lack the N-terminal 1-
306 aa found in isoform 1. Isoform 2 consists of 405 aa (starting at residue 307 relative to
isoform 1) and has a calculated molecular weight of ~44.12 kDa. Isoform 3 and 4 are similar to
isoform 1 with minor sequence variations. All taperin isoforms have a PPlc binding motif
(KISF) at 577-580 aa in isoform 1, and at position 271-274 aa in isoform 2. Mass spectrometry
detected all four isoforms in HeLa cells (434).

1.7.2. Taperin expression and subcellular localization

The taperin protein is widely expressed in mammalian tissues, most notably in the cochlea of the
inner ear (434). Immunolocalization revealed that the taperin gene product was mainly observed
at the taper regions of inner ear hair cells stereocilia and thus annotated as taperin (433). Taperin
can also translocate between the nucleus and cytoplasm and is found to be complexed with PP1c
in both sub-cellular locations (434). Endogenous taperin is mostly observed in the nucleus of

immune-stained HeLa cells, and live-cell confocal imaging showed that exogenously expressed
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GFP-tagged taperin 307-711 aa (isoform 2) in the HeLLa and U20S cells is also observed at the
nucleus (434).

1.7.3. Potential taperin interacting proteins

Searching for taperin interacting proteins in the interaction network (IntAct, Interaction network,
EMBL-EBI, ebi.ac.uk), shows that taperin is predicted to interact with CLIC proteins,
specifically CLICS5, CLIC4, CLIC2, and CLIC1 as well as protein phosphatase 1 catalytic
subunits (PP1c) PP1ca, PP1cP, and PP1cy. A yeast 2-hybrid screen in which CLIC1 was used as
bait identified a partial cDNA clone corresponding to a C-terminal fragment (amino acids 307—
711) of taperin (435). Crosslinking immunoprecipitation approach revealed that GFP-tagged
CLICS and Xpress-tagged taperin were co-immunoprecipitated(434).

1.7.4. Taperin regulates PP1 activity

Endogenous taperin co-immunoprecipitated with PP1ca but not PP1cfp, and PPlcy from the
HeLa cell extracts, and mutation of the KISF mutated to KASA abolished the taperin/PPlca
interaction. A quantitative proteomics approach also detected taperin as a nuclear PPlc
interacting protein (436). Taperin binds and blocks PPlca activity toward glycogen
phosphorylase, indicating that taperin acts as a strong inhibitor of PPlca activity (434). An
“RVRW” peptide with high affinity for PP1c blocked its binding to the taperin KISF motif,
whereas a control “RARA” peptide was without effect (436). These studies indicate that taperin
is a PP1 regulatory subunit that binds the catalytic PP1c subunits via its KISF motif.

1.7.5. Taperin is part of a multiprotein complex consists of CLICSA and radixin

Hearing and balance depend on the deflection of actin-based stereocilia of inner ear hair cells
which act as mechano-transducers to convert mechanical stimuli into electric impulses conveyed

to the brain (437, 438). Mutations in CLICS, radixin (RDX), taperin (TPRN), protein tyrosine
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phosphatase receptor Q (PTPRQ), and myosin VI (MYO6) genes all lead to disruption of inner
ear stereocilia (439-442) (205, 425, 428, 433). These proteins concentrate at the base of the inner
ear hair cell actin bundles during embryonic development (204, 439, 443, 444). In CLIC5** mice
inner ear hair cells, radixin is enriched at the base of stereocilia by postnatal day 17, but in
CLIC5” mice, radixin was found to be dissociated from stereocilia (428). Similarly, in CLIC5™*
mouse inner ear hair cells, taperin was concentrated at the base of the stereocilia, but in CLIC5™
mice taperin staining was scattered and distributed throughout both fused as well as unfused
stereocilia (428). These results indicate that CLIC5A is necessary for the proper localization of
radixin and taperin at the base of inner ear hair cell stereocilia. Furthermore, taperin, CLIC5A
and radixin form a complex to establish a link between the plasma membrane and the subjacent
actin cytoskeleton at the base of inner ear hair cell stereocilia, stabilizing the plasma membrane
and actin cytoskeleton linkage.

1.7.6. Taperin regulates actin dynamics

Taperin has an overall 34% amino acid sequence similarity to phostensin that can cap the pointed
end of actin filaments (433). Taperin is observed at the basal domain of stereocilia where many
peripheral actin filaments with pointed ends terminate, indicating that taperin might act as an
actin regulator in inner ear hair cells stereocilia (205, 428, 433). In fact, taperin overexpression
results in rod-shaped actin organization in >50% of COS-7 and HEK293 cells (445). Therefore,
the evidence so far suggests that taperin, like CLIC5A and radixin regulate actin dynamics, but
the mechanisms by which these proteins function in conjunction with each other is not

understood.
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2. Hypothesis and Objectives

Rationale
In my thesis, I focus on possible mechanisms of CLIC5A-dependent Racl activation and ERM
phosphorylation to gain insights into CLIC5A function in renal glomerular podocytes. Since
previous findings indicate that CLIC5A is part of the ezrin/podocalyxin/NHERF2 complex in
podocytes (89) and since Racl is activated by CLIC5A (86), it seems likely that CLIC5A
interacts directly with one or more of the proteins in the ezrin/podocalyxin/NHERF2 complex.
Also, since CLIC5A is part of the radixin/taperin complex at the base of stereocilia in the inner
ear (428), it seems likely that the function of CLIC5A toward radixin and ezrin is conserved.
While it is established that CLIC5A expression is functionally important for Racl activation and
ERM phosphorylation, the underlying mechanisms are unclear and directly interacting protein
partners of CLICSA through which CLIC5A exerts its biological functions were not previously
identified. I expect that my investigation of CLIC5A functions in cells will apply generally to
the mechanism(s) of action of other CLIC proteins.

Hypothesis
CLIC5A-stimulated Racl activation and ERM phosphorylation require a direct CLIC5A-Racl or
CLIC5A-ezrin interaction. Localization of CLIC5A near the cell membrane depends on a direct
interaction between CLICS5A and its direct binding partner(s). CLIC5A and taperin also interact

directly and this interaction is functionally important for the subcellular localization of taperin.
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Objectives
1. Determine whether CLIC5A, Racl and ezrin are part of the same protein complex.
2. Determine the direct interacting partners of CLICS5A.
3. Determine whether CLICS5A interacts directly with Racl, and ezrin, radixin, moesin (ERM)
proteins.
4. Determine the subcellular distribution of CLIC5A in isolated glomeruli.
5. Determine the consequence of CLIC5A expression on the subcellular localization of ezrin.
6. Determine whether CLIC5A stimulates Racl-dependent specific PI4P5 kinase or PISP4 kinase
isoforms.
7. Determine whether ezrin phosphorylation increases its interaction with CLIC5A.
8. Determine the functional consequence of blocking the CLIC5A/ezrin interaction.
9. Determine whether CLIC5A-stimulated Racl activation requires ezrin.
10. Determine whether CLIC5A and other CLICs interact directly with taperin.
11. Determine the consequence of CLICSA expression on the subcellular localization of taperin.
12. Determine whether taperin binds a specific PP1c isoform in the CLIC5A protein complex.

13. Determine whether CLIC5A-dependent ERM phosphorylation is altered by taperin.
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Chapter 2: Materials and Methods

2.1. Chemicals and reagents

All the chemicals and reagents were prepared and used according to the manufacturer’s

instructions unless otherwise stated.

Table 1: List of chemicals and reagents and their sources

Chemical/Reagent/ Source Catalogue #
Dulbecco’s Modified Eagle | Sigma-Aldrich, St Louis, MO, USA D5796
Medium
Fetal bovine serum Life Technologies, Burlington, ON, Canada 12483-020
Penicillin/Streptomycin Life Technologies, Burlington, ON, Canada 15140-122
Tryspin-EDTA Life Technologies, Burlington, ON, Canada 25300-054
EBM-2 medium Lonza, Walkersville, MD, USA CC-3156
EGM-2 MV Bulletkit growth media | Lonza, Walkersville, MD, USA CC-3162
Quick Coating Solution Angio-Proteomie, Boston, MA, USA cAP-01
Lipofectamine 2000 Invitrogen, Carlsbad, CA, USA 11668-027
Lipofectamine 3000 Invitrogen, Carlsbad, CA, USA L3000015
Polybrene EMD Millipore, Billerica, MA, USA TR1003
Opti-MEM I medium Life Technologies, Burlington, ON, Canada 31985-070
Dulbecco’s PBS Life Technologies, Burlington, ON, Canada 25300-054
Cell lysis buffer Cytoskeleton Inc. Denver, USA GL36
Protease inhibitor cocktail Cytoskeleton Inc. Denver, CO, USA PIC02
Phosphatase inhibitor Roche Diagnostics, Mannheim, Germany 4906837001

2X Laemmli buffer BioRad laboratories, Inc. Hercules, CA, USA 1610737
Glutathione-Sepharose 4B Global life sciences, Marlborough, MA, USA 17075605
1x proteinase inhibitor cocktail Roche Diagnostics, Mannheim, Germany 04693116001
B-mercaptoethanol Bioshop Canada Inc. Burlington, ON, Canada MER002.100
Calyculin-A Millipore Sigma, Billerica, MA, USA 208851
m-3M3FBS Millipore Sigma, Billerica, MA, USA 525185
RPMI 1640 medium Sigma-Aldrich, St Louis, MO, USA R8758
Collagenase IV Worthington, Lakewood, NJ, USA LS005275
Digitonin Millipore- Merck KGaA, Darmstadt, Germany 300410
Novex™ 8-16% Tris-Glycine gel Invitrogen, Carlsbad, CA, USA XP08165BOX
Western blocker solution Sigma-Aldrich, St Louis, MO, USA WO138
Imobilon®-P PVDF membranes Millipore-Sigma, Oakville, Ontario, Canada IPVHO00010
No-Stain Protein Labeling Reagent | Invitrogen, Carlsbad, CA, USA A44449
ECL solution Cytiva, Buckinghamshire, UK RPN2106
Tween-20 Sigma-Aldrich, St Louis, MO, USA P7949
RIPA lysis buffer EMD Millipore, Burlington, MA, USA 20-188
10X RIPA buffer Abcam, Waltham, MA, USA ab156034
Pierce Glutathione agarose bead Life technologies, Burlington, ON, Canada 78602
Protein G plus/protein A-agarose Muillipore Calbiochem, San Diego, CA, USA IPO5S15ML
Racl activation assay Biochem kit | Cytoskeleton Inc. Denver, USA BKO035
Racl G-LISA activation assay kit Cytoskeleton Inc. Denver, USA BK128
TnT® Quick coupled Transcription | Promega Corporation, Madison, WI, USA L1170
/Translation Systems

Control siRNA Santa Cruz Biotechnology, Dallas, TX, USA sc-35349
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Human ezrin siRNA

Santa Cruz Biotechnology, Dallas, TX, USA

sc-37007

Ezrin siRNA OriGene Technologies, Rockville, MD, USA SR305077
Radixin siRNA OriGene Technologies, Rockville, MD, USA SR304025
Moesin siRNA OriGene Technologies, Rockville, MD, USA SR305077
Human Taperin siRNA OriGene Technologies, Rockville, MD, USA SR317309
Scrambled Negative control siRNA | OriGene Technologies, Rockville, MD, USA SR30004
Commercial human kidney cDNA Ambion, Texas, USA

Matchmaker® Gold Y2H system Takara Bio USA Inc. San Jose, CA, USA 630489
pCDNA3.1/V5-His-TOPO vector Invitrogen, Burlington, ON, Canada K480040
pTARGET plasmid DNA Promega, Madison, WI, USA T™M044
pGEX-3 plasmid DNA GE Healthcare, Piscataway, NJ, USA 28-9546-54
pEGFP-C1 plasmid DNA Clontech, Mountain View, CA, USA 6084-1
Escherichia coli BL21 Gold (DE3) | Agilent Technologies, Santa Clara, CA, USA 230132
IPTG Invitrogen, Carlsbad, CA, USA 15529019
Racl inhibitor NSC23766 Santa Cruz Biotechnology, Dallas, TX, USA sc-204823
QIAgen MaxiPrep kit Qiagen, Germantown, MD, USA 12162
QIAgen MiniPrep kit Qiagen, Germantown, MD, USA 27104
QIAgen PCR purification kit Qiagen, Germantown, MD, USA 28104
QIAgen gel extraction kit Qiagen, Germantown, MD, USA 28704
QIAgen DNeasy blood & Tissue kit | Qiagen, Germantown, MD, USA 69504
PrimeSTAR GXL DNA Polymerase TaKaRa Bio. Co. San Jose, CA, USA RO50A

2.2. Primary antibodies

Table 2: Primary antibody sources and dilutions are listed in the following table:

Primary Host Catalog # Source WB IF 1P
Antibodies
CLICS Rabbit | ARP35263 Aviva, San Diego, CA, USA 1:4000
CLIC1 Rabbit | SC134859 Santa Cruz Biotech. Dallas, TX USA 1:500
CLIC4 Rabbit | SC130723 Santa Cruz Biotech. Dallas, TX USA 1:500
Racl Mouse | ARCO03-S Cytoskeleton Inc, Denver, MA, USA 1:1000
Ezrin FL Rabbit | 3145S Cell Signaling, Danver, MA, USA 1:4000 | 1:200 | 1:200
Ezrin C-ter Rabbit | Ab40839 Abcam, Waltham, MA, USA 1:4000
Radixin Rabbit | MA5-14886 | ThermoFisher Sci. Waltham, MA, USA 1:4000
Moesin Rabbit | 31508 Cell Signaling, Danver, MA, USA 1:4000
pERM Rabbit | Ab76247 Abcam Inc. Waltham, MA, USA 1:4000
FLAG Mouse | F1804 Sigma-Aldrich, Oakville, ON 1:4000 1:100
HA Rabbit | 3724S Cell Signaling, Danver, MA, USA 1:1000
GFP Rabbit | 2956S Cell Signaling, Danver, MA, USA 1:200
0
GFP Rabbit | N/A Dr. Luc Berthiaume, Cell biology, 1:4000
University of Alberta
Podocalyxin Goat AF1556 R&D Systems, Minneapolis MN USA 1:500
NHERF2 Rabbit | 9568S Cell Signaling, Danver, MA, USA 1:2000
Nephrin Goat AF3159 R & D Systems Minneapolis, MN, USA | 1:2000
N-Cadherin Rabbit | 4061S Cell Signaling, Danver, MA, USA 1:2000 | 1:200
Taperin Mouse | sc-515824 Santa Cruz Biotech. Dallas, TX USA 1:2000
PPlc a(c-19) | Goat Sc-6104 Santa Cruz Biotech. Dallas, TX USA 1:2000
PPlc B Rabbit | PA1-12379 | Invitrogen, Carlsbad, CA, USA 1:2000
PPlcy Rabbit | Ab134947 Abcam, Waltham, MA, USA 1:2000
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Pan-PPlc Mouse | Sc-7482 Santa Cruz Biotech. Dallas, TX USA 1:2000
RhoGDI o Mouse | Sc-373724 Santa Cruz Biotech. Dallas, TX USA 1:2000
GAPDH Rabbit | 2118S Cell Signaling, Danver, MA, USA 1:5000
B-Actin Mouse | A2228 Sigma-Aldrich, Oakville, ON, Canada 1:1000

Table 3: Secondary antibody sources and dilutions are listed in the following table:

Secondary Conjugate Catalog # Source WB IF
Antibodies/
Reagents
Streptavidin HRP 39998 Cell Signaling, Danver,
MA, USA
Goat anti-mouse HRP 115-035-003 | Jackson 1:1000-1:50000
IgG(H+L) ImmunoResearch Lab
Inc. West Grove, PA,
USA
Goat anti-Rabbit HRP 32460 ThermoFisher Sci. 1:5000-1:10000
IgG(H+L) Waltham, MA, USA
Donkey anti-goat HRP 705-035-003 | Jackson 1:5000-1:10000
IgG(H+L) ImmunoResearch Lab
Inc. West Grove, PA,
USA
Rabbit anti-mouse | Alexa A11032 ThermoFisher Sci. 1:500-1:1000
IgG (H+L) Fluor 594 Waltham, MA, USA
Donkey anti- Alexa A21207 ThermoFisher Sci. 1:500-1:1000
Rabbit IgG (H+L) | Fluor 594 Waltham, MA, USA

2.3. Cell culture, transfection, and cell lysis

2.3.1. COS-7, HEK293, and HeLa cells

COS-7 cells are the African green monkey kidney cell line (446) that is widely used for efficient
transfection of plasmid vector constructs. COS-7 cells do not express CLIC5A at baseline (89).
These are the reasons for using COS-7 cells to study the functions of the overexpressed CLIC5A
protein, as no endogenous CLIC5 would interfere. The human embryonic kidney cell line
(HEK293) is also widely used for efficient transfection of plasmid vector constructs and was
used in my studies. The HEK293 cell line is a permanent cell line developed from the human
primary embryonic kidney and transformed with sheared human adenovirus type 5 DNA (447).

HeLa is also commonly used for efficient transfection of plasmid vector constructs to study the
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functions of overexpressed proteins. HeLa cells are an immortalized cell line, derived from
cervical cancer cells from Henrietta Lacks, a 31-year-old African American mother of five, who
died of cancer on October 4, 1951, and after whom the cell line was named (448). COS-7 cells
(Thermo Fischer Scientific, USA), HEK293 cells (Thermo Fischer Scientific, USA) and HeLa
cells (Thermo Fischer Scientific, USA) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% v/v fetal bovine serum (FBS) and 1% v/v penicillin/streptomycin at
37°C in humidified air containing 5% CO2. DMEM medium containing 10% v/v FBS was used
for cDNA transfection. One day before transfection, cells were dissociated from the culture
plates with 0.05% w/v trypsin-EDTA treatment and re-plated. ~70% confluent cell monolayer
was used for transfection. Transfections were performed with Lipofectamine 2000 according to
the manufacturer’s protocol using varying concentrations of plasmid DNA constructs. 48 hours
after transfection, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and
lysed with standard RIPA buffer or TX-100 lysis buffer (Triton X-100 0.5%, HEPES 10 mM,
NaCl 0.1 M, B-mercaptoethanol 14 mM, EGTA 2.5 mM, MgCl2 5 mM) containing protease
inhibitor cocktail (Roche) and phosphatase inhibitor “PhosStop” (Roche). The lysed cells were
scraped from the culture plates and collected into the pre-chilled centrifuge tubes, centrifuged at
14,000 X g and the supernatants collected were used for different assays. To use as input, 100 pl
of supernatant was mixed with 100 pl of 2 X Laemmli buffer. To prepare total cell lysate (TCL),
100 pl of the lysed cells was mixed with 100 pl of 2 X Laemmli buffer and boiled for 5 minutes.
To prepare detergent-insoluble pellet fractions, the supernatants were removed, and the pellets

were suspended in 100 pl of 2 X Laemmli buffer and boiled for 5 minutes.
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2.3.2. Human glomerular endothelial cells

Mycoplasma-free primary human glomerular endothelial cells (EC) were purchased from Angio-
proteomie (Boston, MA, USA). Human glomerular EC are not suitable for transfection with
cDNA vector construct; therefore adenoviral vector-mediated transfection method was
conducted as previously used by Tavasoli et al. (2016). Cultured human glomerular EC do not
express CLIC5A. Culture plates were first coated with the “Quick Coating Solution”. Human
glomerular EC were then cultured in EGM-2 MV Bulletkit growth medium containing 5% FBS
and 1% penicillin/streptomycin at 37°C in humidified air containing 5% CO2. CLIC5A was
expressed from the adenoviral vector pAdTrack-GFP/CLICS5A that expresses GFP and CLIC5A
from separate promoters. Control pAdTrack-GFP was used as adenoviral-mediated vectors to
infect cells. human glomerular EC cells were dissociated from the culture plates with 0.05% w/v
trypsin-EDTA treatment and re-plated in p35 mm culture plates at a density to achieve ~70%
confluent cells 24 hours later. The cells were then infected with 30 MOI (Multiplicity Of
Infection) in 1 ml EGM-2 culture medium containing 5pg/ml polybrene. After 48 hours, the cells
were lysed with cell lysis buffer (Cytoskeleton Inc. 50 mM Tris pH 7.5, 10 mM MgCl,, 0.5M
NaCl, and 2% Igepal) containing protease inhibitor (Cytoskeleton Inc.) and phosphatase inhibitor
“PhosStop” (Roche) and supernatant was collected for the G-LISA assay.

Nonspecific negative control siRNA and human ezrin-specific siRNA were transfected on ~70%
confluent human glomerular EC in 35-mm plates using 1 ml penicillin/streptomycin antibiotic-
free EBM-2 medium. 5 pl Lipofectamine 3000 and siRNA were mixed with 200 pl of Opti-
MEM I medium and incubated for 10 minutes at room temperature and mixed with 1 ml EBM-2
medium to achieve a final siRNA concentration of 10 nM. 6 hours after siRNA transfection, 1.0

ml antibiotic-free EBM-2 containing 10% FBS was added. 24 hours after transfection, the
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medium was changed to complete EGM-2 medium containing growth factors, antibiotics, and
5% FBS. 48 hours after transfection, cells were washed with ice-cold PBS and lysed with cell
lysis buffer (Cytoskeleton Inc.) containing protease inhibitor cocktail (Cytoskeleton Inc.) and
phosphatase inhibitor “PhosStop” (Roche) and the supernatants were used for the G-LISA assay.
2.3.3. Human podocytes

Podocytes naturally do not proliferate in vivo (449). To make them proliferative, podocytes
transformed with a thermo-sensitive SV40 large T antigen mutant tsA58U19 were used (tsT
podocytes) (450, 451). As the tsA58 mutant T antigen is temperature sensitive (452), a strict
culture temperature of 33°C is required. Cell culture plates were coated with the “Quick Coating
Solution” first. The conditionally immortalized human podocytes were cultured using RPMI
1640 medium containing 10% v/v FBS, 1% v/v penicillin/streptomycin and 0.025 pg/ml
doxycycline at 33°C in humidified air containing 5% CO;. When the cells became ~80%
confluent, they were washed twice with ice-cold PBS and lysed with RIPA lysis buffer
containing protease inhibitor (Roche) and phosphatase inhibitor “PhosStop” (Roche) to prepare
cell lysates for western blot analysis.

2.4. Experimental animals

All protocols involving mice were approved and performed according to the guidelines
developed by the University of Alberta Animal Care and Use Committee (protocol #
AUP00000222).

2.4.1. Generation of CLIC5”- mice

CLIC5™* and CLIC5™ jitterbug mice (CLIC5”" or CLIC5¢®¢) on the CH3/Hel] background
were purchased from Jackson laboratories (Bar Harbor, ME 04609, USA). These mice were

discovered because of their head bobbing and circling behavior typical for defects in the
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vestibular apparatus, these mice are called as “jitterbug” (jgb). The jbg/jgb mice have a
spontaneous mutation due to an intragenic deletion in exon 5 of the CLICS gene that results in
the absence of the CLIC5A and CLICS5B proteins (425). They develop progressive inner ear hair
cell degeneration causing gradual hearing impairment (429). The jgb mutation on the CH3/HeJ
background was backcrossed for >10 generations into C57BL/6J background in our lab.
Breeding heterozygous CLICS”" females with CLIC5™* or CLIC5”" males produced CLIC5™*
and CLIC5” mice. For genotyping, genomic DNA was isolated from tail clipping as described
by Truett et al. (453) from ~2-3 week-old mice, or from ear-punch biopsies. The CLIC5 exon 5
genome  sequence was then PCR  amplified with  forward  primer 5°-
CAATGACGAGAAGCGACTCA-3’ and reverse primer 5’-
GCTGTCCAGATTCCTCATAAACA-3’. These primer sequences are homologous to intron
sequences surrounding exon 5. The PCR products for CLIC5"* and CLIC5”* were 326 bp and
229 bp, respectively. CLIC5"" resulted in both 326 bp and 229 bp PCR products.

2.5. Cloning and generation of vector constructs

2.5.1. CLICSA cloning

The full-length human CLIC5A coding region from the human kidney cDNA library (Gen Bank
accession no. DQ679794) was cloned into the pCDNA3.1-vector (85) and used as the template
for subcloning into other vectors. The GFP-CLIC5A vector construct was generated by PCR-
amplification of human CLIC5A encoding the complete open reading frame from the
pcDNA3.1-CLIC5A template DNA using the forward primer 5-

CGCACTCGAGACCATGGGGCATCATCATCATCATCATACAGACTCGGCGACAGCTA

AC-3> and reverse primer 5-CCGGGATCCTCAGGATCGGCTGCGTTTGGC-3’, and

subcloned into the Xhol/BamHI restriction endonuclease site of the pEGFP-CI1 vector. One
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Kozak consensus sequence (bold) was added in the forward primer (bold and underlined) to
enhance expression and 6xHis tag sequence (italic and underlined) was integrated for protein
detection. CLIC5A full length (1-251 aa) was also cloned into the Ndel/BamHI restriction
endonuclease site of the yeast-two-hybrid bait vector pGBKT7 using commercial human kidney
cDNA as template. N-terminal CLIC5A 22-251 amino acids (aa) and C-terminal CLIC5A 1-232
aa deletion mutants were also cloned into the Ndel/BamHI restriction endonuclease site of the
bait vector pGBKT7 using pGBKT7-CLIC5A 1-251 aa as template. N-terminal FLAG-, and
GST-epitope tagged CLIC5A fusion constructs were prepared in pTARGET, and pGEX-3
vectors, respectively. For all vector constructs, restriction digestion and sequencing of inserts
were conducted to confirm sequence fidelity and appropriate orientation.

Human CLIC5A 4sKGVVF49 to 4sKGAVY49 point mutant was prepared using Q5 Site-Directed
Mutagenesis Kit (New England Biolabs, Cat# E0554S). To generate RFP-CLIC5SA-KGAVY, the
pmCherry-C1 plasmid vector (Clontech, PT3975-5, Cat# 632524) was used, and GFP-CLIC5A-
KGAVY was generated using the pEGFPC1 vector. The PCR amplified products and plasmid
vectors were digested with Xhol and BamHI, and then prepared as vector or inserts respectively,
followed by ligations and transformations. All constructs generated by mutagenesis and cloning
were sequenced to confirm the nucleotide sequence successes of mutations and sequence
fidelities (Molecular Biology Services Unit, Dept. Biology, University of Alberta).

2.5.2. Preparation of recombinant, purified GST- and GST-CLICSA proteins
Transformation of cloned pGEX-3-GST, or pGEX-3-GST-CLIC5A wild type and KGAVY
constructs were conducted into Escherichia coli BL21 Gold (DE3), followed by induction with
0.2 mM IPTG and grown at 37°C for 4 h. Bacteria were harvested in PBS containing 1X

proteinase inhibitor cocktail (Roche), followed by sonication and addition of 1% Triton X-100 to

81



collect crude protein extracts. The crude protein extracts were subjected to affinity
chromatography purification of GST, and GST-CLIC5A recombinant, pure proteins on
glutathione-Sepharose 4B according to the manufacturer’s instructions.

2.5.3. Adenoviral vector constructs

To generate CLIC5A producing adenovirus “pAdTrack-GFP/CLIC5A” vector, the plasmid
vector pcDNA3.1-CLIC5A was used as a template for PCR amplification of CLIC5A using the
forward primer: 5’-CGCAGTCGACGCCACCATGACAGACTCGGCGACAGCTAAC-3’, and
reverse primer: 5’-CCGAAGCTTTCAGGATCGGCTGAGGCGTTTGGC-3’. Sal I (bold) and
Hind III restriction endonuclease sites (underlined) were added upstream of the start codon
(ATG) in the forward primer, and downstream of stop codon in the reverse primer, respectively.
The CLIC5A PCR product was sub-cloned into the Sal I/Hind III restriction endonuclease site of
pAdTrack-CMV (Gift from Amy Barr, University of Alberta). pAdTrack-CMV control vector
itself encodes GFP under a distinct promoter. In the “pAdTrack-GFP/CLIC5A” vector, CLIC5A
expresses separately from GFP and is not a fusion protein with GFP. Sequence orientation and
fidelity of these two adenoviral constructs were confirmed by full sequencing. The pAdTrack-
CLICSA construct was linearized by restriction endonuclease digestion of Pmel, followed by
transformation into E. Coli (BJ5183) containing the adenoviral backbone plasmid pAdEasy-1 for
the purpose of homologous recombination and Pacl restriction endonuclease analysis was
conducted to confirm the recombinant plasmid. Pacl treated linearized recombinant plasmid was
transfected into the adenovirus packaging cell line HEK293A. The prepared adenoviruses were

propagated, harvested, purified and finally the viral titer was calculated (87).
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Table 4: Templates and primers for CLIC5A mutagenesis

Constructs Template for Primers PCR annealing
PCR temperature °C

GFP- GFP- Forward: 5’-AGCATCGGCAACGCTCCT 65
CLICSA- CLIC5A-WT | TTCTCTCAG -3’
C32A Reverse:

5’-TTCTCCATCGATTCCAGCCTTCAC-3’
GFP- GFP- Forward: 65
CLIC5A- CLIC5A-WT | 5>-TGGCTGAAAGGAGCAGTGTACAATGTC
KGAVY ACCACT-3’

Reverse: 5°-GAGGATCATGAAGAGGCG

CTGAGA-3’
GST- GST- Forward: 65
CLICSA- CLIC5A-WT | 5>-TGGCTGAAAGGAGCAGTGTACAATGTC
KGAVY ACCACT-3’

Reverse: 5°-GAGGATCATGAAGAGGCG

CTGAGA-3’

2.5.4. CLIC4 and CLIC1 cloning

The cDNAs encoding the human CLIC1 (hCLIC1) (GenBank AAH64527)) or human CLIC4
(hCLIC4) (GenBank ID: BC012444.1) open reading frame was PCR-amplified from human
kidney cDNA (Ambion, 3331G, lot 065R053977A, TX). The PCR primers are listed in Table 6.
In the forward primers, a Kozak consensus sequence (bold) was incorporated to enhance
expression. The PCR product was then cloned into the mammalian expression vector pTARGET
vector. One Kozak consensus sequence (bold) was added into the forward primer to enhance
CLIC1 expression. pTARGET vector without ¢cDNA insert was served as the control.
pTARGET-CLIC4 ¢cDNA was used as a template to clone CLIC4 into the bait yeast vector
pGBKT7 (PGBKT7-CLIC4). p TARGET-CLIC1 cDNA was used as a template to clone CLIC1
into the bait yeast vector pGBKT7 (PGBKT7-CLIC1). For cloning of hCLICI and hCLIC4
cDNA into the yeast bait vector, the Ncol and Bam HI restriction endonuclease sites were

integrated into the forward and reverse primers, respectively to enhance the downstream cloning
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efficiency. The PCR primers are listed in Table 6. The PCR products were cloned into the bait
vector pGBKT7 containing GAL4-DNA-BD. Restriction enzyme digestions and sequencing
verified the hCLIC1 and CLIC4 cDNA orientation and the fidelities of the sequences. All the
plasmid vector constructs were reproduced in E. coli DH5a using the QIAgen MiniPrep kit.
2.5.5. Cloning of ezrin and taperin

Full-length human ezrin 1-586 (GenBank accession no. AAH13903) coding region was used to
design primers, PCR amplification and cloning into the Xhol/BamHI restriction endonuclease
site into the pEGFP-C1 vector using commercial human kidney cDNA as template. The PCR
primers are listed in Table 6. pEGFP-Cl-ezrin 1-586 plasmid DNA was served as the template
for PCR amplification and cloning of ezrin 1-296, ezrin 432-586, and ezrin 432-570 DNA inserts
into the pEGFP-C1 plasmid vector.

Ezrin 1-586 was also PCR amplified and cloned into the Ndel/Xhol restriction endonuclease site
of the pGADT7 prey vector using commercial human kidney cDNA as template. Ezrin
fragments 1-296, ezrin 297-586, ezrin 432-586, ezrin 432-570, ezrin 432-550, ezrin 432-516,
ezrin 480-540, ezrin 516-586, and ezrin 550-586 were PCR amplified and cloned into the
Ndel/Xhol restriction endonuclease site of the pGADT7 prey vector using pGADT7-ezrin 1-586
plasmid DNA as template. The primer sequences used for PCR amplification are listed in Table
6.

Taperin isoform 1 (1-711 aa) could not be PCR amplified due to its high GC content. Therefore,
codon optimized commercial synthesis of taperin 1-711 aa and the taperin fragment 272-385 aa
cloned into the pGADT?7 yeast-two-hybrid prey vector as well as the pPEGFP-C1 vector were
conducted by GeneScript (Piscataway, NJ, USA). The coding region for human taperin

(GenBank accession no. BC098411) was used for successful PCR amplification of taperin 307-
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711 aa (isoform 2) using a human kidney cDNA library as template. The PCR product was then
cloned into the Ndel/Xhol restriction endonuclease site of the pGBKT7 yeast-two-hybrid bait
vector. Taperin 307-711 was also cloned into the pEGFP-Clvector using pGADT7-taperin 307-
711 aa as template. The primer sequences used for PCR amplification are listed in Table 6.

To obtain the constructs of GFP-tagged taperin 1-306, taperin 272-385, and taperin 272-306 in
the pEGFPCI1 plasmid vector, the common template GFP-taperin-1-WT (GenScript, Piscataway,
NJ USA, codon optimized form unless specified) was used for PCR amplification (Primers in
Table 6). The PCR reactions were carried out using PrimeSTAR GXL DNA Polymerase
(TaKaRa Bio USA, Inc.) according to the manufacturer’s instructions. Because special DNA
polymerase and specific annealing temperature were used, the primer sequence and the annealing

temperatures are listed in a separate table for taperin 1-306, 272-385, and 272-306 (Table 5).

Table 5: Primers used to perform the PCR reaction of taperin

Name Primers PCR Annealing
temperature °C
GFP-TPN-1-306 | Forward primer: 5’-TTCGAATTCTATGGCCGCT 60

CTGGGCAGGCCTGGC-3’

Reverse primer: 5’-GATGGATCCCTCACACGGG

CTTAGGAGCGGGCCGGAT-3’

GFP-TPN-272- | Forward primer: 5’-TTCGAATTCTCCTGCC 60
385 AGCCCTCCTGCGAGCGCC-3

Reverse primer: 5’-GATGGATCCCTCATGGGCT

TTTGCCCAGGGCGGGTGC -3°

GFP-TPN-272- | Forward primer: 5’-TTCGAATTCTCCTGCC 60
306 AGCCCTCCTGCGAGCGCC-3’

Reverse primer: 5’-GATGGATCCCTCACACGGG

CTTAGGAGCGGGCCGGAT-3’
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Table 6: Primer sequences for PCR amplification

Plasmid constructs

PCR Primer sequences

hCLICSA 1-251

Forward primer

5’CGCACTCGAGACCATGGGGCATCATCATCATCATCATACAG
ACTCGGCGACAGCTAAC-3’

Reverse primer

5’-CCGGGATCCTCAGGATCGGCTGAGGCGTTTGGC-3".

pEGFP-hCLIC5A 1-251

Forward primer

5’-CGCACTCGAGCCATGACAGACTCGGCGACAGCTAAC-3’

Reverse primer

5’-CCGGGATCCTCAGGATCGGCTGAGGCGTTTGGC-3’

pGBKT7-hCLIC5A 1-251

Forward Primer

5’-GCCCATATGATGACAGACTCGGCGACAGC -3

Reverse Primer

5’-GCGGGATCCTCAGGATCGGCTGAGGCGTTTG-3

pGBKT7-hCLICSA 22-251

Forward Primer

5’-GCCCATATGGCTGGAATCGATGGAGAAAGCATCG -3’

Reverse Primer

5’-GCGGGATCCTCAGGATCGGCTGAGGCGTTTG-3’

pGBKT7-hCLICS5A 1-232

Forward Primer

5’-GCCCATATGATGACAGACTCGGCGACAGC -3°

Reverse Primer

5°’-GCGGGATCCTGCACAGGTGTTGGTGAACTC-3’

pGBKT7-hCLIC5A 1-251

Forward Primer

5’-GCCCATATGATGACAGACTCGGCGACAGC -3

Reverse Primer

5’-GCGGGATCCTCAGGATCGGCTGAGGCGTTTG-3”

pTARGET-hCLIC4 1-253

Forward Primer

5’-CCACCATGGCGTTGTCGATGCCGCTGAAT-3’

Reverse Primer

5’-CCGGGATCCTTACTTGGTGAGTCTTTTGGCTAC-3’

pEGFP-hCLIC4 1-253

Forward Primer

5’CGCACTCGAGCCATGGCGTTGTCGATGCCGCTGAAT-3’

Reverse Primer

5’-CCGGGATCCTTACTTGGTGAGTCTTTTGGCTAC-3’

pGBKT7-hCLIC4 1-253

Forward Primer

5’-CATATGGCCATGGAGATGGCGTTGTCGATGCCGCTGAAT-3’

Reverse Primer

5’-AGGTCGACGGATCCCTTACTTGGT GAGTCTTTTGGCTAC-3’

pTARGET-CLICI 1-241

Forward Primer

5’-CCACCATGGCTGAAGAACAACCGCAGGTC-3’

Reverse Primer

5’-CCGGGATCCTTATTTGAGGGCCTTTGCCACTTG-3’

pGBKT7-CLIC1 1-241

Forward Primer

5’CATATGGCCATGGAGATGGCTGAAGAACAACCGCAGGTC-3’

Reverse Primer

5’AGGTCGACGGATCCCTTATTTGAGGGCCTTTGCCACTTG-3’

pEGFP-Ezrin 1-586

Forward Primer

5’-GCCCTCGAGATGCCGAAACCAATCAATGTCCG -3’

Reverse Primer

5’-GCGGGATCCTTACAGGGCCTCGAACTCGTCG-3’

pEGFP-Ezrin 1-296

Forward Primer

5°’-GCCCTCGAGATGCCGAAACCAATCAATGTCCG-3’

Reverse Primer

5’-GCGGGATCCCTTCCTGCGGCGCATATACAAC-3’

pEGFP-Ezrin 432-586

Forward Primer

5’-GCCCTCGAGGAAGAGGCGCGGAGGCGCAAG -3’

Reverse Primer

5’-GCGGGATCCTTACAGGGCCTCGAACTCGTCG-3’

pEGFP-Ezrin 432-570

Forward Primer

5’-GCCCTCGAGGAAGAGGCGCGGAGGCGCAAG -3’

Reverse Primer

5’-GCGGGATCCTTACTGCCGCAGCGTCTTGTACTTGTC-3’

pGADT?7-Ezrin 1-586

Forward Primer

5’-GCCCATATGATGCCGAAACCAATCAATGTCCG -3’

Reverse Primer

5’-GCGCTCGAGTTACAGGGCCTCGAACTCGAT-3’

pGADT7-Ezrin 1-296

Forward Primer

5’-GCCCATATGATGCCGAAACCAATCAATGTCCG-3’

Reverse Primer

5°’-GCGCTCGAGCTTCCTGCGGCGCATATACAAC-3’

pGADT7-Ezrin 297-586

Forward Primer

5’-GCCCATATGCCTGACACCATCGAGGTGCAGCAG -3

Reverse Primer

5’-GCGCTCGAGTTACAGGGCCTCGAACTCGTC-3’

pGADT7-Ezrin 432-586

Forward Primer

5’-GCCCATATGGAAGAGGCGCGGAGGCGCAAG -3

Reverse Primer

5’-GCGCTCGAGTTACAGGGCCTCGAACTCGTC-3’

pGADT7-Ezrin 432-570

Forward Primer

5’-GCCCATATGGAAGAGGCGCGGAGGCGCAAG -3

Reverse Primer

5’-GCGCTCGAGCTGCCGCAGCGTCTTGTACTTG-3”

pGADT7-Ezrin 432-550

Forward Primer

5’-GCCCATATGGAAGAGGCGCGGAGGCGCAAG -3

Reverse Primer

5’-GCGCTCGAGGTGGGTCCTCTTATTCTCATCTC-3’

pGADT7-Ezrin 432-516

Forward Primer

5’-GCCCATATGGAAGAGGCGCGGAGGCGCAAG -3’

Reverse Primer

5’-GCGCTCGAGCTTCTCCTCATTGCGGTCATCCC-3’

pGADT7-Ezrin 480-540

Forward Primer

5’-GCCCATATGCCGGTGAGCTACCATGTCCAGGAG -3’

Reverse Primer

5’-GCGCTCGAGCTGGGACAGCTCGCTGCTC-3’

pGADT7-Ezrin 516-586

Forward Primer

5’-GCCCATATGAAGCGCATCACTGAGGCAGAG -3’

Reverse Primer

5’-GCGCTCGAGTTACAGGGCCTCGAACTCGTC-3’

pGADT7-Ezrin 550-586

Forward Primer

5’-GCCCATATGAATGACATCATCCACAACGAGAAC-3’

Reverse Primer

5’-GCGCTCGAGTTACAGGGCCTCGAACTCGTC-3°

pEGFP-Taperin 307-711
WT

Forward Primer

5’- CGCACTCGAGCCATGGAGACCATCCCCTTGGGGGAC-3’

Reverse Primer

5’-CGCGGTACCTCAGAAATACAGGGCTGGCTCGCT-3’

pEGFP-Taperin 307-711
optimized (OP) WT

Forward Primer

5’- CGCACTCGAGCCATGGAAACCATCCCTCTGGGCGAC -3’

Reverse Primer

5’- CGCGGTACCTCAGAAGTACAGGGCGGGTTCGCT -3’
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pEGFP-Taperin 307-711 Forward Primer 5’- CGCACTCGAGCCATGGAAACCATCCCTCTGGGCGAC -3’
OP KASA mutant Reverse Primer 5’- CGCGGTACCTCAGAAGTACAGGGCGGGTTCGCT -3’
pGADT7-Taperin 307-711 | Forward Primer 5’-GCCCATATG ATGGAGACCATCCCCTTGGGGGAC-3'
Reverse Primer 5’-GCGCTCGAGTCAGAAATACAGGGCTGGCTC -3’

2.6. Western blot (WB) analysis and quantification

2.6.1. Sample preparation

The cell culture plates were placed on ice. Cells in the culture plates were washed twice with ice-
cold PBS and harvested with RIPA lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1%
Nonevent P-40, 0.5% sodium deoxycholate) containing complete protease inhibitor cocktail
(Roche) and phosphatase inhibitor “PhosStop” (Roche), or cell lysis buffer (cytoskeleton Inc.) or
other cell lysis buffer where appropriate. After 15 in the lysis buffers, the cells were dislodged
with a cell scraper and collected into prechilled centrifuge tubes, followed by rotation incubation
at 4°C for 15 minutes, and centrifugation at 14,000 rpm for 15 minutes at 4°C. The supernatants
were collected and placed in new prechilled centrifuge tubes. Protein concentrations were
measured by Bradford assay. The input lysates were mixed with the same volume of 2 X
Laemmli buffer containing 5% B-mercaptoethanol, boiled for 3 minutes, and stored at -80°C.
2.6.2. SDS-PAGE

The prepared samples were loaded onto the 8-16% gradient polyacrylamide gel lanes for SDS-
PAGE at room temperature initially running at 50 volts for ~20 minutes to move the samples
through the stacking gel and enter into the separating gel, followed by 130 volts running until the
dye front reached the bottom of the gel.

2.6.3. Protein transfer and total protein imaging

Proteins were transferred onto the polyvinylidene fluoride (PVDF) membranes overnight at 40
volts at 4°C. The membranes were washed twice with distilled water for 2 minutes. Membranes

were then incubated with No-Stain® Protein Labeling Reagent prepared according to the
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manufacturer’s protocol, imaged using the iBright 750 imager (ThermoFisher Scientific), and
analyzed by the Imagel software (NIH, USA). The membranes were again washed with distilled
water (3 X 2 min) for subsequent immunoblotting.

2.6.4. Blocking and antibody incubation

PVDF membranes have a high affinity for proteins. To block the non-specific binding,
unoccupied sites on the membranes were blocked overnight by gentle shaking incubation with
Western Blocker® solution (Sigma) at 4°C (454). The western blocker solution consists of
proprietary blocking proteins and other components in Tris-buffered saline (TBS), pH 7.75, and
containing 0.1% Triton X-100, and 600 ppm Kathon CG/ICP (an antimicrobial agent). The
membranes were incubated with primary antibody, diluted to the appropriate concentration
Western Blocker®, with gentle shaking overnight at 4°C. The primary antibodies were then
removed, the membranes washed three times with TBST buffer for 30 min at room temperature
to remove unbound primary antibodies and incubated with HRP-conjugated secondary
antibodies (diluted 1:10000 in Western Blocker®) specific to the species of the primary antibody
with gentle shaking at room temperature for 1 hour. The membranes were washed again three
times with TBST buffer for 30 minutes at room temperature.

2.6.5. Protein detection

The membranes were incubated with the enhanced chemiluminescence (ECL) solution
(according to the manufacturer’s instructions for 2-3 minutes. Membranes were exposed to X-ray
film (FujiMedical X-Ray Film Super Rx, Fujifilm) or imaged by iBright 750. Band densities

were determined by ImageJ and normalized to total protein or GAPDH on the same membrane.
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2.7. Live cell confocal microscopy

HeLa cells were plated into 35-mm culture dishes containing a cover slips (25 mm diameter,
Cat# 72223-01, Electron Microscopy Sciences, Hatfield, PA USA) at ~20 10* cells one day
prior to transfection. They were then transfected with different cDNA constructs using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The cell
membranes or nuclei of living cells were labeled by CellBrite™ Steady membrane labeling kit
(Cat# 30107) or NucSpot Live 650 Nuclear stain (Cat #40082) (Biotium, Fremont, CA, USA),
respectively, according to the manufacturer’s instructions. Briefly, the CellBrite™ Steady
membrane labeling or NucSpot Live 650 dyes were added to the culture medium followed by
incubation at 37°C for 30 or 10 min, respectively. Living cells were examined with an Olympus
Spinning Disk Confocal microscope. Image acquisition and processing were conducted using
Volocity software (Version 6.4, Perkin Elmer, Waltham, MA USA) (Cell Image Core, Faculty of
Medicine and Dentistry, University of Alberta). The images were captured randomly and all cells
in each image were measured and analyzed. Representative images are shown in the figures.

2.8. GST-/GST-CLICS5A pull-down assay

The GST-/GST-CLICSA pull-down assay was performed according to the method described by
Berryman and Bretscher (422) and Al-Momany et al. (89). Briefly, cells were washed twice with
cold PBS and scraped from the plates into the chilled centrifuge tubes. The cells were then
evenly suspended in lysis buffer (1% Triton-X 100, 20 mM HEPES pH 7.4, 0.6 M KCl, and 1
mM EDTA) containing proteinase inhibitor cocktail (Roche) and phosphatase inhibitor
PhosStop™ (Roche), incubated for 15 minutes at 4°C with end over end rotation, followed by
centrifugation for 15 minutes at 14,000 X g. The supernatants were collected and 50-pl cell

reserved for total cell lysate “input”. The remaining supernatants were first pre-cleared for 30
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min by end-over-end rotation with glutathione beads, followed by centrifugation for 5 min at
12,000 X g. The resulting supernatants were incubated with 12.5 pg GST or 25 pg GST-
CLIC5A (approximately equimolar concentrations) and captured by glutathione beads by end
over end rotation incubation for 3 hours at 4°C. The beads were then washed twice with cold
PBS/0.1% Tween-20 and twice with cold PBS. Bound proteins were eluted with 2 X Laemmli
buffer and boiled for 3 min. Eluted proteins were separated by SDS-PAGE and subjected to WB
analysis.

2.9. Immunoprecipitation

Immunoprecipitation (IP) was performed as described by Takeda et al. (88) with some
modifications. Briefly, cultured cells were washed twice with ice-cold PBS, and harvested with
cold IP-lysis buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 30 mM sodium fluoride, 40 mM p-glycerophosphate, 20 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 100 nM Calyculin-A, complete protease inhibitors
(Roche), and phosphatase inhibitor PhosStop™ (Roche). Cells were homogenized on ice and
centrifuged at 14,000 X g for 15 min at 4°C. The supernatants were removed, and 50 pl were
kept as total cell lysate input controls. The remaining supernatants were pre-cleared for 30 min
with 30 pl protein G'/protein A-agarose beads at 4°C, and centrifuged 12,000 rpm, for 5
minutes. The collected supernatants were mixed with control IgG or goat anti-GFP IgG antibody
(1 pg), followed by end over end rotating incubation for ~2 hours. Then, 60 pl protein G
plus/protein A-agarose beads from a 1:1 slurry were added followed by overnight end over end
rotating incubation at 4°C. The beads were sedimented at 3,500 rpm for 5 minutes; washed twice
with IP wash buffer I, twice with IP wash buffer II, and once with IP wash buffer I11(455).

Finally, the beads were sedimented at 3,500 rpm for 5 min and resuspended in 60 pl of 2 X
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Laemmli buffer and boiled for 10 min. Eluted proteins were separated by SDS-PAGE, and
subjected to WB analysis.

2.10. Rac1-GTP pull down and Racl-GTP quantification assay

The Racl activation assay uses the Cdc42/Rac Interactive Binding (CRIB) region (also called the
p21 Binding Domain, PBD) of the Cdc42/Rac effector protein, p21 activated kinase I (PAK).
The PBD protein motif binds the GTP-bound form of Rac and Cdc42 protein in a highly specific
fashion (456). To determine Racl-GTP abundance, the PAK-PBD pull down assay was used
according to the manufacturer’s instructions (Cytoskeleton, Inc.). Cultured cells were harvested
very rapidly with 1 ml lysis buffer (Cytoskeleton, Inc.) from 100 mm culture plates and
sedimented at 10,000 X g, for 1 minute. 50 pl of the resulting supernatants were reserved for
total cell lysate input controls. The remainder of the supernatants were subjected to end over end
rotating incubation with 40 pg of GST-PAK-PBD immobilized on glutathione beads for 2 hours
at 4°C and precipitated using 3,500 X g for 3 min at 4°C. The beads were washed once with
wash buffer (Cytoskeleton, Inc.) and again precipitated at 3500 X g for 3 min at 4°C. The beads
were then resuspended in 40 pl of 2 X Laemmli buffer and boiled for 3 min followed by western
blot analysis.

For precise quantification of the Racl-GTP concentration (ng), the G-LISA® assay
(Cytoskeleton, Inc.) was used according to the manufacturer’s instructions. Cells were lysed as
described above, and the protein concentration in the supernatants was determined by the
Bradford assay. 20 pg of total lysate protein was used for each per data point. To deplete
supernatants of Rac-GTP, they were incubated at room temperature overnight. The Rac-GTP
depleted lysates were used to define the background and to establish the standard curve (0, 1, 3

and 6 ng constitutively active Racl).
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2.11. Isolation of mouse glomeruli

Mouse glomeruli were isolated by differential sieving method according to the method of Rops
et al. (457), with slight modifications. Kidneys from C57BL/6J-CLIC5™* and C57BL/6J-CLIC5"
" mouse kidneys were rapidly removed; stripped of their capsules, followed by collection of
kidney cortex. The kidney medulla was discarded. The kidney cortex was finely minced,
suspended in RPMI 1640 medium containing 1.0 mg/ml collagenase IV (with or without 10 nM
Calyculin-A) and digested at 37°C for 1.0 hr. The digested tissue was passed through stacked
100 pm, 70 um and 40 um cell strainers (BD Falcon, Durham, NC, USA) using gentle pressure
with cell lifter. Accumulated glomeruli on the surface of the 40 um cell strainer were collected
and placed into 100 mm cell culture plates in 15 ml RPMI 1640 medium containing 0.5% FBS
and 10 nM Calyculin-A and incubated in a cell culture incubator containing 5% CO>/air for 10
minutes. Contaminating tubules adhere preferentially to cell culture plastic and were removed by
incubating the glomerular suspension three times on 100 mm cell culture plates. Each time, the
medium containing the the non-adherent glomeruli was transferred to a new cell culture plate.
Glomerular preparations were examined for purity by light microscopy and were used for
experiments only if they were free of tubules (>99% pure). The glomerular numbers were
quantified. The glomeruli were sedimented by centrifugation at 4,500 rpm for 5 minutes at 4°C
and washed twice with cold PBS to use for differential detergent fractionation.

To prepare glomerular cell lysates, they were resuspended in 250 pl of lysis buffer (50 nM Tris-
HCl pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 1 X protease inhibitor
(Roche), 1 X phosphatase inhibitor PhosStop™ (Roche), and 100 nM calyculin-A), incubated
for 20 minutes, then passed through a 28 1/2-gauge needle three times and centrifuged at 14,000

X g for 15 min. The supernatants were used to detect endogenous soluble proteins.
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2.12. Differential detergent fractionation

The subcellular localization (cytosol, membrane, pellet) of exogenously expressed CLICSA,
endogenous ezrin, mutant ezrin, GAPDH and N-Cadherin in COS-7 and HeLa cells, and of
endogenous CLIC5A, ezrin, NHERF2, nephrin, and podocalyxin in isolated mouse glomeruli
were determined by differential detergent fractionation. In this assay cells are first treated with
cytoplasmic protein extraction buffer containing digitonin then a detergent (Triton X-100)-
containing membrane protein extraction buffer followed by collection of the insoluble pellet
fraction that contains cytoskeleton and nuclei. A sample of total cell lysate was reserved from
washed COS-7 and HeLa cells, and washed glomeruli (~5000 per assay) and lysed with 2X
Laemmli buffer. The remaining washed and pelleted COS-7 and HeLa cells or isolated glomeruli
were resuspended in cytoplasmic protein extraction buffer [200 pg/ml digitonin (COS-7 and
HeLa cells), or 100 pg/ml digitonin (glomeruli) in 40 mM PIPES, 1.2 M sucrose, 400 mM NaCl,
12.5 mM MgS04.H20, 5 mM EDTA, 1 X protease inhibitor cocktail, 50 nM Calyculin A, pH
6.8] and incubated by rotary shaking for 10 minutes (COS-7 and HeLa cells) or 15 minutes
(glomeruli) at 4°C. Subsequently, they were centrifuged at 2,000 X g for 10 min at 4°C. The
supernatants were collected and designated as the digitonin soluble cytoplasmic fraction. The
pellets were washed once with ice-cold PBS by centrifugation at 6,000 X g for 10 min at 4°C,
resuspended in membrane protein extraction buffer (0.5% v/v Triton X-100, 50 mM HEPES, 150
mM NaCl, 5 mM EDTA, 1 X protease inhibitor cocktail, 50 nM calyculin A, pH 7.4), incubated
for 30 min on ice with intermittent vortexing, followed by centrifugation at 6,000 X g for 10 min
at 4°C. The resulting supernatants were designated as the Triton X-100 soluble membrane
protein fraction, and the pellets were designated as insoluble cytoskeletal fraction (P). The

volume of incubation of extraction buffers was 400 pl for COS-7 and HeLa cells and 100 pl for
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isolated glomeruli. For WB analysis, each fraction was adjusted to represent equivalent starting
material.

2.13. siRNA knockdown

Transfection with siRNA was performed using Lipofectamine 2000™ (Life technologies) in the
human glomerular EC cells. Control siRNA (Scramble, cat. # sc-35349) and human ezrin siRNA
(cat # sc-37007) were purchased from Santa Cruz Biotechnology. Briefly, human glomerular EC
cells were cultured in p-35 mm plates and split to achieve ~70% confluence for transfection. The
EGM2 medium was replaced with same medium without antibiotic just before siRNA
transfection. 10 nM control or ezrin siRNA and 100 pl Opti-MEM I medium was mixed (Mix
A). 1 pl Lipofectamine 2000™ and 100 ul Opti-MEM medium I was mixed (Mix B). Mix A and
B were combined and incubated for 20 minutes at room temperature, and then added to the cells.
After 7 hours, 1 ml complete EGM2 medium was added on the cells.

Triple ERM silencing and taperin silencing were performed using siRNA according to the
manufacturers instructions (OriGene technologies, USA). Briefly, HeLa cells in the log phase of
growth were plated into 24-well plates at 10 10* cells/well in 500 ul complete DMEM medium.
16 — 24 hours later, 50 ul transfection buffer, 5 — 50 nM siRNA, 1.2 ul siTran™ 2.0 transfection
reagent were mixed and incubated for 15 minutes at room temperature and then applied to the
cells. Cells were studied 48 hours later.

2.14. Yeast-two hybrid assay

Screening was conducted by Hybrigenics™ (Evry, France) service to identify potential direct
interacting proteins using full-length human CLIC5A (1-251 aa) as bait and an adult mouse
kidney protein domain library (~80,000 protein domains) as prey. To confirm and map the

regions of ezrin and taperin that interact directly with CLIC5A, the Clontech Matchmaker
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GAL4-based yeast two-hybrid (Y2H) assay was used according to the manufacturer’s
instructions. In the Matchmaker GAL4-based Y2H system, the DNA-binding domain (DNA-
BD) and activation domain (AD) must come into close proximity to trigger transcription of the
reporter genes MEL1 and AURI-C. MEL1 encodes the a-galactosidase enzyme. The a-
galactosidase expressed and secreted by the yeast cells, hydrolyzes the chromogenic substrate X-
a-Gal, turning the yeast colonies blue. The AURI-C gene encodes the enzyme inositol
phosphoryl ceramide synthase. AURI1-C expression in the Y2HGold yeast strain induces
resistance to the highly toxic antibiotic Aureobasidin A (AbA").

For yeast mating, an aliquot of the yeast Y187 strain (MATa) containing prey vector is mixed
with an aliquot of the Y2H Gold strain containing bait vector. The mated strains are then
cultured overnight and plated on selective agar plates deficient in leucine and tryptophan [-Leu/-
Trp (DDO)]. Only successfully mated colonies containing both bait and prey vectors grow on
DDO medium. The DDO medium containing X-0-Gal with or without Aureobasidin A is used
to define whether direct interactions between bait and prey proteins have turned on the
expression of the reporter genes. To rule out false-positive direct interactions and to map the
minimum regions of ezrin and taperin that directly bind CLICS5A, I first cloned different
CLICS5A constructs into the bait vector pGBKT7, and different ezrin and taperin constructs into
the prey vector pGADT?7. I also cloned CLIC4 and CLICI1 into the bait vector pGBKT7. I
prepared the Y2HGold and Y187 yeast competent cells according to the manual. Cloned bait
vectors were transformed into the Y2HGold yeast competent cells and allowed to grow for 3
days at 30°C on synthetically defined agar medium (SD) without tryptophan (Trp~). Cloned prey
vectors were transformed into the Y187 yeast competent cells and allowed to grow for 3 days at

30°C on SD agar medium without leucine (Leu’). For mating, a colony of bait and a colony of
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prey yeast were placed into a single 1.5 ml centrifuge tube containing 500 ul of 2 X YPD
medium (yeast extract, peptone, glucose), mixed gently by vortexing, and incubated with
shaking at 200 rpm, 30°C for 20-24 hours. From the mated culture, 100 ul of 1/10 or 1/20 or
1/500 dilutions were spread on the Leu/Trp~ agar medium (DDO), Leu/Trp~ agar medium
containing X-a-Gal (DDO/X), or Leu/Trp™ agar medium containing X-a-Gal and Aureobasidin
A (AbA) antibiotic (DDO/X/A) and incubated for ~3-5 days at 30°C. Yeast transformed with
pGBKT-7/p53 (bait) and pGAD-T7 /SV40 large T antigen (prey) served as positive control, and
yeast transformed with pGBKT-7/Lamin (bait) and pGADK-T7/SV40 large T antigen (prey)
served as negative control. A direct interaction between bait and prey results in blue colonies on
DDO)/X-a-Gal and DDO/X-0- Gal/Aureobasidin A agar plates. No interaction prevents growth
on plates containing Aureobasidin A.

2.15. In vitro transcription/translation-based protein synthesis assay

The TnT® quick coupled transcription/translation system was used for eukaryotic cell-free
protein synthesis. The system is suitable for the expression of genes cloned downstream from
either the T7 or SP6 RNA polymerase promoters (458). The proteins produced are soluble, post
translationally modified, and are not purified but used directly for GST pull-down to study
protein-protein interaction in vitro. 1 synthesized hemagglutinin (HA)-tagged ezrin and taperin
proteins using different ezrin and taperin vector constructs in the pPGADT7 plasmid as templates.
Upon removal from storage at -70°C, the TnT® quick master mix was rapidly thawed and placed
on ice. 40 pl TnT® T7 quick master mix, 2 pl Methionine 1 mM, pGADT7-ezrin or pGADT7-
taperin plasmid cDNA templates (600 ng) and nuclease free water were added to make a 50 pl
reaction volume. The reaction components were mixed gently by pipetting and incubated at 30°C

for 90 minutes. Western blot analysis using 1 pl of the reaction mixture and anti-ezrin, anti-HA
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and anti-taperin antibodies was used to confirm successful synthesis of the desired proteins. The
reaction products were then used for GST-/GST-CLIC5A pull down assay. To examine ezrin-
CLIC5A interactions, 5 ul of the reaction mixture containing synthesized HA-tagged ezrin 1-586
aa and the N-terminal ezrin fragment 1-296 aa, or 40 ul of the reaction mixture containing
synthesized HA-ezrin fragments 297-586 aa, ezrin 432-586 aa, or ezrin 432-570 aa, were
incubated with purified 20 pg GST or 40 pug GST-CLIC5A (approximately equimolar
concentrations) in ice-cold Tris-HC1 (20 mM, pH 7.5) buffer to make a volume of 500 pl.
Similarly, 40 pl of synthesized taperin isoform 2 (307-711) aa, the taperin fragment 272-385 aa,
or 160 pl of synthesized full-length taperin isoform 1 (1-711 aa; Gene script synthesized cDNA
construct) were added to 20 pg purified GST or 40 pg purified GST-CLIC5A (approximately
equimolar concentrations) in ice-cold Tris-HCI (20 mM, pH 7.5) buffer to make a volume of 500
pl. The pull-down mixtures were allowed to undergo rotation incubation for 1 hour, followed by
addition of 60 pl glutathione beads (bead: PBS 1:1) and rotation incubation overnight at 4°C.
The pull-down mixtures were then centrifuged at 3,500 rpm for 5 minutes, the supernatant was
discarded, and the beads were washed twice with ice-cold PBS. 40 pl 2 X Laemmli buffer was
added to the washed beads and heated to 95°C for 5 minutes prior to SDS-PAGE and western
blot analysis.

2.16. Statistical analysis

Biological replicate samples were examined at least three times or more. GraphPad Prism
software was used for all statistical analysis. Data are presented as mean = SD. For the
comparison of the two groups, the Student t-test was used. For comparison of more than two
groups, analysis of variance (ANOVA) was used, followed by the Bonferroni post-hoc test for

individual differences. The limit of statistical significance was defined as p < 0.05.
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Chapter 3

CLICS5A interacts directly with the ezrin, radixin and moesin
3.1. Introduction
The cell cortex, also known as the actomyosin cortex, is a layer of cytoskeletal proteins just
beneath the cell membrane. It plays a crucial role in defining the cell structure and for the
transmission of signals from the plasma membrane into the cell. ERM proteins help organize the
cortical actin cytoskeleton by linking plasma membrane components to filamentous actin. They
are necessary for the development of cytoskeletal structures like filopodia, lamellipodia,
stereocilia, microvilli and podocyte foot processes (222, 459-461) and take part in intracellular
signal pathways (193). In podocytes, ezrin interacts with podocalyxin directly, and also
indirectly through NHERF2, linking podocalyxin to actin. As a major podocyte protein, CLICSA
is part of the ezrin/NHERF2/podocalyxin complex (85).
CLIC5A is one of the most highly expressed proteins in glomeruli with transcript levels nearly
800 fold higher in glomeruli compared to other tissues (182) and 50-fold higher in glomerular
EC compared to other EC (183). CLIC5A was first discovered in a protein complex with ezrin,
actin, and other actin-associated proteins in placental microvilli (422), suggesting that the
association of CLIC5A with actin-based cytoskeletal structures is important for their assembly or
maintenance. In podocytes, CLIC5A localizes to the apical plasma membrane of foot processes,
identical to the distribution of podocalyxin, and ezrin (85, 184). In glomeruli, CLIC5A is also
found in the porous fenestrated region of glomerular EC, and it co-localizes strongly with ezrin
and podocalyxin in human renal glomeruli (85).
This lab has shown that CLIC5A expression causes ERM protein phosphorylation (activation) in

glomerular podocytes in vitro and in vivo (86, 87, 89). CLIC5A also stimulates Racl, but not
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Cdc42 or RhoA activity (86). CLICS deletion in mice decreases ezrin phosphorylation and
results in dissociation of the ezrin/NHERF2/podocalyxin complex in renal glomeruli (89).
CLICS deletion in mice also results in podocyte foot process disorganization, glomerular EC
vacuolization and makes glomerular capillaries more vulnerable to Adriamycin and
hypertension-induced injury (85, 86, 297). CLIC5A is also expressed in the basal region of inner
ear hair sensory hair cell stereocilia, and CLIC5 deletion results in degeneration of these actin-
based cellular projections, resulting in vestibular disturbances and progressive deafness (425). A
Turkish family with renal disease and deafness due to an inactivating CLIC5 mutation has been
reported (429).

While it seems quite clear that CLIC5A is functionally important for the activation of Racl and
ERM proteins, I aimed to identify the immediate protein partners of CLICS5A together with
which CLICSA functions in cells. Therefore, the objective of this chapter is as follows:

To determine whether CLICSA interacts directly with Racl, and ezrin, radixin, moesin

proteins.
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3.2. Results

3.2.1. CLICS5A, ezrin and Racl are part of the same protein complex

Since CLICS5A expression stimulates ERM phosphorylation (activation) (89) and Racl activation
(86), I first sought to determine whether CLIC5A, ezrin and Racl are in the same protein
complex. A single pilot experiment reported in the PhD thesis of M. Tavasoli (506) had
previously suggested that CLIC5A co-precipitates with non-hydrolysable GTPyS-loaded Racl in
the PAK-protein binding domain (PAK-PBD) pull-down assay. COS-7 cells, which do not
express CLIC5A at baseline, were therefore transfected with Flag- or Flag-CLIC5A cDNA
constructs. 48 hours later lysates were prepared from the cells and subjected to pull-down with
immobilized PAK-PBD beads. In COS-7 cells expressing Flag-CLIC5A, I observed that Racl-
GTP levels were higher than those in cells transfected with the Flag-control vector, consistent
with previously published work by Tavasoli et al. (89). Furthermore, Flag-CLIC5A and
endogenous ezrin co-precipitated with Racl-GTP in CLIC5A expressing cells (Figure 3.1. A),
consistent with the pilot experiment in the Tavasoli thesis (506). Similarly, when COS-7 or HeLa
cells were transfected with GFP- or GFP-CLIC5A c¢cDNAs, and treated with or without the
specific Racl inhibitor NSC 23766 (100 uM) for 10 minutes, Rac1-GTP levels increased in the
absence, but not in the presence of NSC 23766, and GFP-CLIC5A and endogenous ezrin co-
precipitated with Rac1-GTP from both cell types in the absence, but not in the presence of the
Racl inhibitor (Figure 3.1.B). I was therefore able to conclude that CLIC5A, ezrin and Racl-
GTP are part of the same protein complex, and that the co-precipitation of CLIC5A and ezrin in
this assay was not due to nonspecific binding of ezrin or CLIC5A to the PAK-PBD beads. Other
proteins that bind Racl-GTP would also be expected in these PAK-PBD pull-downs (see

Chapter 5) but were not identified here.
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3.2.2. CLIC5A interacts with Racl, but they do not interact directly

As CLICS5A precipitates with Rac1-GTP, it became important to determine whether CLIC5A
binds Racl-GTP directly. Wild-type GFP-Racl, constitutively active GFP-Racl Q6I1L, and
dominant negative GFP-Racl D17N overexpressed in COS-7 cells were all pulled from COS-7
cell lysates by GST-CLIC5A without apparent preference for constitutively active GFP-Racl
(Fig. 3.2.A). Moreover, live cell imaging of HeLa cells co-transfected with RFP-CLIC5A and
wild-type GFP-Racl ¢cDNAs showed that RFP-CLIC5A partially co-localized with GFP-Racl
(Fig. 3.2.B). However, purified, recombinant His-Racl loaded with GTPyS or GDP (Fig. 3.3.A)
did not bind recombinant, purified GST-CLIC5A immobilized on glutathione beads (Fig. 3.3.B).
These results indicate that CLIC5A and Rac1-GTP interact at or near the cell membrane, but this
interaction appears to be indirect.

3.2.3. Identification of CLICSA binding partners in mouse kidney library

We next used unbiased screening of a mouse kidney protein domain library to search for direct
CLICS5A binding partners. This library was chosen because CLIC5A is expressed at very high
levels in mouse kidney podocytes. The screening was done for us by Hybrigenics® (Evry-
Courcouronnes, France) using Yeast-Two-Hybrid (Y2H) library screening technique. The library
consisting of >80,000 independent protein domain fragments (“prey”) was screened against full-

length CLICS5A as the “bait”. The Y2H library screening results are as follows:
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Table 7: The Y2H library screening results using CLIC5A as bait

Domain Function
Bait: Full-Length Part of the ezrin/podocalyxin complex in podocytes and inner ear
CLICSA hair cell sensory stereocilia.
Prey: Proteins identified that interact directly with full-length CLIC5A:
Radixin C-terminus The C-termini of radixin and ezrin are highly homologous.
330-586 amino acids | Radixin and CLICS5A interact in inner ear stereocilia. Ezrin
and CLIC5A are part of the NHERF2/podocalyxin complex in
podocytes.
Taperin | Central domain Protein phosphatase 1a (PP1a) regulatory subunit and suppresses
312-424 amino acids | PPla phosphatase activity, component of the CLIC5A/radixin
complex in the inner ear hair cell stereocilia and mutation
causes hearing loss, has 78% amino acid sequence similarity with
human taperin 272-385 fragments.
Shank2 C-terminus Recruits a Racl GEF “Rho guanine nucleotide exchange factor 7

951-1262 amino acids

(ARHGEF7), also known as PPix (Pax-interacting exchange

factor beta”, thus modulates GTPase activity.

It is well known that the radixin and ezrin C-termini are highly homologous and that these ERM

proteins couple transmembrane proteins to actin (Appendix 1 for ERM proteins alignment) (151,

207). Also, radixin and CLIC5A are in the same protein complex in the inner ear (425), while in

the kidney, CLIC5A strongly co-localizes with, and activates ezrin (85, 89). Therefore, I

postulated that the finding of a direct interaction between CLIC5A and radixin suggest that a

similar interaction may exist between CLIC5A and ezrin.
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3.2.4. CLIC5A binds directly to ezrin C-terminus (amino acids 432-586)

To confirm and map the direct interaction between CLIC5A and ezrin, I cloned CLIC5A full-
length (FL) 1-251 amino acids (aa), CLIC5A 22-251 aa (N-terminal deletion mutant), and
CLIC5A 1-232 aa (C-terminal deletion mutant), CLIC4 FL (1-253 aa) and CLIC1 FL (1-241 aa)
into the bait vector and different ezrin domains and fragments into the prey vector of the Y2H
assay. A direct interaction between the bait and the prey results in blue colonies in “Double
Drop-out (DDO)/X-0-Gal as DDO/X plates” and DDO/X-a-Gal/Aureobasidin A (A) antibiotic”
agar plates as DDO/X/A plates. If there is no direct interaction between the bait and the prey
proteins, yeast colonies cannot growth on DDO/X/A agar plate containing the Aureobasidin A
antibiotic.

I observed that CLICSA FL 1-251 aa interacts most strongly with the ezrin C-terminal domain
432-586 aa. CLICSA also interacts with ezrin 297-586 aa, weakly with ezrin 516-586 aa, and
very weakly with ezrin 550-586 aa (faint blue colonies) as evident from the growth of blue
colonies on the DDO/X/A plate (Figure 3.4). However, in the Y2H assay CLIC5A does not
interact directly with FL ezrin 1-586 aa, the ezrin N-terminal domain 1-296 aa, ezrin 432-570,
ezrin 432-550 aa, ezrin 432-516 aa, or ezrin 480-540 aa based on the absence of blue colony
growth on the DDO/X/A agar plates (Figure 3.4). Ezrin 297-586 aa, which includes both the
coiled coil domain (297-431 aa) and C-terminal domain (432-586 aa), showed a direct
interaction with CLIC5A FL 1-251 aa as evident from the growth of weak blue colonies, but not
as strongly as ezrin 432-586 aa, suggesting that the coiled coil domain slightly hinders the
CLIC5A/ezrin direct interaction and 297-431 aa is not the region of ezrin that binds CLIC5A.
My finding that the last 16 amino acids of the ezrin C-terminal domain are required for the

interaction with CLIC5A indicate that this region of ezrin is critical for binding to CLIC5A. The
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CLIC5A N-terminal (22-251 aa) and C- terminal deletion mutants (1-232 aa) failed to interact
with ezrin 432-586 aa as observed from the absence of yeast colony growth on the DDO/X/A
plates. Diploid yeast colonies did grow on the DDO/X plates devoid of Aureobasidin A
antibiotic, meaning that mating was successful and that the colonies contained both constructs,
but the colonies did not turn blue when CLIC5A N- and C-terminal deletion mutants (bait) and
ezrin 432-586 (prey) were evaluated (Figure 3.5). Therefore, the N-terminal and C-terminal
domains of CLIC5A are necessary for direct binding of ezrin.

3.2.5. CLICS5A interacts directly with the ezrin, radixin, and moesin

Using the Y2H assay, I observed that expression of CLIC5A as bait together with the C-terminus
of ezrin 432-586 aa, or radixin 432-583 aa, or moesin 432-577 aa as prey, induced expression of
the MEL1 reporter encoding a-galactosidase and resulting in blue colonies in the presence of X-
a-gal on the DDO/X agar plates, indicating direct interactions between CLIC5A and the C-
terminal domains of ezrin, radixin, and moesin (Figure 3.6). Yeast colony growth on the
antibiotic Aureobasidin A containing plates, which requires induction of the reporter AUR1-C
through a direct bait/prey interaction, was also observed for the combination of CLIC5A as bait
and the ezrin, or radixin or moesin C-terminal domains as prey (Figure 3.6). However, the
number and size of blue colonies in the presence of X-a-gal and Aureobasidin A antibiotic were
consistently (n = 3 distinct experiments) greater for the CLIC5A/ezrin 432-586 aa combination
than the combination of CLIC5A/radixin 432-583 aa or CLIC5A/moesin 432-577 aa, which
produced fewer and smaller blue colonies (Figure 3.6). This suggests that the affinity of CLICSA
for ezrin 432-586 is greater than its affinity for radixin 432- 583 aa or moesin 432-577 aa. Ezrin

was therefore studied in detail.
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3.2.6. CLIC4 and CLIC1 do not interact directly with ezrin in the Y2H assay

CLIC1 and CLIC4 proteins are the most studied CLIC proteins, and they are highly homologous
with CLIC5A (see sequence alignments, Appendix 2). Therefore, we were also interested to
determine whether CLIC1 and CLIC4 interact directly with ezrin. Y2H assay using FL. CLIC5A
(1-251 aa), FL CLIC4 (1-253 aa), or FL CLIC1 (1-241 aa) as bait, and FL ezrin 1-586 aa or ezrin
432-586 aa as prey, showed that CLIC5A interacts directly with ezrin 432-586 aa as evident
from growth of blue colonies on the DDO/X/A agar plates, but neither CLIC4 nor CLIC1 were
found to interact directly with ezrin 1-586 aa or ezrin 432-586 aa based on the absence of growth
of yeast colony on the DDO/X/A agar plates (Figure 3.7). These results suggest that CLIC5A
might be unique among the CLIC proteins in the context of ezrin complex in cells, or that
CLICS5A has a significantly higher affinity for the ezrin C-terminus than CLIC1 or CLIC4.

3.2.7. Validation of Y2H mapping results of CLICSA/ERM direct interaction

I next used the GST pull-down method to validate the Y2H results. I observed that endogenous
ezrin, radixin, and moesin were all pulled from the COS-7 cell lysates by GST-CLIC5A
immobilized on glutathione bead (Figure 3.8), suggesting that CLIC5A can interact with these
proteins in their active conformation and consistent with the interaction between CLIC5A with
ezrin, radixin, and moesin by Y2H assay in Figure 3.6. To rule-out possible false-positive
interactions by Y2H, I also validated the mapping results, using the GST-CLIC5A pull down and
co-immunoprecipitation assays, of ezrin protein constructs expressed in COS-7 cells and
synthesized in vitro. When GFP-ezrin constructs were expressed in COS-7 cells, GST-CLIC5A
pulled down GFP-ezrin 432-586 aa, but not GFP-ezrin 1-586 aa or GFP-ezrin 432-570 aa from
the cell lysates (Figure 3.9), consistent with the Y2H findings in Figure 3.4. However, unlike the

Y2H findings, the ezrin FERM domain (aa 1-296) was also pulled from the cell lysates by GST-
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CLICS5A. Ezrin phosphorylation at Thr 567 (human ezrin sequence) is critical for its activation
and thus I also overexpressed phosphomimetic ezrin 432-586 aa T567D mutant for GST-
CLICS5A pull-down (Figure 3.10). Compared to other GFP-ezrin constructs, much more of the
phosphomimetic form of ezrin 432-586 aa T567D was pulled down by GST-CLIC5A (Figure
3.10). When co-expressed with GFP-CLIC5A in COS-7 cells, HA-ezrin 1-586 aa, HA-ezrin
432-586 aa, but not ezrin HA-432-570 aa were co-immunoprecipitated with GFP-CLIC5A from
the lysates (Figure 3.11). Since interactions observed by GST-pull-down from cell lysates or co-
immunoprecipitation can be indirect, I also determined whether ezrin proteins synthesized in
vitro using the TnT® transcription/translation system interact with purified GST-CLICSA.
Consistent with the Y2H mapping results, immobilized GST-CLICSA effectively precipitated
the in vitro synthesized the HA-tagged ezrin 297-586 aa and ezrin 432-586 aa fragments, but not
the ezrin 432-570 aa fragment or full-length ezrin 1-586 aa (Figure 3.12.A). However, unlike the
Y2H findings, GST-CLIC5A also precipitated the in vitro transcribed and translated the HA-
Tagged ezrin 1-296 aa fragment representing the FERM domain. (Figure 3.12.B). In addition,
immobilized GST-CLICS5A pulled down in vitro synthesized radixin 300-583 aa, radixin 432-
583 aa and moesin 432-577 aa (Figure 3.12.C). Therefore, for the direct interaction of CLIC5A
with ezrin, the last 16 amino acids of the ezrin C-terminus are required. The finding that the
ectopically expressed ezrin N-terminal FERM domain (ezrin 1-296 aa) and the in vitro
synthesized HA-tagged ezrin 1-296 aa binds GST-CLIC5A suggests a false negative result for
ezrin 1-296 aa in the Y2H assay, possibly due to retention of this ezrin fragment at the yeast
plasma membrane. The finding that FL ezrin 1-586 aa co-immunoprecipitated with GFP-
CLICS5A when both proteins were expressed in COS-7 cells (Figure 3.11), but failed to interact

with CLICS5A in the Y2H or the in vitro transcription/translation assays, is consistent with the
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high-affinity auto-inhibitory interaction between ezrin N-terminal FERM domain and its own C-

terminal tail (210) that would block the C-terminus of ezrin preventing it from binding CLIC5A.
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Figure 3.1
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Figure 3.1: CLIC5A and ezrin are part of the Racl-GTP complex. A. Western blot (WB)
analysis with anti(a)-ezrin, a-CLICSA and a-Racl antibodies of cell lysate and proteins pulled
down by immobilized PAK-protein binding domain (PAK-PBD) beads from lysates of COS-7
cells transfected with Flag- or Flag-CLIC5A cDNAs constructs. B. WB analysis with a-ezrin, o-
CLICS5A and a-Racl antibodies of total cell lysates (TCL) and proteins captured by immobilized
PAK-PBD beads from lysates of COS-7 and HeLa cells transfected with GFP or GFP-CLIC5A
cDNAs constructs. The GFP-CLIC5A ¢cDNA expressing COS-7 and HelLa cells were treated
with or without the Racl inhibitor NSC23766 (100 uM, 10 minutes).
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Figure 3.2

A TCL Pull-Down
GST Ll IR S ST
GST-CLIC5A I s e -|-__75
—-- -
a-GFP
-37
' -25
GFP-Rac1 = WTLsINtZ = = “WT (61 Ni7
GFP + = = = 44 = = = =« - -
B
RFP-CLIC5A GFP-Rac1 Merged

Figure 3.2: CLIC5A interacts with Racl. A. WB analysis with a-GFP antibody of total cell
lysate (TCL) and proteins pulled down by GST- or GST-CLIC5A immobilized on glutathione
bead from lysates of COS-7 cells transiently transfected with wild-type (WT), constitutively
active (L61) or dominant negative (N17) GFP-Racl cDNAs constructs. B. Live cell imaging of
HeLa cells transiently transfected with RFP-CLICSA (red) and wild-type GFP-Racl (green)

cDNAs constructs. Co-localization (yellow) in the merged image is observed at the cell
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periphery and in the perinuclear location.
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Figure 3.3
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Figure 3.3: CLIC5A does not interact directly with Racl. A. /n vitro loading of purified,
recombinant His-Racl with GTPyS. 500 ng of His-Racl was loaded with GTPyS or GDP,
followed by affinity capture of Racl-GTPyS by immobilized PAK-PBD bead. Top Panel:
Protein blot. Bottom panel: WB with anti-(a)-Racl antibody. B. WB of purified His-Racl from
GST- or GST-CLIC5A pull-downs from cell-free solutions (Tris-HCl, 20 mM, pH 7.4)
containing Racl-GTPyS or GDP loaded Racl. His-Racl wild-type (5 ng) was used as input

(extreme left lane).
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Figure 3.4
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Figure 3.4: Yeast two-hybrid mapping showing direct interaction of CLIC5A and ezrin
432-586 aa. Y2H assay with wild-type full-length CLIC5A 1-251 as bait and distinct ezrin
fragments as prey. DDO: Leucine/Tryptophan deficient medium. DDO/X: DDO medium
containing X-a-gal substrate; DDO/X/A: DDO medium containing X-a-gal substrate and
Aureobasidin A antibiotic. Blue colonies and growth on Aureobasidin A containing agar
indicates induction of the reporters due to a direct interaction between bait and prey. The

P53/T7 combination served as positive, and the Lamin/T7 combination as negative control.
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Figure 3.5
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Figure 3.5: CLICS5A C-terminal and N-terminal mutants do not interact directly with
ezrin. Yeast two-hybrid mapping using wild-type full-length CLIC5A 1-251 aa, or CLIC5A 1-
232 aa C-terminal mutant, or CLIC5A 22-251 aa N-terminal mutant as baits, and ezrin 432-586
aa as prey. DDO/X: DDO medium containing X-o-gal substrate; DDO/X/A: DDO medium

containing X-o-gal substrate and Aureobasidin A antibiotic.
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Figure 3.6
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Figure 3.6: Yeast two-hybrid assay showing direct interactions of CLIC5A and ezrin,
radixin, moesin C-terminal domains. Plates contain yeast colonies expressing untagged full-
length CLIC5A 1-251 amino acids (aa) in the “bait” vector and C-terminal domain of ERM
proteins (ezrin 432-586 aa, or radixin 432-583 aa, or moesin 432-577 aa) in the “prey” vector.
Colony growth on double deficient medium (DDO, lacking leucine and tryptophan) indicates
both vectors are present. Blue colonies indicate a-galactosidase activity in the presence of X-a-
gal (DDO/X plate) due to direct interactions between bait and prey proteins. Growths on plates
containing the antibiotic Aureobasidin A (DDO/X/A) indicates a direct interaction between bait

and prey proteins resulting in Aureobasidin A resistance.
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Figure 3.7
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Figure 3.7: CLIC4 and CLIC1 do not interact directly with ezrin in yeast two-hybrid assay.
Yeast two-hybrid assay showing blue yeast colonies growth on DDO/X/A plates indicates a
direct interaction. Baits p53, CLIC5A, CLIC4, CLICI in the bait vector, and prey T7, ezrin 1-
586, ezrin 432-586, and ezrin 432-570 in the prey vector were used for Y2H assay. Blue colonies
indicate a-galactosidase activity in the presence of X-a-gal on the DDO/X/A plates due to direct
interactions between bait and prey protein. P53 X T7, and CLIC5A X ezrin 432-586 were used

as the positive controls.
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Figure 3.8
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Figure 3.8: Immobilized GST-CLICSA pulls endogenous ezrin, radixin and moesin from
cell lysates. WB analysis with anti(a)-ezrin, o-radixin and o-moesin antibodies of total cell
lysates (Input) and proteins from GST- or GST-CLIC5A pull-downs (PD) using lysates from
untransfected COS-7 cells. Equimolar amount of GST and GST-CLIC5A were used.
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Figure 3.9
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Figure 3.9: CLICSA pulls down ezrin 432-586, but not ezrin 432-570. WB analysis with a-
GFP antibody of total cell lysate (input) and proteins pulled by GST or GST-CLIC5A
immobilized on glutathione bead from the lysates of COS-7 cells transiently transfected with the
full-length GFP-ezrin 1-586, GFP-ezrin 432-586 and GFP-ezrin 432-570 cDNA constructs.
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Figure 3.10
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Figure 3.10: GST-CLICSA pulls down GFP-ezrin 1-296 and GFP-ezrin 432-586, but not
GFP-ezrin 1-586 or 432-570. WB analysis with a-GFP antibody of total cell lysate (input) and
proteins pulled by immobilized GST-CLIC5A on glutathione bead from the lysates of COS-7
cells transiently transfected with the full-length GFP-ezrin 1-586, GFP-ezrin 1-296, GFP-ezrin
432-586 T567D phosphomimetic point mutant, GFP-ezrin 432-586 wild type, and GFP-ezrin
432-570 cDNA constructs.
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Figure 3.11
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Figure 3.11: CLIC5A co-immunoprecipitates with ezrin 1-586 and ezrin 432-586, but not
with ezrin 432-570. Western blot with a-HA and a-GFP antibodies of input (total cell lysate)
and proteins from co-immunoprecipitation (IP) with Goat o-GFP antibodies using lysates of
COS-7 cells co-transfected with HA-ezrin 1-586, or HA-ezrin 432-586, or HA-ezrin 432-570,
and GFP-CLIC5A cDNA constructs.
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Figure 3.12
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Figure 3.12: CLICSA binds directly to the C-terminal domain of ezrin, radixin and moesin
in vitro. A. WB with a-HA antibody of input and proteins pulled by GST- or GST-CLIC5A from
in vitro transcribed/translated mediated synthesized HA-ezrin 297-586, HA-ezrin 432-586, and

HA-ezrin 297-570 proteins using the TnT® reticulocyte lysate system. B. WB analysis with a-

HA antibody of input and proteins pulled by GST- or GST-CLIC5A from in vitro synthesized of

HA-ezrin 1-586 and HA-ezrin 1-296 proteins using the TnT® reticulocyte lysate system,
followed by GST- or GST-CLIC5A pull-down. C. WB with a-HA antibody of input and proteins
pulled by GST- or GST-CLIC5A from in vitro transcribed/translated mediated synthesized HA-
radixin 432-583, HA-radixin-300-583, and HA-moesin 432-577 proteins using the TnT®

reticulocyte lysate system to determine the protein-protein interaction.
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3.3. Discussion

CLIC5A is part of the ezrin complex in glomerular podocytes and placental microvilli and also
part of the radixin complex in inner ear sensory hair cell stereocilia (85, 345, 422, 425) , but a
direct interaction between the ERM and CLIC proteins, though postulated (462) had not
previously been shown. I report a direct interaction between CLIC5A and ERM proteins in this
chapter and show that CLIC5A interacts directly with the C-terminal domain of ezrin, radixin
and moesin. It was also previously reported that CLIC5A expression leads to enhanced Racl,
but not RhoA or Cdc42 activation (86). I observed here that although Rac1-GTP, CLIC5A and
ezrin are part of the same protein complex, the interaction between CLIC5A and Racl-GTP
seems to be indirect.

The observation that CLIC5A and ezrin co-precipitate with Rac-GTP in the Racl GTPase pull
down assay, first suggested that Rac1-GTP might interact with CLIC5A. Non-specific adhesion
of CLICS5A was ruled out given that CLIC5A did not bind PAK-PBD beads when CLICS5A-
stimulated Racl activation (Rac-GTP) was inhibited by NSC 23766 (Figure 3.1.B). CLIC5A also
co-localized with Racl at the cell periphery (Figure 3.2B). However, I found that GST-CLIC5A
could pull down constitutively active, wild-type as well as dominant negative Racl from lysates
of cells in which these Racl constructs were expressed (Figure 3.2A), suggesting that any
CLIC5A/Racl interaction does not require activation of Racl. These findings then led me to
determine whether CLIC5A interacts directly with Racl. I was able to load purified, recombinant
Racl with GTPyS, but observed that GST-CLIC5A could not interact directly with the GTPyS-
or GDP loaded His-Racl in vitro (Figure 3.3). Although the interaction between CLIC5A and
Rac-GTP appears to be indirect, the result does indicate that Racl-GTP is present in the

CLIC5A/ezrin protein complex.
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It is known that ezrin can sequester the Rho guanine nucleotide inhibitor (Rho GDI), enhancing
the activity of associated Rho GTPases like Racl (234, 235). Therefore, we wanted to determine
whether ERM proteins and other proteins are the direct interacting proteins of CLIC5A. The
unbiased Y2H protein domain screen suggested that the mouse radixin C-terminal domain can
interact directly with CLICS5A. This finding was encouraging since a functional interaction of
radixin and CLIC5A in the inner ear hair cells was previously reported (425). My Y2H mapping
revealed that CLICS5A interacts with the ezrin C-terminal domain 432-586 aa strongly and that
ezrin 432-570 with the last 16 amino acids deleted failed to interact directly with CLIC5A.

Ezrin FL (1-586 aa) takes on an auto-inhibited (inactive) conformation when it is not bound to
plasma membrane PI4,5P2, due to a high-affinity interaction between the ezrin N- and C-
terminal domains that prevent the C-terminus from interacting with other proteins (186).
Therefore, FL ezrin would only be expected to interact with CLIC5A when it is in the active
PI4,5P2 -bound conformation. In the Y2H system, the closed conformation of ezrin would
therefore not be able to interact with CLIC5A. Sequestration of active ezrin bound to P14,5P2, at
the membrane would also preclude an interaction with the CLIC5A bait in the yeast nucleus
where activation of the reporter genes has to take place. In the GST-CLICSA pull down assay or
of in vitro transcribed/translated ezrin 1-586 would also be in the closed/autoinhibited state (210)
making the C-terminal tail of ezrin inaccessible for binding CLICSA and actin. Endogenous FL
ezrin was pulled down by GST-CLIC5A (Figure 3.8), but overexpressed FL ezrin was not pulled
from cell lysates by GST-CLIC5A (Figure 3.8, 3.9). Also, when FL HA-ezrin (1-586 aa) was co-
expressed with GFP-CLIC5A (Figure 3.11), the HA-ezrin (1-586 aa) was co-immunoprecipitated
with GFP-CLICS5A. The best way to explain these apparently contradictory results is that some

of the endogenous ezrin in cell lysates must be available for binding to GST-CLIC5A, and that
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co-expressed CLIC5A and ezrin must be able to form a complex in the cells. By contrast,
overexpressed full-length ezrin probably exists mostly in the auto-inhibited, soluble form in the
absence of CLIC5A. Therefore, my finding that the C-terminal domains of ezrin 432-586 aa
interact directly with CLICS5A strongly suggests that FL. CLIC5A only interacts directly with
ezrin when ezrin is in the open (active) conformation.

The Y2H assay showed that the C-terminal domain of ezrin, radixin and moesin all interact
directly with CLIC5A, though the interaction seems to be strongest for ezrin (Figure 3.6). For
ezrin, I showed that this interaction requires the C-terminal last 16 amino acids (Figure 3.4). Our
observation of the direct interaction between CLIC5A and ezrin is supported by the observation
by Berryman et al. (345, 422) who discovered CLIC5A in a cytoskeletal protein complex
precipitated with an immobilized GST-tagged ezrin C-terminal (556-586) peptide.

While the Y2H assay was negative when CLIC5A was used as bait and the ezrin N-terminal
domain (1-296 aa) as prey, the ezrin 1-296 aa was precipitated by immobilized GST-CLIC5A
when it was expressed in COS-7 cells (Figure 3.10) or produced in vitro in the cell-free
transcription/translation system (Figure 3.12.B), suggesting that CLIC5A may independently
bind the ezrin N-terminal FERM domain, when ezrin is in its active conformation. Moreover, N-
terminal deletion of first 22 amino acids or C-terminal deletion of last 20 amino acids from full-
length CLIC5A (1-251 aa) makes it nonfunctional in terms of interacting with ezrin (Figures
3.5). This deletion was previously shown to abolish the ability of CLIC5A to localize at the cell
periphery and it was unable to stimulate ERM phosphorylation (89).

CLICs can functionally interact with ERM proteins (462) and particularly CLIC4 and CLIC5A
have been shown associated with ezrin and induce cell surface microvillus formation in epithelial

cells (162, 345). CLIC4 was also identified in the interactome of the ezrin N-terminal FERM
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domain (463) and when produced in a cell-free system, the N-terminal FERM domain of ezrin
interacted with recombinant CLIC4. Since the ezrin N-terminal domain binds plasma membrane
PI4,5P2, it seems likely that the Y2H assay could not detect the interaction, as activation of the
reporters requires nuclear localization of the interacting proteins in this assay. The two
extensively studies CLIC proteins; CLIC4 and CLIC1 surprisingly did not interact directly with
ezrin in my Y2H assay. Taken together with findings by others, it seems conceivable that direct
interactions of the ERM proteins occur via the FERM domain, and that CLIC5A might have a
distinct function that makes it unique in that it also interacts with the C-terminal domain of ERM
proteins.

However, the results of this chapter leave open the following questions: Is CLIC5A a cytosolic
protein unlike membrane spanning channel proteins? If CLIC5A is a peripheral membrane
protein, can it dissociate from the membrane fraction? Does CLIC5A require ERM proteins for
its cell membrane localization? These questions are investigated in chapter 4. Also, what are the
functional consequences of the CLIC5A/ERM proteins direct interaction, and how does CLIC5A
activate Racl and enhance phosphorylation of ERM proteins? These questions are investigated

in chapter 5.
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Figure 3.13: Model: CLICSA interacts directly with the N- and C- terminal domains of

ezrin. The open, active conformation of ezrin is accessible for direct binding of CLIC5A, while

the inactive closed conformation of ezrin cannot bind CLIC5A.
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Chapter 4

CLICS5A is predominantly a cytosolic protein and can be displaced

from the cell periphery
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Chapter 4

CLICS5A is predominantly a soluble protein and can be displaced from the cell periphery

4.1. Introduction

Experts studying chloride channels have concluded that CLIC proteins were misnamed because
they cannot form transmembrane channels with chloride-selective pores in vivo (354, 355), but
this issue is still highly controversial. Overexpressed CLIC5A and CLIC5B proteins partition
into artificial lipid bilayers and facilitate non-selective ion movement across the bilayers down
electrochemical gradients (342, 343, 345), as also observed for other members of the CLIC
family (316). However, even though transiently expressed CLIC5A localizes at or near the apical
plasma membrane in cultured cells, its presence in cells does not alter anion efflux (345). CLIC
proteins are produced without signal peptide and crystal structures of the closely related CLIC1
(325), CLIC2 (335), and CLIC4 (341) family members predict that they are soluble proteins that
do not possess even a single predicted transmembrane helix, therefore not resembling classic ion
channels that contain multiple membrane-spanning segments.

CLIC proteins were initially annotated as chloride intracellular channels after the first
mammalian CLIC protein, p64 (CLIC5B) was affinity purified from bovine kidney microsomes
with TAA-94, a non-selective chloride channel inhibitor (324). Reconstitution of purified,
recombinant CLIC5A into artificial lipid bilayers produced a dose-dependent chloride
conductance in vitro that, although sensitive to the non-selective chloride channel blocker IAA-
94 (345), but was not inhibited by the more selective blockers of classic chloride channels, 4,4’-
diisothiocyanatostilbene-2,2’-disulfonate  (DIDS) and 4-acetamido-4’-isothiocyanato-2,2’-
stilbenedisulfonic acid (SITS) (355). Moreover, CLICs do not have sequence homology to any

known channel family, they can readily dissociate from the plasma membranes and their
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structure is not compatible with the formation of ion-selective pores (316, 354, 355). The size of
CLIC1-CLICS5A 1is only ~25-29 kDa, which is much smaller than typical ion channels. To
explain their effect on ion conductance, it has been suggested that CLICs undergo a redox-
sensitive unfolding transition producing oligomers that can spontaneously insert into artificial
lipid bilayers, similar to the bcl proteins (311). CLICs could also adopt multiple conformational
folds, and the transitions between them might be associated with their translocation to their
diverse subcellular locations. However, although CLICS5A is found in association with the
plasma membrane, surface labeling studies indicate that CLIC5A is not detected on the cell
surface and thus is not an integral membrane-spanning protein (496). Nonetheless, the function
of CLIC5A and other CLICs as bona fide ion channels is still controversial and has been
disputed (354, 355).

CLIC5A is observed in actin-rich projections of the plasma membrane and in glomerular
podocytes (85). In the inner ear, CLIC5A co-localizes with radixin (425, 428). Both, ezrin and
radixin are peripheral membrane proteins through their association with P14,5P2 (189, 206, 464).
Ectopically expressed CLIC5A also co-localizes with PI4,5P2 and PI4P5 kinases at the dorsal
plasma membrane in COS-7 cells (89), and I showed that CLIC5A can interact directly with
ERM proteins, (Chapter 3). Nonetheless, whether CLIC5A expressed in glomeruli is cytosolic or
membrane-bound remains unknown. In this chapter, I report my experiments to investigate the
association of endogenous CLIC5A with distinct membrane fractions using isolated glomeruli
from CLIC5"* (wild-type) mice. Therefore, the objective of this chapter is:

To determine the subcellular distribution of native, endogenous CLICSA and to determine

whether CLICSA can be displaced from the membrane-associated form.

128



4.2. Results

4.2.1. CLICS5A is predominantly cytosolic in differential detergent fractionation

I first determined whether endogenous CLICS5A is soluble, membrane- or cytoskeleton-
associated using differential detergent fractionation of freshly isolated glomeruli from CLIC5"*
mice. Endogenous nephrin and podocalyxin were used as the control for integral membrane
proteins, and GAPDH as the control for soluble, cytosolic proteins. Ezrin and NHERF2 were
used as the control for peripheral membrane proteins. The sum of the fractions was equivalent to
the input loading control. Western blot analysis of digitonin-soluble cytoplasmic fraction, Triton
X-100 soluble “membrane” fraction and insoluble/pellet “cytoskeletal” fractions showed that
endogenous CLIC5A was recovered predominantly in the digitonin-soluble cytosolic fraction
(~55%) (Figure 4.1), which is consistent with the findings by Kim et al. (496) who showed that
exogenously expressed Flag-tagged CLIC5A is mostly observed in the cytosolic fraction in
COS-7 cells. Digitonin is a mild detergent that complexes with membrane cholesterol
introducing large pores, thus cytosolic proteins can be extracted. GAPDH was found only in the
digitonin soluble cytosolic fraction, as expected. NHERF2, which is a peripheral membrane
protein, was recovered predominantly from the Triton X-100 soluble membrane fraction. Ezrin
was found in the membrane fraction, as well as in the soluble fraction and in the insoluble
cytoskeletal fractions. Nephrin and podocalyxin are integral membrane proteins and were mostly
recovered from the membrane fraction as expected. The results suggest that endogenous
CLICS5A is mostly a soluble protein, though a significant portion was also found associated with

the Triton-X 100 soluble and the insoluble pellet fractions.
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4.2.2. Ser/Thr phosphatase inhibition failed to shift CLIC5A to the membrane fraction

I next determined whether phosphorylation could change the abundance of endogenous CLIC5A
in different subcellular locations. Glomeruli isolated from CLIC5"* mice were treated with
DMSO or 50 nM Calyculin-A, which is a Ser/Thre phosphatase inhibitor (465), for 30 minutes
before differential detergent fractionation. Calyculin-A treatment did not significantly increase
the membrane retrieval of CLIC5A from the Triton X-100 soluble membrane fraction (~38%)
compared to vehicle (DMSO) (~34%). (Figure 4.2: A, CLIC5A blot; and B, % CLIC5A in each
fraction). There was a small shift of endogenous CLIC5A from the digitonin-soluble cytosolic
fraction from ~42% to 38% in response to Calyculin-A, consistent with the ~4% increase of
membrane fraction associated CLIC5A in response to Calyculin-A (Figure 4.2: B, % CLIC5A in
each fraction). But this ~4% increase of CLIC5A from the cytosol to the membrane fraction in
response to Calyculin-A did not reach statistical significance. Therefore, acute Ser/Thr
phosphatase inhibition in freshly isolated glomeruli does not have a clear-cut effect on the
proportion of CLIC5A associated with the membrane fraction. Moreover, the increased pERM
abundance in response to Calyculin-A treatment (Figure 4.2: A, pERM blot) indicates that
Calyculin-A effectively protected ERM proteins from de-phosphorylation in glomeruli when
compared to the vehicle treatment. However, even though ERM phosphorylation is known to
stabilize their binding to the cortical actin cytoskeleton (223, 224), in the isolated glomeruli the
% ezrin in each fraction did not change significantly in response to Calyculin-A. Also, there was
no significant change in the association of the integral membrane proteins podocalyxin and
nephrin, or the peripheral membrane protein NHERF2 in response to Calyculin-A (Figure 4.2:

A). These results indicate that acute inhibition of Ser/Thr de-phosphorylation does not alter the
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membrane-association of CLIC5A or any of the proteins in the ezrin/podocalyxin/NHERF in
isolated mouse glomeruli, so the experiment was not very informative.

4.2.3. Staurosporine reduced CLIC5A abundance from the membrane fraction

I also determined the effect of Staurosporine-mediated dephosphorylation on the location of
endogenous CLICSA in different subcellular fractions. Isolated glomeruli from CLIC5"" mice
were treated with vehicle (DMSO) or Staurosporine (100 nM, 30 minutes, 2 independent
experiments) (89). At the concentration used, Staurosporine is a broad kinase inhibitor (466,
467) that can abolish the critical phosphorylation of Thr567 of ezrin (223, 224). In two
experiments | observed that Staurosporine treatment decreased the abundance of CLIC5A in the
membrane fraction and raised its proportion in the digitonin soluble cytosolic fraction (Figure
4.3). Staurosporine treatment reduced ERM protein phosphorylation as expected and resulted in
ezrin dissociation from the cytoskeletal fraction and association with the membrane and the
cytosolic fractions. As ezrin Thr567 was dephosphorylated with Staurosporine treatment, the
decrease in ezrin abundance in the insoluble fraction, which contains cytoskeletal proteins, was
not surprising. However, a clear-cut association of endogenous CLIC5A with ezrin could not be
established by this approach.

4.2.4. m-3M3FBS significantly decreases CLICSA abundance in the membrane fraction

Isolated glomeruli collected from CLIC5™*

mice were also treated with vehicle (DMSO) or
phospholipase C activator m-3M3FBS (468) (800 nM, 30 minutes) to investigate whether
hydrolysis of PI4,5P2 could change the association of endogenous CLIC5A, ezrin, and NHERF2
with different subcellular fractions. The PLC activator hydrolyzes PI4,5P2 at the inner leaflet of

the plasma membrane. Differential detergent fractionation followed by western blot analysis of

different fractions showed that treatment of glomeruli with m-3M3FBS significantly shifted
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endogenous CLICS5A, ezrin, and NHERF2 to the digitonin soluble cytosolic fraction (Figure
4.4). These effects are consistent with previous imaging studies that showed complete loss of
PI4,5P2 from the plasma membrane and the dissociation of expressed GFP-CLICS5A from its
dorsal membrane location in COS-7 cells in response to PLC-activation (86, 89). NHERF2 is a
peripheral membrane protein that binds ezrin. Treatment with m-3M3FBS also displaced
NHERF2 from the membrane fraction but PLC activation. These findings indicate that a
significant portion of endogenous CLIC5A that associates with the Triton X-100 soluble lipid
and insoluble pellet fractions is PI4,5P2 -dependent. For ezrin, the shift to the soluble fraction
was mainly from the cytoskeletal portion, while the membrane-associated fraction was slightly,
but not significantly reduced. The displacement of endogenous CLIC5A from membrane and
cytoskeletal fractions in response to PLC activation could be due to its association with ezrin,
other PI4,5P2-associated proteins like G-protein coupled receptors, proteins involved in vesicle
cycling, membrane transporters, and cytoskeletal proteins like gelsolin, profilin and N-WASP
(469), or to an association of CLIC5A itself with P14,5P2.

4.2.5. Ezrin 432-586 blocks CLICSA plasma membrane abundance

As ezrin 432-586 (T567D) binds FL CLICSA directly and strongly, I reasoned that ezrin 432-
586 (T567D), which lacks the N-terminus/FERM domain and therefore cannot associate with the
plasma membrane, might bind and block the association of CLIC5A with the endogenous
membrane-bound ezrin-containing protein complex. For these experiments I expressed GFP-
ezrin 432-586 (T567D) in COS-7 cells together with GFP-CLIC5A. GFP-ezrin 432-570, which
cannot bind CLIC5A served as control (Figure 4.5 and 4.6). Ezrin 432-586(T567D) significantly
decreased the abundance of CLIC5A in the membrane fraction and raised the proportion of GFP-

CLICS5A in the digitonin soluble cytosolic fraction (Figure 4.5). By contrast, ezrin 432-570
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expression did not alter the association of GFP-CLIC5A with the membrane fraction (Figure
4.6). I interpret these findings to indicate that ezrin 432-586(T567D) reduces the association of
CLIC5A with membrane-bound ezrin by competing with endogenous ezrin for CLIC5A binding.
4.2.6. CLIC5A localization at the cell periphery is partly mediated by ERM proteins

I next wanted to determine whether the peripheral localization of CLIC5A is due to its direct
binding to ERM proteins in HeLa cells. Since ezrin, radixin and moesin are all pulled from cell
lysates by GST-CLICSA (Figure 3.8), and since they all interact with CLIC5A in the Y2H assay
(Figure 3.6) and in vitro pull-down assays (Figure 3.12.C), we determined whether triple siRNA-
mediated knockdown of ezrin, radixin and moesin changes the subcellular distribution of
CLIC5A. In HeLa cells, GFP-CLIC5A strongly localized to the dorsal plasma membrane
domain, as previously reported for COS-7 cells (86, 89). When ezrin, radixin, and moesin were
silenced simultaneously, a significantly larger proportion of GFP-CLIC5A was observed in the
cytosolic compartment when compared to cells treated with nonspecific siRNA (Figure 4.7: A-
D). Even so, a significant portion of CLIC5A remained localized at the cell periphery.
Therefore, the localization of CLIC5A at the cell periphery in HeLa cells partly depends on
ERM protein expression, but a significant portion of the CLIC5A-association with the cell
periphery is independent of ERM proteins.

Taken together, these results suggest that CLIC5A is predominantly a cytosolic protein that can
be displaced from the membrane fraction, unlike the typical chloride channel proteins. The
findings are consistent with the view that CLIC5A is NOT a membrane-spanning protein but

instead is a peripheral membrane protein because of its direct interactions with ERM proteins.
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Figure 4.1
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Figure 4.1: CLICS5A observed predominantly in the soluble cytoplasmic fraction. A.
Differential detergent fractionation followed by western blot of glomerular lysate isolated from
CLIC5™* mice. GAPDH serves as control for cytoplasmic protein, ezrin and NHERF2 as control
for peripheral membrane proteins, and nephrin and podocalyxin as controls for integral
membrane proteins. B. The % of total CLIC5A in the digitonin (D) (cytoplasmic) fraction, Triton
X-100 (Tx) soluble membrane fraction, and insoluble pellet (P) or cytoskeletal fraction. (100%

=sum of D + T + P; n = 3 independent experiments, mean + SD). L represents total cell lysate.
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Figure 4.2
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Figure 4.2: Ser/Thr phosphatase inhibition by Calyculin A does not translocate cytosolic

CLIC5A to the membrane fraction in CLIC5"* mouse (Figure 4.2 continues next page)
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glomeruli. A. Differential detergent fractionation followed by western blot analysis of
glomerular lysate isolated from CLIC5"" mice treated with control (DMSO) or Calyculin-A 50
nM. GAPDH serves as control for cytoplasmic protein, ezrin and NHERF2 serve as control for
peripheral membrane proteins, and nephrin and podocalyxin serve as integral membrane
proteins. pERM serves as the calyculin-A treatment control. B & C. The % of total CLIC5A and
the % of total ezrin graphs in the digitonin (D) fraction (cytoplasmic fraction), Triton X-100 (T)
soluble membrane fraction, and insoluble pellet (P) or cytoskeletal fraction. (100% = sum of D
+ T + P; n = 3 independent experiments, mean + SD, * <0.05, ** < (.01, *** <0.001, two-way

ANOVA and post-hoc Bonferroni tests). L represents total cell lysate.
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Figure 4.3
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Figure 4.3: CLICS5A membrane association decreased with Staurosporine treatment in
CLIC5"* mice glomeruli. A. Differential detergent fractionation followed by western blot of
lysate from isolated glomeruli of CLIC5"" mice pre-treated with vehicle (DMSO) (*) or
Staurosporine 100 nM (m) for 30 minutes. GAPDH: cytoplasmic protein control, ezrin and
NHERF2: peripheral membrane proteins, and nephrin and podocalyxin: integral membrane
proteins. pERM abolish serves as the Staurosporine treatment control. B & C. The % of total
CLICS5A (left) and ezrin (right) graphs in the digitonin (D) fraction (cytoplasmic fraction), Triton
X-100 (T) soluble membrane fraction, and insoluble pellet (P) fraction. L is total cell lysate.
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Figure 4.4
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Figure 4.4: CLICS5A plasma membrane localization significantly reduces with PLC
activator m-3M3FBS treatment. A. Differential detergent fractionation followed by western
blot analysis of lysate from isolated glomeruli of CLIC5™* mice treated with vehicle or the PLC
activator m-3M3FBS (800 uM) for 30 min. Nephrin and podocalyxin serve as control for integral
membrane proteins, NHERF2 and ezrin serve as control for peripheral membrane proteins, and
GAPDH serves as control for soluble proteins. B - F. The % of total CLIC5A, ezrin, GAPDH,
and NHERF?2 proteins in the digitonin (D), Triton X-100 (T) and insoluble pellet (P) fractions.
(100% = sum of D + T + P; n = 3 independent experiments, mean = SD, * <0.05, ** < (.01, ***

<0.001, two-way ANOVA and post-hoc Bonferroni tests).
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Figure 4.5
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Figure 4.5: Ezrin 432-586 reduces association of CLIC5A with the membrane fraction. A.
Differential detergent fractionation of COS-7 cells transfected with GFP-CLIC5A and GFP-ezrin
432-586D (mEzrin). Digitonin-soluble, Triton-X 100 soluble and (Figure 4.5 continues next

page)
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insoluble aggregates fractions were designated as D, T, and P respectively. B & C. The % of
total CLIC5A and ezrin in the digitonin (D) (cytoplasmic) fraction, Triton X-100 (T) soluble
membrane fraction, and insoluble pellet (P). (100% = sum of D + T + P; n = 3 independent

experiments, mean + SD, * <0.05, ** < 0.01, *** <0.001, two-way ANOVA and post-hoc

Bonferroni tests).
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Figure 4.6
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Figure 4.6: Ezrin 432-570 fails to reduce CLIC5A association with the membrane fraction.

A. Differential detergent fractionation followed by western blot (Figure 4.6 continues next page)
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of lysates from COS-7 cells transfected with GFP-CLIC5A and GFP-ezrin 432-570 (mEzrin).
Digitonin-soluble, Triton-X 100 soluble and insoluble aggregates fractions were designated as D,
T, and P respectively. B & C. The % of total CLIC5A (left) and ezrin (right) graphs in the
digitonin (D) (cytoplasmic) fraction, Triton X-100 (T) soluble membrane fraction, and insoluble
pellet (P) or cytoskeletal fraction. (100% = sum of D + T + P; n = 3 independent experiments,
mean + SD, * <0.05, ** <0.01, *** <0.001, two-way ANOVA and post-hoc Bonferroni tests).
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Figure 4.7
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Figure 4.7: Triple ERM knockdown displaces CLIC5A from its peripheral location to

cytoplasm. A. GFP-CLICS5A localization in HeLa cells transfected with non-specific scramble

(Scr) siRNA or triple ezrin, moesin and radixin siRNA (ERM siRNA). B. Quantification of

peripheral : cytoplasmic GFP in HeLa cells transfected with Scr or triple ERM siRNA from a

single experiment (Student t-test). C. WB showing successful individual and triple ERM siRNA

mediated knockdown in HeLa cells. D. Quantification of Scr or triple ERM siRNA knockdown

in HeLa cells (mean + SD, n = 3 independent experiments, Student t-test).
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4.3. Discussion

This component of my thesis work sought to determine whether CLIC5A association with the
membrane fraction could be shifted, which would be expected for a peripheral membrane
protein.  Cell fractionation experiments using glomeruli from CLIC5"" mice revealed that
endogenous CLIC5A is mostly recovered as a soluble protein, although a significant portion was
also present in the Triton X-100 soluble “membrane” and the insoluble “cytoskeletal” fractions.
The peripheral membrane protein ezrin was consistently most abundant in the membrane and
cytoskeletal fractions, and less in the soluble fraction. Since CLIC5A interacts directly with ezrin
(Chapter 3) and ezrin binds the integral membrane protein podocalyxin directly and via NHERF2
(184, 233), the presence of endogenous CLIC5A in the Triton X-100 soluble “membrane”
fraction could be due to its binding to the ezrin/podocalyxin complex. Ezrin in the membrane
fraction could be due to its association with PI4,5P2 and binding to transmembrane proteins like
podocalyxin. We think that the recovery of ezrin from the detergent-insoluble “cytoskeletal”
fraction is due to the association of active PI4,5P2-bound ezrin with cortical actin. Recovery of
some endogenous CLIC5A from this fraction could be due to its association with the ezrin
protein complex.

Since I found that the phosphomimetic ezrin fragment ezrin 432-586 (T567D) binds CLIC5A
more strongly than wild-type ezrin 432-586 (Figure 3.10) we thought it was possible that changes
in phosphorylation would change the association of endogenous CLIC5A with the Triton X-100
soluble and insoluble fractions. But Calyculin-A, which inhibits Ser/Thr phosphatases, and raised
the levels of ezrin phosphorylation (Figure 4.2), reduced the cytosolic abundance of CLICSA
only by a very small degree and increased its association with the Triton X-100 membrane

fraction by only ~4%, an effect that did not reach statistical significance. Ezrin phosphorylation
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i1s known to stimulate its association with cortical actin (223, 226), and Berryman et al. (422)
observed enhanced pull down of CLIC5A by purified GST-ezrin 556-586 protein when actin was
added. Therefore, we reasoned that ezrin phosphorylation and actin/ezrin binding might stabilize
the ezrin making it more accessible for CLICSA binding. But enhanced ezrin phosphorylation
did not even shift ezrin from the soluble to the membrane or cytoskeletal fractions. So, if the
association of CLIC5A with the membrane and cytoskeleton is ezrin-dependent, then the failure
of ezrin to shift in these experiments could explain why CLIC5A also moved only very little.
Calyculin-A also did not have any effect on the association of the integral membrane proteins
nephrin and podocalyxin, nor the peripheral proteins NHERF2 or ezrin with different subcellular
fractions. Therefore, the experiment with Calyculin A was not very informative. It is still
possible that phosphorylation of ERM proteins that might be partly responsible for a ~4%
increase in CLIC5A abundance in the membrane fraction (Figure 4.2), but the change was very
small.

While an increase in ezrin phosphorylation did not produce a significant change in the
association of endogenous CLIC5A with different subcellular fractions, treatment of isolated
glomeruli with Staurosporine resulted in dephosphorylation of ezrin and reduced the association
of CLIC5A with the membrane fraction (Figure 4.3). In response to Staurosporine, ezrin
dissociated from the insoluble cytoskeletal fraction and shifted to the membrane fraction,
consistent with its continued association with PI4,5P2 and dissociation from actin. But
Staurosporine would alter the phosphorylation state of many proteins, and even CLIC5A itself
could be dephosphorylated and responsible for its shift from the membrane or the membrane
bound protein complex. These questions still need to be investigated. Kim et al. (496) reported

that a very small portion of ectopically expressed CLICSA could translocate from the cytosol to
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the membrane in COS-7 cells in response to Calyculin-A treatment but that phenomenon was not
observed in my studies with endogenous CLIC5A. However, Kim et al (496) observed that the
membrane abundance of overexpressed Flag-CLIC5A can be inhibited by Staurosporine-
mediated dephosphorylation, consistent with my findings that endogenous CLIC5A in glomeruli
can be depleted from the membrane and cytoskeletal fraction with Staurosporine treatment. This
portion of the work therefore suggests that CLICSA membrane localization is sensitive to
phosphorylation.

The PLC activator m-3M3FBS-mediated hydrolysis of P(4,5)P2 reduced the abundance of ezrin
in HeLa cells and disrupts the association of ezrin with the actin cytoskeleton (189, 206, 213,
214, 226). Also, PLC activator m-3M3FBS treatment of COS-7 cells caused a rapid loss of
PI4,5P2 clusters and overexpressed CLIC5A from the dorsal plasma membrane (89). Consistent
with those previous findings, I observed that endogenous CLIC5A in glomeruli was displaced
from the Triton X-100 membrane fraction by the PLC activator m-3M3FBS (Figure 4.4). Ezrin
and NHERF2 were also shifted. The most likely reason for my finding is that the ezrin/actin
interaction was disrupted by hydrolysis of PI4,5P2, causing CLIC5A no longer to be associated
with the membrane fraction and cytoskeletal fractions. This finding is consistent with the
hypothesis that CLIC5A is observed at the cell periphery when the stable ezrin/actin complex is
intact. The peripheral membrane protein NHERF2 was also displaced from the membrane by
phospholipase C activation, which could be due to displaced ezrin from the membrane periphery
though NHERF2 might also lose its interaction with podocalyxin. Though the exact reason for
the shift of endogenous CLIC5A from the membrane and cytoskeletal fractions in response to
PI4,5P2 hydrolysis cannot be nailed down by these experiments, they do indicate that

endogenous CLIC5A can become almost completely soluble, which makes it highly unlikely that
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it is an integral membrane-spanning channel. However, since a small portion of endogenous
CLICS5A persists in the membrane fraction even in the presence of PLC-mediated PI4,5P2
hydrolysis, the experiments do not completely rule out the possibility that some endogenous
CLIC5A might bind to the plasma membrane through a direct interaction with the lipid bilayer.
To further investigate whether the location of CLIC5A in the membrane and cytoskeletal
fractions depends on its interaction with ezrin I next turned to studies in cultured cells and
overexpressed the phosphomimetic ezrin 432-586 (T567D). This ezrin fragment strongly binds
CLICS5A (Figure 3.10) but cannot bind to the plasma membrane because it lacks the FERM
domain. In the presence of ezrin 432-586 (T567D) less CLIC5A was found in the Triton X-100
fraction of COS-7 cells than in controls (Figure 4.5). Ezrin 432-570, which cannot bind CLIC5A,
did not shift CLIC5A from membrane and cytoskeletal fractions (Figure 4.6). These experiments
suggest that binding of CLIC5A to endogenous ezrin is disrupted by ezrin 432-586 (T567D)
because this fragment of ezrin competes for CLIC5A binding, retaining it in the cytosol.

We postulated that because of CLIC5A/ezrin direct binding, ezrin might recruit CLIC5A to the
apical plasma membrane. However, ezrin silencing in HelLa cells had only minor and
inconclusive effects on CLIC5A localization. But when ezrin, radixin, and moesin were silenced
simultaneously, a significant portion of GFP-CLICS5A failed to localize to the cell periphery
(Figure 4.7), indicating that the interaction of CLIC5A with its ERM partners is partly
responsible for its localization near the dorsal plasma membrane. Even so, there still was
substantial peripheral GFP-CLIC5A when ezrin, radixin and moesin were silenced. Although it
could be argued that this might be due to residual ERM protein expression, it is also possible that
additional mechanisms target CLIC5A to its peripheral location. It also may seem surprising that

CLICS5A s largely soluble as observed from our cell fractionation studies, yet it does not have a
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cytosolic distribution when we observed it with live cell confocal imaging. While formal affinity
studies were not done in this study, the affinity of CLIC5A for proteins in the cortical actin
cytoskeleton must be low enough for it to be displaced from that location during cell
permeabilization with digitonin. Also, since digitonin interacts directly with cholesterol (470),
the membrane localization of CLIC5A may be cholesterol-dependent, as previously reported for
CLIC1(471). Nevertheless, I can conclude from these experiments that the targeting of CLICSA
to the apical plasma membrane of cells is partially due to its interaction with the ERM proteins.

Therefore, while my data suggest that the location of CLIC5A at the dorsal/apical plasma
membrane results from association with components of the cortical actin cytoskeleton complex
like ezrin/radixin/moesin, I have not entirely ruled out the possibility of a direct association of
CLICS5A with the inner leaflet of the plasma membrane. Taken together with previous findings
by Berryman et al. (345) that despite its location at the apical plasma membrane, expressed
CLIC5A does not alter chloride ion efflux, it seems safe to conclude that CLIC5A does not

function as a plasma membrane-spanning chloride channel.
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Figure 4.8: Model: CLICSA can exist as soluble, cytoplasmic protein and also can localize
to the cell periphery when bound to open conformation of ezrin, a peripheral membrane
protein. CLICSA at the cell periphery can also dissociate from the ezrin complex and becomes

soluble, cytosolic protein. Thus CLIC5A is unlike the membrane spanning channel protein.
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Chapter 5

A direct CLIC5A/ezrin interaction accounts for CLICSA-dependent

Racl activation and ERM phosphorylation
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Chapter 5

A direct CLIC5A/ezrin accounts for CLIC5A-dependent Racl activation and ERM
phosphorylation

5.1. Introduction

Podocyte foot process motility and remodeling in response to glomerular injury is at least partly
mediated by Racl activation (123), and in its hyper-activated state Racl is involved in the
pathogenesis of glomerulosclerosis (472, 473). Inactivating mutations of Rho GDP dissociation
inhibitor “ARHGDIA”, and Rho GTPase activating protein "ARHGAP24" cause podocyte Racl
hyperactivation and FSGS in humans. Podocyte-specific constitutively active Racl expression in
mice also causes podocyte foot process effacement and FSGS, and ARHGDIA deletion in mice
mimics human FSGS (153, 474, 475). Since Racl activity at the basal domain enhances cell
motility, but CLIC5A is restricted to the apical domain of podocyte foot processes, at least in
healthy mice, one might expect Racl activation during podocyte remodeling to be CLIC5A-
independent. But Tavasoli et al. (86) found that DOCA/salt hypertension-induced podocyte Racl
and ezrin activation are CLIC5A-dependent, and that hypertension-induced injury is more severe
when Racl and ezrin activation were blocked in CLICS5-deficient mice. Blattner et al. (476)
similarly found more severe glomerular injury in DOCA/Salt hypertensive mice with podocyte-
specific Racl deletion. Reasoning that CLIC5A provides for location-specific Racl activation,
we were looking for CLIC5A partners to find out how CLIC5A activates Racl.

Importantly, the podocalyxin/ezrin complex activity can also enhance cell mobility through its
the assembly at the basal domain, followed by dis-assembly, redistribution, and re-assembly of
the complex at the apical domain (308, 309, 477, 478). This is an area of interest in oncology,

where the podocalyxin/ezrin complex is considered as a potential therapeutic target (479).
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Racl-GTP also binds and activates PI4,5P2 generating kinases (175, 480, 481). The podocyte-
predominant CLIC5A stimulates Racl, which in turn, activates a lipid kinase PIP5SK or PIP4K
that generates apical plasma membrane PI4,5P2, causing ezrin activation (86, 89). Racl
inhibition rapidly disrupted CLIC5A-induced PI14,5P2 cluster generation at the plasma membrane
(86). Thus, CLIC5A-dependent Racl activation results in enhanced PI4,5P2 accumulation at the
inner leaflet of the plasma membrane, leading to the open ezrin conformation and its
phosphorylation.

This chapter will focus on the mechanism of action of CLIC5A protein and seek to define the
potential functional relationship between CLIC5A, Racl, and ezrin. Therefore, the objective of
this chapter is as follows:

To determine how CLICS5A activates Racl and ERM proteins.
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5.2. Results

5.2.1. CLICSA, and PI4,5P2 generating kinases are part of the Rac1-GTP complex

Since CLICS5A activates Racl and Racl-GTP binds and activates PIP lipid kinases [P14,5P2
generating kinases] (175, 480, 481), we determined whether PIP kinases associate with the Racl-
GTP protein complex in cells expressing CLIC5A. We found that immobilized PAK-PBD not
only precipitated more Racl-GTP, but also brought down more PI4P5- and PI5P4-kinases in
Flag-CLIC5A-expressing compared to vector-transfected cells. Furthermore, CLIC5A was also
precipitated with Rac1-GTP and the PIP kinases (Figure 5.1). The data suggest that CLIC5A
expression increases the formation of a protein complex containing CLIC5A and PIP kinases
type I (PI4P5KlIa) and type II (PI5SP4KlIla) along with Racl-GTP. Since the PAK-PBD interacts
specifically with active Racl-GTP, but not the inactive Racl-GDP, the data indicate that
CLICS5A expression results in Racl activation, which in turn brings PI4P5KlIo and PISP4KIla
isoforms and CLIC5A into the Racl-GTP protein complex. However, these results do not tell us
whether any specific PIP kinase isoform is involved in CLIC5A/Rac1-GTP complex.

5.2.2. Association of PI4P5Ka3 isoform with the Rac1-GTP requires CLICSA

I next determined whether any specific isoform of PIP kinase is associated with the Racl-
GTP/CLICSA protein complex. The PIP5KIa2 isoform was observed in CLICS deficient, but not
in CLICS wild type kidney cortex lysates. By contrast, endogenous PIP5KIa3 was observed in
kidney cortex lysates of the CLICS wild type, but not CLIC5 deficient mice (Figure 5.2).
Endogenous PIP5KIy was observed in both the CLICS wild type and knockout mice kidney
cortex lysates. I also observed that the PIP5SKIa3 isoform was precipitated with the Racl-GTP
from CLICS wild type, but not from CLICS knockout mouse kidney tissue lysates (Figure 5.3).

Instead, in the absence of CLIC5A, PIP5KIy, and PISP4KIla2 were precipitated with the Racl-
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GTP, whereas PISP4KIlal was precipitated in both groups (Figure 5.3). Visiting scientist Xin
Wang in our laboratory investigated the specificity of particular PIP kinase isoform in the Racl-
GTP complex using the kidney tissue lysates from the CLIC4 deficient, CLICS deficient and dual
CLIC4/CLICS deficient as well as CLICS5 wild type mice (Figure 5.4). Her experiments also
showed that PIPSKIa3 failed to precipitate with Racl-GTP from the kidney cortex lysates of
CLICS deficient and dual CLIC4/CLICS knockout mice, but PIPSKIa3 precipitated with the
Rac1-GTP complex from the lysates of CLICS wild type and CLIC4 wild type mice (Figure 5.4).
Also, PIP5KIy and PI5SP4KIla2 precipitated with the Rac1-GTP from the CLICS knockout mice,
and dual CLIC4/CLICS knockout mice tissue lysates (Figure 5.4). In the absence of CLIC4 and
CLIC5A expression, PIP5KIy and PISP4KIla2 expression increased, and these kinases
precipitated with the Rac1-GTP. These findings suggest that CLIC5A-dependent Racl activation
specifically targets PIP5KIa3, and that compensatory mechanisms lead to greater expression of
PIP5KIy and PISP4KIla2 and their association with Rac1-GTP.

Moreover, more phosphorylated ERM proteins (pERM) precipitated with the Racl-GTP complex
from kidney tissue lysates of wild-type mice than from dual CLIC5/CLIC4 deficient mice,
indicating that pERM association in the Rac1-GTP complex is at least partly CLICS dependent.
Our results support a possible mechanism by which CLIC5A-dependent Rac1 activation activates
PIP5KIa3 which catalyzes the reaction that produces PI4,5P2 from PI(4)P at the inner leaflet of
the plasma membrane, thus triggering ERM open up and leading to ERM phosphorylation.

5.2.3. Ezrin 432-586 expresses in the cytoplasm

Ezrin 432-586 does not have the N-terminus (1-296 aa) which makes it unable to bind to the
PI4,5P2 at the cell membrane, while it retains the actin-binding site (ezrin 558-578 aa). As ezrin

432-586 turned out to be the region that strongly binds with CLIC5A in my Y2H mapping
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results, I intended to observe the subcellular localization of ezrin 432-586 aa in cells. The live
cell confocal imaging of HeLa cells overexpressing GFP-control, GFP-tagged ezrin 432-586 wild
type, T567A (phosphorylation-deficient) or T567D (phosphomimetic) mutants showed that GFP-
control protein is cytoplasmic as expected. The GFP-ezrin 432-586 wild type and T567A mutant
were also found mainly in the cytoplasm but there was some localization at the cell periphery
(Figure 5.5). The GFP-ezrin T567D localized more strongly to the cell periphery, although there
still was cytoplasmic expression (Figure 5.5). This finding is not unexpected since
phosphorylation of ezrin at Thr567 enhances actin binding.

5.2.4. Calyculin-A mediated ezrin phosphorylation increases its binding with CLICSA

ERM proteins have a critically important phosphorylation site at the highly conserved C-terminal
domain (T567 in human ezrin) (Appendix 1: ERM proteins alignment and critical
phosphorylation site in ERM proteins). I therefore explored whether ezrin phosphorylation
changes its interaction with CLIC5A using the ezrin 432-586 fragment. The Ser/Thr phosphatase
inhibitor Calyculin-A significantly increased GFP-ezrin 432-586 aa (wild-type) pull-down by
GST-CLIC5A from COS-7 cell lysates compared to vehicle (DMSO) treated cells (Figure 5.6, n
= 3 independent experiments). In addition, endogenous ezrin was also pulled down more
effectively by GST-CLICSA in lysates from Calyculin-A treated cells, when compared to vehicle
treated cells (Figure 5.6, ezrin blot). Increased pERM abundance in the input (cell lysate) with
Calyculin-A treatment serves as proof for effective Calyculin-A treatment (Figure 5.6, pERM
blot). Increased pERM was also pulled down by GST-CLICS5A in response to Calyculin-A
treatment (Figure 5.6, pERM blot). These results imply that the phosphorylated form of
endogenous ezrin, and probably also radixin, and moesin proteins have a stronger affinity for

CLICS5A than the unphosphorylated forms.
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5.2.5. Staurosporine-mediated dephosphorylation of ezrin reduced CLIC5A/ezrin binding

I next investigated the effect of Staurosporine on CLIC5A/ezrin interaction. Staurosporine is a
broad-spectrum inhibitor of protein kinases particularly protein kinase C, cAMP-dependent
protein kinase and p60v-src kinase, cyclic AMP-dependent protein kinase (PKA), phosphorylase
kinase, ribosomal protein S6 kinase, epidermal growth factor receptor (EGF-R) kinase and
Ca2+/calmodulin-dependent protein kinase II (Ca/CaM PKII). I transfected HA-ezrin 432-586
cDNA before treating COS-7 cells with Calyculin-A, or DMSO (vehicle) or Staurosporine,
followed by cell lysis, cell lysate preparation, and the lysates were used for GST- or GST-
CLICS5A pull down. I found that the overexpressed HA-ezrin 432-586 (~25 kDa) and endogenous
ezrin (~75 kDa) were pulled down less effectively by GST-CLIC5A from lysates of
Staurosporine-treated cells compare to those from vehicle (DMSO) or Calyculin-A treated cells
(Figure 5.7. a-ezrin blot). The a-pERM blot shows that phosphorylated ERM proteins were also
pulled down much less by GST-CLIC5A from lysates of Staurosporine treated cells compared to
lysates from vehicle (DMSO) or Calyculin-A treated cells. As expected, Calyculin-A mediated
phosphorylation caused the most ezrin 432-586 pull down by GST-CLICSA. These data imply
that Staurosporine effectively inhibited protein kinases resulting in dephosphorylation of
endogenous ERM proteins and that the dephosphorylated ERM proteins have a lower affinity for
CLICSA.

5.2.6. Phosphomimetic ezrin 1-586 colocalizes with CLIC5A at the cell periphery

When full-length wild-type GFP-ezrin (1-586 aa) was overexpressed in HeLa cells, it localized
predominantly in the cytosol (Figure 5.8), consistent with the findings previously described by
Auvinen et al. (482). In the same cells, RFP-CLIC5A localized predominantly to the dorsal cell

periphery, consistent with the previous findings observed in COS-7 cells (89). Some punctate co-
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localization of RFP-CLICS5A with wild-type GFP-ezrin was also observed at the cell periphery
(Figure 5.8). By contrast, when the HeLa cells were transfected with GFP-ezrin 1-586 cDNA
having the (T567D) phosphomimetic point mutation, it was localized to the cell periphery where
it strongly co-localized with RFP-CLIC5A. Phosphorylation of ezrin at the T657 site results in
ezrin targeting cortical actin without the necessity of PI4,5P2 binding was previously reported by
Fievet et al. (226). This finding supports the theory that CLIC5A interacts with full-length ezrin
when the ezrin C-terminus is free of its intramolecular interaction with the ezrin N-terminal
FERM domain.

5.2.7. Phosphomimetic ezrin 432-586 T567D enhances its interaction with CLICSA

To strengthen the observations that ezrin phosphorylation enhances CLIC5A/ezrin binding, I
transfected COS-7 cells with the following cDNAs: GFP-ezrin 432-586 wild type,
phosphorylation deficient GFP-ezrin 432-586 T567A, and phosphomimetic GFP-ezrin 432-586
T567D point mutants. GST-CLIC5A pulled down significantly more of the GFP-ezrin 432-586
T567D phosphomimetic mutant compared to the GFP-ezrin 432-586 wild type or ezrin 432-586
T567A (Figure 5.9). Moreover, GST-CLIC5A pulled down much less phosphorylation deficient
GFP-ezrin T567A even compared to the wild-type form. Together, the findings from Figures 5.6
to Figure 5.9 strongly suggest that ezrin phosphorylation at T567 significantly enhances its
affinity for CLIC5A.

5.2.8. Functional consequences of ezrin 432-586 (T567D)/CLICS5A interaction

Because ezrin 432-586 T567D phosphomimetic mutant strongly binds CLIC5A, we reasoned
that overexpression of this ezrin fragment in cells might competitively inhibit the
CLIC5A/endogenous ezrin interaction. When increasing concentrations of GFP-ezrin 432-

586(T567D) were co-expressed with a constant concentration of GFP-CLIC5A in COS-7 cells,
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CLIC5A-dependent phosphorylation of endogenous ERM proteins was inhibited in a
concentration-dependent fashion, and the association of endogenous ezrin with the insoluble
“cytoskeletal” fraction (pellet) was reduced (Figure 5.10). The total ezrin and moesin abundance
remained unchanged relative to the actin and GAPDH as loading controls. Similarly, when GFP-
ezrin 432-586(T567D) was expressed at an 8-fold excess over GFP-CLIC5A, CLIC5A-
stimulated Racl activation was significantly reduced (Figure 5.11). The total Racl and GFP-
CLIC5A abundance did not differ. These data suggest that overexpressed ezrin 432-586 T567D
competitively binds overexpressed CLIC5A, reducing CLIC5A-stimulated endogenous ERM
phosphorylation and Rac1 activation in a concentration-dependent fashion.

5.2.9. Ezrin 432-570 fails to block CLIC5A-dependent ERM and Racl activation
Co-expression of GFP-ezrin 432-570, which does not bind CLIC5A, also at an 8-fold excess over
GFP-CLIC5A was undertaken to determine whether it can block CLIC5A-dependent ERM
phosphorylation and Racl activation. I observed that GFP-ezrin 432-570 aa failed to block
CLIC5A-stimulated ERM phosphorylation (Figure 5.12), in keeping with the idea that ezrin 432-
570 aa which cannot bind CLIC5A would not interfere with binding of CLIC5A to endogenous
ERM proteins or their activation. Moreover, when co-expression of GFP-ezrin 432-570 at an 8-
fold excess over GFP-CLICS5A also failed to block CLIC5A-stimulated Racl activation (Figure
5.13). This experiment supports the conclusion that ezrin 432-586(T567D), but not ezrin 432-570
can competitively inhibit CLIC5-dependent functions in cells.

5.2.10. CLIC5A requires ezrin for Racl activation

It was previously reported by our laboratory that CLIC5A expression activates Racland its
downstream effector PAK1/3 in cultured cells and in vivo, and that but not RhoA or Cdc42 were

not stimulated by CLIC5A in cultured cells (86). ERM proteins were previously shown to
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facilitate activation of Rho GTPases by binding and sequestering the Rho GDP dissociation
inhibitor (Rho-GDI) (234). We therefore determined whether CLIC5A-dependent Racl
activation requires ezrin. First, we transduced cultured human glomerular endothelial (human
glomerular EC) cells with untagged CLIC5A from an adenoviral construct at different MOI
(MOI: multiplicity of infection) and observed a concentration-dependent increase in Racl-GTP
abundance (Figure 5.14.A). siRNA-mediated knockdown of endogenous ezrin in these cells
(Figure 5.14.B) significantly reduced CLIC5A-stimulated Racl activation compared to control
siRNA treated cells (Figure 5.14.C). These data suggest that CLIC5A requires endogenous ezrin
to activate Racl, and are consistent with the view that the interaction of CLIC5A with ezrin is
required for Racl activation.

5.2.11. CLICS5A expression enhances co-immunoprecipitation of Rho GDI with ezrin

The ERM proteins act as a Rho GDI displacement factor (GDF) for Rho GTPases, releasing Rho
GTPases from Rho GDI-mediated inhibition (464) and allowing Rho GTPase activation by Rho
GEFs (483). Since CLICSA activates ezrin and ezrin is required for CLIC5A-depenent Racl
activation, I next determined whether CLIC5A expression enhances Rho GDIa binding to ezrin.
HeLa cells were transiently transfected with GFP or GFP-CLIC5A cDNAs, followed by co-
immunoprecipitation of endogenous ezrin with using a rabbit a-ezrin antibody. I observed that
showed that endogenous ezrin was effectively immunoprecipitated with this antibody, and that
Rho GDIa was observed in the ezrin immunoprecipitate from cells expressing GFP-CLICS5A, but
not from cells expressing in GFP alone (Figure 5.15). GFP-CLICS5A also precipitated with the
ezrin/Rho GDIo complex. These results suggest that the mechanism by which CLIC5A
expression increases Racl activity is due, at least in part, to sequestration of Rho GDIa by

activated ezrin.
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Figure 5.1
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Figure 5.1: CLICSA, PIP Kinases are part of the Racl-GTP protein complex. Western blot
(WB) with antibodies directed against Racl, PIP Kinases and CLICS showing input (cell lysate)
and PAK-PBD pull down results. HEK293 cells were transfected with Flag- or Flag-CLIC5A
cDNAs and the cell lysates were incubated with PAK-PBD beads. The beads were precipitated,
washed, and bead-associated proteins eluted and detected by WB.
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Figure 5.2
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Figure 5.2: CLICS-deficient mice kidney cortex tissue is enriched with PI4P5KlIa2, but not
with PI4P5KlIa3 isoform. Western blot (WB) analysis with antibodies directed against

PI4P5KIa and CLIC5A showing endogenous PI4P5KIa isoforms (top blot) and endogenous
CLIC5A (bottom blot).
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Figure 5.3
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Figure 5.3: In vivo, the association of PI4PSKa3 and Racl-GTP requires CLICSA. Racl-
GTP pull-down (PAK-PBD pull down) of PIP Kinases from lysates of kidney cortex from
CLIC5A™ (wild-type 1, 2 and 3 mice) and CLIC5A™ (knock-out 1, 2 and 3 mice) mice,
followed by western blot analysis with antibodies directed against PI4P5Kla, PISP4Klla,

CLIC5A and Racl. Each lane represents a distinct mouse.
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Figure 5.4
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Figure 5.4: In vivo, the precipitation of phosphorylated ERM proteins (pERM) and
PI4P5Ka3 with the Racl-GTP complex requires CLICSA and CLIC4. Small GTPases pull-
down of PIP Kinases, pERM, CLIC5A, Cdc42, and Racl from lysates of kidney cortex from

CLIC4 " or CLIC4™*, CLIC5", CLIC4/CLIC5"", CLIC5™", followed by western blot
analysis with antibodies directed against PI4P5Kla, PISP4KIla, pERM, CLICSA, Cdc42, Racl

and actin. Each lane represents a distinct mouse.
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Figure 5.5
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Figure 5.5: Ezrin 432-586 expresses both at the cytoplasm and at or near the cell
membrane. Confocal microscopy imaging of cultured HeLa cells transfected with GFP-, or
GFP-ezrin 432-586 WT, or GFP-ezrin 432-586 T567A (T for threonine, A for Alanine), GFP-
ezrin 432-586 T567D (D for Aspartic acid) cDNA constructs. GFP fluorescence revealed

overexpressed proteins. Bottom panels are extended focus of overexpressed proteins.
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Figure 5.6
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Figure 5.6: Calyculin-A induced ezrin phosphorylation enhances its binding to CLICS5A. A.
Western blot with a-ezrin and a-pERM (phosphorylated ERM) antibodies of COS-7 cell lysates

(input) and proteins from GST-/GST-CLIC5A pull down from lysates of cells transfected with
GFP-ezrin 432-586 cDNA construct cells, treated with vehicle (DMSO) or Calyculin A (50 nM)

for 30 minutes prior to cell lysis. B. Densitometric quantification of GFP-ezrin 432-586 pulled

down by GST-CLIC5A from cells treated without or with Calyculin A (mean £ SD, n = 3

independent experiments).
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Figure 5.7
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Figure 5.7: Staurosporine mediated inhibition of ezrin phosphorylation reduced ezrin
binding to CLICSA. Western blot with a-ezrin and a-pERM antibodies of COS-7 cell lysates
(input) and proteins from GST-/GST-CLICSA precipitates from lysates of cells transfected with
HA-ezrin 432-586 cDNA construct and treated with Calyculin A (50 nM), vehicle (DMSO), or
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Staurosporine (20 nM) for 30 minutes prior to cell lysis.
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Figure 5.8
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Figure 5.8: CLICSA colocalizes with phosphomimetic ezrin at the cell periphery. Co-
transfection of RFP-CLIC5A and GFP-ezrin 1-586 full-length wild type (WT) or GFP-ezrin 1-
586 full-length phosphomimetic (T567D) mutant cDNA constructs in HeLa cells. Co-localization
(Merge, yellow) is observed at the cell periphery in HeLa cells expressing RFP-CLIC5A and
phosphomimetic ezrin full-length.
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Figure 5.9
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Figure 5.9: Ezrin 432-586 (T567D) phosphomimetic point mutation enhances its association
with CLIC5A. A. Western blot with anti-GFP antibody of total cell lysate (Input) and GST or
GST-CLIC5A pull-down (PD) from lysates of COS-7 that had been transfected with GFP-ezrin
432-586 (WT), phosphorylation deficient GFP-ezrin 432-586 T567A (“A” for alanine) or
phosphomimetic GFP-ezrin 432-586 T567D (“D” for aspartic acid). B. Densitometric
quantification of the distinct GFP-ezrin 432-586 mutants pulled from the lysates by GST-/GST-

CLICS5A immobilized on glutathione bead (mean + SD, n = 3 independent experiments).
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Figure 5.10
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Figure 5.10: Ezrin 432-586 expression inhibits CLIC5A-stimulated ERM phosphorylation.

A. Representative western blot showing pERM abundance in COS-7 cells transfected with GFP-
CLICS5A cDNA with or without a 8-fold excess of GFP-ezrin 432-586 cDNA. GFP-CLIC5A was
kept constant and the GFP-CLIC5A : ezrin 432-586 (T567D) transfection ratio was 1:1, 1:2, 1:4

and 1:8. Protein bands showing at around ~48 kDa in ezrin blot represents the over expressed

GFP-ezrin 432-586. B. Densitometric quantification of the pERM : ezrin ratio (mean + S.D., n =

3 independent experiments).
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Figure 5.11
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Figure 5.11: Ezrin 432-586 expression blocks CLICS5A-stimulated Racl activation. A.
Representative anti(a)-Racl western blot showing PAK-PBD pull-down (PD) of Rac1-GTP from
lysates of COS-7 cells transfected with GFP-CLIC5A ¢DNA with or without a 8-fold excess of
GFP-ezrin 432-586(T567D) cDNA. Protein bands showing at around ~48 kDa in ezrin blot
represents the over expressed GFP-ezrin 432-586. B. Densitometric quantification of Racl-

GTP/total Racl (mean + S.D., n = 3 independent experiments).
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Figure 5.12
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Figure 5.12: Ezrin 432-570 expression failed to block CLIC5A-stimulated ERM

phosphorylation. A. Representative western blot showing pERM abundance in COS-7 cells
transfected with GFP-CLIC5A cDNA with or without a 8-fold excess of GFP-ezrin 432-570
ezrin 432-570 (T567D)

cDNA. GFP-CLIC5A was kept constant and the GFP-CLICS5A :

transfection ratio was 1:8. Protein bands showing at around ~48 kDa in ezrin blot represents the

over expressed GFP-ezrin 432-570. B. Densitometric quantification of the pERM : ezrin ratio

(mean + S.D., n =3 independent experiments).
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Figure 5.13
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Figure 5.13: Ezrin 432-570 expression failed to block CLIC5A-stimulated Racl activation.
A. Representative anti(a)-Racl western blot showing PAK-PBD pull-down (PD) of Racl-GTP
from lysates of COS-7 cells transfected with GFP-CLIC5A cDNA with or without a 8-fold
excess of GFP-ezrin 432-570 cDNA. Protein bands showing at around ~48 kDa in ezrin blot
represents the over expressed GFP-ezrin 432-570. B. Densitometric quantification of Racl-

GTP/total Racl (mean + S.D., n = 3 independent experiments).
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Figure 5.14
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Figure 5.14: Ezrin silencing disrupts CLICS5A-stimulated Racl activation. A. Racl-GTP
abundance in human glomerular EC cells determined by Racl-GTP G-LISA®. The cells were
transduced with adenoviral-vector (ad-Vector) or untagged CLIC5A in the same vector (ad-
CLIC5A) at an MOI (mean + SD, n = 3 independent experiments). B. Western blot of lysates
from human glomerular EC cells transduced with ad-Vector or ad-CLIC5A with or without
ezrin—specific siRNA. C. Change relative to baseline of Rac1-GTP in human glomerular EC cells
transduced with 30 MOI ad-Vector or ad-CLIC5A with or without ezrin—specific siRNA (mean +

SD, n = 4 independent experiments, one-way ANOVA, and Bonferroni’s comparisons).
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Figure 5.15
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Figure 5.15: CLICSA enhances ezrin binding to Rho GDI. A. Western blot analysis with a-
ezrin, o-CLIC5A and a-RhoGDIa antibodies of lysates (input) from HeLa cells transfected with
GFP-or, GFP-CLIC5A c¢cDNAs constructs and proteins from immunoprecipitation of endogenous
ezrin using rabbit a-ezrin antibody (100 ng) in HeLa cells. Rabbit a-IgG antibody serves as a
negative control. B. Densitometric quantification of immunoprecipitated RhoGDla / ezrin (mean

+ SD, n = 3 independent experiments).
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5.3. Discussion

Our lab previously reported that CLIC5A expression in COS-7 cells stimulates Racl, but not
Cdc42 or RhoA activity, and that CLIC5A stimulates phosphorylation of the Racl effector
PAK1,3 in COS-7 cells and in cultured mouse podocytes (86). Racl-GTP interacts with PAKs
which, in turn, trigger signaling cascades that initiate diverse physiological outcomes (484)
including cytoskeletal organization, cell growth, and development (485, 486). Rho GTPases also
stimulate PI4,5P2 synthesis (487) by interacting directly interact with type 1 PIPSK. In rat liver
cytosol and Racl, but not RhoA or Cdc42, binds and activates type 1 PIP5K (178). Therefore,
PIP5K isoforms appear to function downstream of Racl (176, 488) to enhance P14,5P2 synthesis
(489). The RhoA effector, Rho-kinase is also involved in RhoA-dependent regulation of PIP5SK
activity (490), leading to the actin cytoskeleton organization (491).

My data show that CLIC5A expression not only stimulates Racl but also increased the
association of PIP5K4 and PIP4KS5 isoforms with the Racl-GTP complex (Figure 5.1). This
finding implies that CLIC5A expression enhances the synthesis of PI4,5P2 at the inner leaflet of
the plasma membrane through Racl activation. The PI4P5KIa3 kinase isoform is present in the
kidney cortex of CLIC5**, but not in CLIC5”" mice, with apparent compensation by greater
expression of the PI4P5KlIa2 kinase isoform (Figure 5.2). Moreover, PAK-PBD beads pulled
down Racl-GTP and with it the PI4P5KIa3 isoform only from kidney lysates of mice expressing
CLIC5A (Figure 5.3, and 5.4). This finding suggests strongly that CLIC5A-dependent Racl
activation specifically targets the PI4P5KIa3 kinase isoform in kidney cortex tissue. In addition,
the observation that PISP4KIlo2 and PISP4KIy were precipitated with the Racl-GTP from
CLIC5™ but not CLIC5** mouse kidney cortex lysates, suggest compensatory mechanisms for

PI4,5P; generation in the absence of CLICS5. Since Racl-GTP also pulled down pERM and
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CLIC5A from kidney lysates of wild-type mice, it seems likely that the PI4P5KIa3 kinase
isoform, pERM and Rac1-GTP are all part of the same protein complex.

Theoretically, the phosphomimetic ezrin 432-586 T567D fragment should competitively inhibit
the CLIC5A interaction with endogenous ERM proteins because it binds CLIC5A directly and
with a high affinity. Consistent with this hypothesis, I found that GST-CLIC5A pulled down
GFP-ezrin 432-586 and this interaction was strengthened by Calyculin-A. Conversely,
Staurosporine-mediated inhibition of phosphorylation not only reduced the CLIC5A/ezrin 432-
586 interaction but also the interaction of endogenous ezrin with CLICSA. Moreover, the
phosphomimetic point mutation replacing threonine to aspartic acid at ezrin 567 site has a
significantly greater affinity for CLIC5A than the wild-type or phosphorylation deficient ezrin
432-586 (Figure 5.9). Taken together, these findings imply that CLIC5A gains access to ezrin
432-586 because it is not auto-inhibited by the ezrin N-terminus and that ezrin phosphorylation at
Thr 567 enhances CLIC5A/ezrin binding.

We exploited the high affinity of CLIC5A for ezrin 432-586 (T567D) to demonstrate that its
overexpression could suppress CLIC5A-induced functional effects while the control-construct
ezrin 432-570, which does not bind CLIC5A, could not. We were unable to achieve substantial
ezrin knockdown in COS-7 cells, but could reduce ezrin expression in human glomerular
endothelial cells, which express CLIC5A in vivo (483) but not in culture (87). I overexpressed
CLIC5A without a tag in these cells using an adenoviral vector because the transfection
efficiency with cDNA is extremely low. Expression of the untagged CLICS5A in the glomerular
endothelial cells activated Racl in a concentration-dependent fashion, and ezrin knockdown in
these cells significantly reduced CLIC5A-stimulated Racl activation (Figure 5.14). We can

therefore conclude that CLIC5A-stimulated Rac1 activation likely on ezrin.
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It is well established that activated ERM proteins directly bind the Rho GDP dissociation
inhibitor alpha (ARHGDIA/Rho GDIa) (160, 234). We observed that CLIC5A expression
increased Rho GDIa co-immunoprecipitation with ezrin, suggesting that CLIC5A-stimulated
ezrin activation causes ezrin to capture Rho GDIa from Racl, allowing Racl to interact with the
plasma membrane (492) and relieving the Rho GDIa-mediated inhibitory effect on Racl.

Therefore, CLIC5A stimulates ezrin-dependent Racl activation pathway that in turn activates
PI4P5KIa3, which results in phosphorylation of PI4P to generate P14,5P2. Docking of the ezrin
N-terminus on membrane PI4,5P2 in turn prevents its interaction with its own C-terminus. The
N-terminus of ezrin can then capture Rho GDIa allowing Racl activation by Racl GEFs. This
signaling pathway therefore seems to be a feed-forward amplification loop, in which CLIC5A by
sitting on ezrin facilitates continuous, localized Racl activity. Rac-GTP, in turn, activates
PI4P5Ka3 to generate PI4,5P,. The ezrin N-terminus then docks on PI4,5P; resulting in the open,
active ezrin conformation which binds CLIC5A, gets phosphorylated and captures Rho GDI,

activating Racl, beginning the cycle again.
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Figure 5.16: Model: CLIC5A expression, followed by CLIC5A/ezrin direct binding
stimulates Rho GDI binding to ezrin, which is one of the mechanisms of Racl activation.
Racl activation trigger PI4P5Ka3 kinase to catalyze the reaction for cluster generation of
PI4,5P2, which serves a s a docking site for ezrin N—terminus. This results in ezrin open
conformation and ezrin C-terminus Thr 567 phosphorylation and ezrin/actin binding. As a result,
ezrin open conformation stabilizes. When CLIC5A/endogenous ezrin direct interaction is
disrupted with ezrin 432-586 fragment, which has a high affinity for CLIC5A, CLIC5A cannot
bind and stimulates ezrin activation/phosphorylation, resulting in ezrin inactive, closed,

conformation and CLIC5A becomes soluble, cytosolic.
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Chapter 6

CLICS5A reduces taperin isoform 1 nuclear localization and

taperin/PP1c enhances ERM phosphorylation
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Chapter 6

CLICS5A reduces taperin isoform 1 nuclear localization and taperin/PP1c enhances ERM
phosphorylation

6.1. Introduction

Next-generation sequencing (NGS) enabled identification of specific disease-causing gene
mutations in the chromosome 9 open reading frame 75 (C9orf75) in two separate families with
recessive, non-syndromic hearing loss (432, 433). The protein encoded by the C9orf75 expresses
in different tissues, notably in the inner ear hair cells of the cochlea (433, 445, 493), and it was
named “taperin” due to it’s location in the taper region of inner ear cell stereocilia (433). The
gene is now annotated as “TPRN”. At the base of the inner ear hair cell stereocilia, CLIC5A
stabilizes membrane-actin filament linkages by in a complex with taperin, radixin, myosin IV
(MYO6), and protein tyrosine phosphatase receptor type Q (PTPRQ)(428). Taperin forms a
dense-core-like structure encircled by an oligomeric ring of Fam65b protein at the taper region of
stereocilia (493). Taperin has ~34% amino acid sequence similarity with phostensin and
homology searches identified a 58 amino acid stretch of taperin (482—-539 aa in human isoform 1)
with a 76% similarity to phostensin. The latter is involved in actin dynamics through capping to
pointed ends of actin filaments (494, 495). Overexpressed Myc-tagged taperin resulted in rod-
like aggregates containing actin in ~53% of COS-7 cells (445), indicating taperin might also
regulate actin structures.

Protein kinases and phosphatases are responsible for phosphorylation status of many cellular
proteins and mis-regulation of protein phosphorylation is responsible for human diseases. Protein
phosphatase one (PP1) catalytic subunits exist as o, B, and y isoforms in humans. Protein

phosphatase 1 catalytic (PP1c) subunits are recruited to dephosphorylate specific substrates
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through association with a PP1c interacting protein or regulatory subunits (496-498). Through
the interaction with PP1 regulatory subunits, phosphatase activity localizes to specific locations
in cells and modulates its activity toward selected substrates (436, 499). Moreover, regulatory
subunits often exhibit a preference for one catalytic subunit isoform. Taperin is a PP1 regulatory
protein that binds PP1ca, and PP1cy isoforms, but not PP1cp, through its KISF motif (434).
Taperin has four isoforms produced through alternative splicing of its primary transcript RNA,
and all 4 isoforms were detected by mass spectrometry in HeLa cells (434). Human taperin
isoform 1 (1-711 aa) has a calculated molecular weight of ~75.6 kDa. Human taperin isoforms 2
and 3 lack the N-terminal 1-306 aa of isoform 1. Isoform 2 consists of 405 amino acids with a
calculated molecular weight of ~44.12 kDa. Isoform 3 is slightly longer with 433 aa and a
calculated molecular weight of ~47.3 kDa. It contains a 28 aa insertion (MVRCGGVERW
GESDTRASPCVHILSSHFQ) starting at ¢o1M amino acid relative to the isoform 1 to sequence.
Isoform 4 starts at 30sM relative to isoform 1 and consists of 406 amino acids with a calculated
molecular weight of ~44.2 kDa. In isoform 4, the translation initiation sequence 306 VMETIP311
aa is replaced with 306MVSITG311 (numbering relative to isoform 1). There also are other
sequence differences across species. Nonetheless, all taperin isoforms contain the conserved
“KISF” PP1c binding motif (s77KISFsgo aa relative to human isoform 1).

Bioinformatics analyses of multiple taperin splice variants expressed in vertebrates indicate that
the PP1 docking function of taperin is conserved across species and has an ancestral relationship
with the PP1- and actin-binding protein phostensin. In the taperin 1 isoform a regulatory region
of taperin (8-87 aa) alters the PP1c binding affinity, and a potential phosphorylation site exists at
position 241. Recombinant 6 XHis-taperin isoform 2 prefers to bind PP1ca over PPlcy in vitro

and taperin inhibits PP1ca phosphatase activity towards the phosphorylase A substrate (434). I
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showed in chapter 3 that Y2H screening data identified a region in mouse taperin (312-424 aa) as
a potential direct interacting site for CLIC5A (Chapter 3, Table 7). In fact, the screen resulted in
over 30 positive clones, whereas only 1 positive clone for radixin was observed. It therefore
seems highly likely that taperin interact directly with CLIC5A. I postulated that formation of the
taperin/CLIC5A complex might regulate ERM phosphorylation. Therefore, experiments in this
chapter are designed to investigate the following objectives:

To determine whether CLICS5A and other CLICs interact directly with taperin, and to

determine whether taperin alters ERM phosphorylation.
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6.2. Results
6.2.1. Endogenous taperin expresses in different cells
First, I aimed to detect the expression of endogenous taperin isoforms in different cell types.

Using a mouse monoclonal anti-taperin antibody, western blot analysis of total cell lysates
prepared from the glomeruli isolated from CLIC5™" and CLIC5”" mice, cultured human

podocytes, cultured human glomerular endothelial (human glomerular EC), HeLLa, HEK293, and
COS-7 cells revealed two major bands at the ~88 kDa, and ~55-58 kDa (Figure 6.1.A). To
determine whether these two major bands were actually taperin, I transfected HeLa cells with
human taperin siRNA at different concentrations (5 nM, 10 nM, 15 nM, and 20 nM), followed by
western blot analysis of cell lysates. The siRNA contains 3 27-mer sequences directed to the 3’
end of the taperin open reading frame, common to all 4 isoforms. It turns out that the protein
band at ~88 kDa was almost completely knocked down at all concentrations of taperin siRNA,
whereas control siRNA treatment did not. This experiment indicates that the protein band at ~88
kDa is the main taperin protein expressed in HeLa cells and its apparent MW 1is consistent with
the full-length taperin isoform 1 (Figure 6.1.B). Surprisingly, the ~55-58 kDa protein band was
not knocked down by taperin siRNA, even though the siRNA target sequences are common in all
taperin isoforms. This finding suggests that the ~55-58 kDa protein band is not a taperin protein
and the mouse taperin antibody detected it non-specifically. However, further analysis of this
protein by mass spectrometry might be necessary to be sure that it is not a smaller taperin
isoform.

Full-length taperin isoform 1 (1-711 aa) has a calculated molecular weight of 75.5 kDa but runs
slower in SDS-PAGE gels and was detected at ~88 kDa on western blots that might be due to

post-translational modifications and/or the relatively high density of negatively charged amino
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acids in its C-terminal domain. I therefore was able to conclude that the endogenous full-length
taperin 1-711 aa is the only taperin protein isoform detected in HeLa cells.

6.2.2. CLICSA, CLIC4 and CLIC1 interact directly with taperin in Y2H assay

As previously mentioned in chapter 3 that the yeast two-hybrid (Y2H) screening of mouse
kidney protein domain library using CLIC5A as bait identified the mouse taperin central domain
312-424 amino acids (aa) as the direct interacting region or CLIC5A (Table 7). Human taperin
272-385 aa has a 78% amino acid sequence identity with this mouse taperin central domain. To
confirm the direct interaction between human taperin and CLIC5A, as well as CLIC4 or CLIC1,
cDNAs encoding FL. CLIC5A (1-251 aa), CLIC5A N-terminal (22-251 aa) and CLIC5A C-
terminal (1-232 aa) deletion mutants, FL CLIC4 (1-253 aa) and FL CLIC1 (1-241 aa) were
cloned into the pKBKT7 bait vector, while a cDNAs encoding human taperin isoform 1 (1-711
aa), and the taperin 272-385 aa fragment were cloned in to the PGADKT7 prey vector, followed
by the Y2H assay. I observed that FL. CLICSA, CLIC4 and CLIC1 all interacted directly with
taperin 1-711 and taperin 272-385, as evident from the growth of blue colonies on DDO/X/A
plates (Figure 6.2.A and B), confirming the Hybrigenics® screening result. Based on the density
of growth of blue colonies, the taperin 272-385 fragment may have a higher affinity for CLIC5A,
CLIC4 and CLICI compared to full-length taperin isoform 1 (1-711aa). The affinity of CLIC5A
and CLIC4 for the taperin 272-385 fragment seemed to be comparable, but fewer colonies were
observed for the CLICl/taperin 272-385 interaction compared to CLIC4 and CLICSA,
suggesting that CLIC1 has a lower affinity for this region than CLIC5A and CLIC4. Also, the
CLIC5A produced more blue colonies than CLIC4 and CLIC1 for the interaction with full-length

taperin isoform 1 (1-711 aa).
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The CLIC5A N-terminal mutant 22-251, and the CLIC5A C-terminal mutant 1-232 failed to
interact with taperin 1-711 and taperin 272-385 as evident from the absence of growth of diploid
yeast colonies on DDO/X/A plates, indicating that both the N- and C-termini of CLIC5A are
necessary for the direct CLIC5A/taperin interaction.

6.2.3. CLICS5A directly binds taperin isoforms in vitro

To validate the Y2H assay results, I investigated whether CLIC5A can interact with endogenous
taperin expressed in HeLa cells, and with taperin isoforms synthesized in vitro. Purified,
immobilized GST-CLICSA pulled down endogenous full-length taperin (~88 kDa) from HeLa
cell lysates (Figure 6.3.A). Moreover, TnT transcription/translation-based in vitro synthesized
HA-taperin 307-711 and HA-taperin 272-385 proteins were pulled down by GST-CLIC5A. HA-
ezrin 1-296 was used as a positive control of GST-CLIC5A pull down (Figure 6.3.B). In vitro
synthesis of full-length HA-taperin 1-711 was less efficient than that of shorter taperin
fragments/isoforms. But full-length HA-taperin 1-711 was also pulled down by GST-CLIC5A
when I scaled up the reticulocyte lysate input 4-fold (Figure 6.3.C). In vitro synthesized HA-
taperin 272-385 was pulled equally from the reticulocyte lysates whether treated with or without
H>O> (to oxidize protein thiols) (Figure 6.3.D). In addition, GFP-tagged full-length taperin
isoform 1 (1-711aa) and taperin isoform 2 (307-711aa) overexpressed in HeLa cells were
effectively pulled down by GST-CLIC5A (Figure 6.10). Take together I concluded that CLIC5A
binds the taperin isoforms 1 (1-711 aa) and 2 (307-711 aa relative to isoform 1) directly and that
the taperin 272-385 aa fragment seem to have a higher affinity for CLIC5A than the full-length

taperin isoform 1 (1-711 aa).
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6.2.4. Taperin isoforms 1 and 2 localize predominantly to the nucleus

The 577.KISF-s30 motif is the primary PP1c binding site in the C-terminus of full-length taperin
isoform 1 and is conserved in all taperin isoforms. This motif was mutated to generate
577KASAsg0 mutants as previously reported by Ferrar et al (434). The GFP-tagged taperin
isoform 1 wild type and KASA mutant, and GFP-taperin isoform 2 (307-711 aa) wild type and
KASA mutant, GFP-taperin 272-385, GFP-taperin 272-306 were cloned into the pEGFP-CI
vector to study their subcellular localization and co-localization with CLIC5A when
overexpressed in HeLa cells.

Live cell confocal microscopy imaging demonstrated that when overexpressed in HeLa cells,
GFP-CLICSA localizes predominantly to the cell membrane as shown as overlap with the
CellBrite™ Steady membrane staining (yellow, top panel Figure 6.4). Full-length GFP-taperin
isoform 1 (1-711; wild type and KASA mutant) and GFP-taperin isoform 2 (307-711; wild type
and KASA mutant) were observed mostly in the nucleus (Figure 6.4). Some GFP-taperin isoform
1 (wild-type and KASA mutant) localized to the cell membrane. By contrast, GFP-taperin
isoform 2 (wild-type and KASA mutant) localized exclusively in the cell nucleus, sparing the
nucleoli (Figure 6.5).

6.2.5. CLICSA expression reduced nuclear localization of taperin full-length 1-711, but not
taperin 1-306 or taperin 307-711

To determine whether CLICSA alters the subcellular localization of taperin isoforms HeLa cells
co-transfected with full-length RFP-CLICSA and GFP-taperin constructs. The wild type and
KASA mutant GFP-taperin isoform 1 (1-711 aa) were predominantly localized to the
nucleoplasm in the presence of the RFP vector control (Figure 6.6.A), but in the presence of

RFP-CLIC5A, the localization of full-length and KASA mutant GFP-taperin-1 decreased
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substantially, while localization at the cell periphery was retained and GFP-taperin isoform 1 and
RFP-CLIC5A co-localized at the cell periphery (Figure 6.6.B). By contrast, the nuclear
localization of wild type and KASA mutant GFP-taperin isoform 2 (307-711 aa) was unaffected
by RFP-CLIC5A expression, and GFP-taperin isoform 2 did not co-localize with RFP-CLIC5A
(Figure 6.6.B). Neither isoform 1 laperin (1-711 aa) nor isoform 2 taperin (307-711 aa)
accumulated in nucleoli.

The sequence from 307 — 711 aa of the taperin isoform 1 is shared by taperin isoform 2, while
the sequence from 1-306 is unique for the taperin isoform 1. Since isoform 1, but not isoform 2
partially localized to the cell periphery and only isoform 1 preferentially localized to the
periphery in the presence of CLIC5A, we wondered whether the unique region of isoform 1
targets it to the periphery. When a GFP-taperin 1-306 fragment was expressed in HeLa cells, its
distribution was the same as that of taperin isoform 1, with predominant localization to the
nucleus and partial localization to the cell periphery. But, when RFP-CLIC5A and the GFP-
taperin 1-306 fragment were co-expressed in HeLa Cells, there was no reduction of taperin 1-306
abundance in the nucleus (Figure 6.7), unlike the findings for full-length taperin 1-711. This
finding suggests that the CLIC5A-induced reduction in nuclear targeting of the taperin isoform 1
requires the CLIC5A binding region beyond residue 306.

We have good evidence indicating that taperin 272-385 sequence contains the CLIC5A binding
region and therefore postulated that co-expression of a GFP-tagged taperin 272-385 fragment
with RFP-CLIC5A might cause this taperin 272-385 fragment to colocalize with CLIC5A at the
cell periphery. We also wondered whether the taperin 272-306 fragment, which does not have the
taperin isoform 2 sequence (307-711) might nevertheless interact with CLIC5A. Although

expression of GFP-taperin 272-385 and 272-306 fragments resulted in their nuclear and cytosolic
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distribution, neither were targeted to the cell periphery and neither co-localized with CLIC5A
(Figure 6.8), and no change in their subcellular distribution was observed in the presence of RFP-
CLICS5A. These findings indicate that binding to CLIC5A, which we demonstrated for the taperin
272-385 fragment is not sufficient to cause co-localization with CLIC5A at the cell periphery.
6.2.6. Taperin is a protein phosphatase 1 binding protein

As all the four taperin isoforms contain the PP1c binding motif (577KISFsg0), we investigated the
interaction of taperin isoform 1 (1-711) and isoform 2 (307-711) wild type and KASA mutants
with endogenous PP1c. Wild-type and KASA mutants of GFP-taperin isoform 1 (1-711 aa) and
isoform 2 (307-711 aa) were expressed in HeLa cells and then immunoprecipitated with an anti-
GFP antibody to exclude precipitation of endogenous taperin. PP1c, detected with a pan-PPlc
antibody co-immunoprecipitated with wild-type GFP-taperin isoforms 1 and 2, but not with their
respective KASA mutants (Figure 6.9 A, B). The findings confirm that the KISF motif is
required for the interaction of PPlc with taperin isoforms 1 and 2, consistent with previous
findings by Ferrar et al. (434) for taperin isoform 2.

Immobilized GST-CLIC5A also pulled down PPlca and a small amount of PPlcy from HeLa
cell lysates (Figure 6.10). No difference in the amount of PP1ca and a PPlcy pulled down by
GST-CLIC5A in cells expressing wild type vs. KASA taperin isoform 1. By contrast, expression
of  wild-type GFP-taperin isoform 2 (307-711aa) resulted in a large increase in PPlcy co-
precipitation with GST-CLIC5A compared with the GFP-taperin isoform 2 KASA mutant
(Figure 6.10). This experiment suggests that in HeLa cells, the taperin isoform 2 307-711
specifically binds PP1cy, allowing it to be pulled down by GST-CLIC5A.However, interpretation
of these experiments is complex, because endogenous taperin would also have been pulled down

by CLIC5A, and with it PP1ca, obscuring any potential effect of the KASA mutation.

189



6.2.7. Taperin brings PP1cy in the CLICSA containing protein complex

To determine which isoform of PPlc specifically associates with the taperin/CLIC5A protein
complex, I performed the GST-/GST-CLIC5A pull down assay using lysates of HeLa cells
treated with control siRNA or human taperin siRNA. Endogenous taperin, as well as PPlca,
PP1cpB, and PPlcy were precipitated by the immobilized GST-CLIC5A from lysates of HelLa
cells treated with control siRNA. In HeLa cells treated with taperin siRNA, taperin was not
detected on the western blot or in the GST-CLICSA pull-downs (Figure 6.11). Surprisingly, in
the absence of endogenous taperin isoform 1, PP1ca and PP1cf were still observed in the GST-
CLICSA pull-down proteins, while the pull-down of PPlcy was significantly reduced (Figure
6.11). These results suggested that CLIC5A can pull-down PPlca, and PP1cp independent of
taperin, whereas taperin binds PP1cy allowing it to be co-precipitated by GST-CLICS5A.

6.2.8. CLICSA binds recombinant, purified PP1c isoforms directly in vitro

Because PPlca was pulled from HeLa cell lysates by GST-CLIC5A even when taperin was
silenced, we checked the amino acid sequence of CLIC5A to see if there might be a PPlc
binding motif. The usual PP1 binding motif is KVXF (x is any amino acid) is not present in the
CLICS5A amino acid sequence. However, some proteins have been identified in which the PP1c
binding consensus sequence is KxVxF (500), and CLIC5A has a 4sKGVVF49 motif, which is
highly conserved among all the CLIC proteins. I therefore determined whether the distinct PP1c
isoforms could bind CLIC5A directly. I incubated 100 ng of recombinant, purified PP1ca, PPlc
B, or PP1cy separately incubated with 500 ng GST-, or 1.0 pg of GST-CLIC5A in 500 pl of ice
cold Tris-HCl, 20 mM, pH 7.4 buffer for GST-/GST-CLICS5A pull-down assay. GST-CLIC5A
effectively pulled down all three PP1c isoforms (PP1ca, or PP1cf, or PP1cy) without preference

for any one of them (Figure 6.12.A). Moreover, when 1 mM DTT, or 2 mM HxO; were added to
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the GST-CLICS5A pull down mixture containing purified PP1ca, or PP1cy, and both PP1ca, and
PP1cy were still pulled down by the GST-CLIC5A (Figure 6.12 B, C). Therefore, PP1ca, PP1cp,
or PP1cy can all interact directly with CLIC5A and the oxidation state of CLIC5A does not alter
this interaction. This experiment leads me to conclude that both CLIC5A and taperin have PPlc
binding sites, and therefore both can bind PP1c. It is therefore possible that taperin and CLIC5A
can compete for PP1 catalytic subunits (PPIc). It is also likely that other CLICs bind PPlc
directly, since the KGVVF motif is highly conserved. Whether mutation of this motif alters PP1c
binding will still need to be determined.

6.2.9. CLICS5A KGAVY mutant does not bind taperin

We then performed site-directed mutagenesis to generate cDNAs of GST-tagged and untagged
CLICSA wild type 4sKGVVF49 and mutant 4sKGAVY49 (Appendix 2 for PP1 binding motif in
CLIC5A). Untransfected HeLa cell lysates were subjected to GST-CLIC5A wild type
4sKGVVF4 and GST-CLIC5A 4KGAVY4 mutant pull-down assay. We observed that
endogenous taperin was pulled down by the GST-CLIC5A wild type but not by the GST-
CLIC5A KGAVY mutant (Figure 13.A), indicating that the putative PP1 binding motif
4sKGVVFy9 in CLIC5A is actually responsible for the interaction of CLICSA with taperin.

The untagged CLICS5A wild type and CLIC5A KGAVY mutant were then expressed in HeLa
cells followed by pull-down with purified, recombinant GST-ezrin 432-586. Recombinant GST-
ezrin 432-586 effectively pulled wild type 4sKGVVFs as well as the CLIC5A mutant
4sKGAVY49 from the HeLa cell lysates. However, while endogenous taperin and PPlc were
precipitated by immobilized GST-ezrin 432-586 in the presence of wild-type CLICS5A, neither
taperin or PPlc were pulled down from lysates of cells expressing the CLIC5A 4sKGAVY49

(Figure 6.13.B). These results indicate that endogenous taperin does not associate with the
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CLIC5A4sKGAVY49 mutant. The data also suggest that wild-type CLIC5A forms a bridge
between ezrin and taperin. Whether CLIC5A KGAVY mutation is responsible for disruption of
interaction with PP1c and taperin, or taperin brings PP1c into the CLIC5A/ezrin complex is still
unclear.

Live cell imaging experiments with CLIC5A wild type and CLIC5A 4KGAVY4 mutants
showed that both localized to the cell periphery (Figure 6.14), and when they were co-expressed
in HeLa cells, both strongly colocalized at that location (Figure 6.14), suggesting that the
4sKGAVY49 mutation has no role in CLIC5A membrane localization. Importantly, when RFP-
CLICS5A 45KGAVY49 was co-expressed with GFP-taperin isoform 1 (1-711) in HeLa cells there
was no apparent reduction in the nuclear localization of the taperin isoform 1 (Figure 6.15).
Taken together with the findings in Figure 6.13, these data suggest that the CLIC5A 4sKGVVFy9
(wild type) motif is required for the taperin/CLIC5A interaction and that the 4sKGAVYa4
mutation in CLIC5A disrupts this interaction.

6.2.10. Taperin knockdown does not change CLIC5A localization at cell periphery

As CLIC5A and taperin bind directly to each other, we wondered whether depletion of
endogenous taperin has any effect on CLIC5A localization at cell periphery. Confocal
microscopy imaging of HeLa cells transfected with GFP-CLIC5A ¢DNA, and control or human
taperin siRNA (5 nM) showed that GFP-CLIC5A localizes to the cell periphery in both control
siRNA treated and taperin siRNA treated cells. (Figure 6.16). Therefore, CLIC5A does not
require expression of taperin for its localization at the cell periphery; rather CLICSA expression

reduces taperin 1-711 wild type localization from the nucleus.
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6.2.11. Taperin knockdown reduces ERM phosphorylation

As a PPlc regulatory protein, taperin can bind PP1c and can inhibit PP1c phosphatase activity
against phosphorylase A (434). We wondered whether taperin/PP1c could act as a phosphatase
against ERM proteins, or whether it might inhibit their dephosphorylation due to binding of PP1c
in competition with another PP1 targeting subunit. To determine the functional role of taperin in
the context of ERM phosphorylation, I co-transfected HeLa cells with GFP- or GFP-CLIC5A
cDNAs, followed by control siRNA or human taperin siRNA treatment. I found that GFP-
CLICSA expression stimulated ERM phosphorylation in control siRNA treated cells, consistent
with the findings by Al-Momany et al. (89), while siRNA-mediated knockdown of endogenous
taperin reduced ERM phosphorylation in both, vector and GFP-CLIC5A transfected cells (Figure
6.17). Moreover, taperin knockdown alone also reduced ERM phosphorylation in the absence of
CLIC5A. Therefore, loss of taperin reduces baseline and CLIC5A-stimulated ERM

phosphorylation.
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Figure 6.1: Taperin expresses in different cells. A. Western blot analysis with mouse anti(a)-
taperin antibody using cell lysates of glomeruli isolated from CLIC5"" and CLIC5”" mice,
cultured human podocytes, cultured human glomerular endothelial cells (hGEN), HeLa cells,
HEK293 cells, and COS-7 cells. B. Western blot analysis with mouse a-Taperin antibody
showing successful human taperin siRNA-mediated endogenous taperin knockdown in HeLa

cells.
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Figure 6.2
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Figure 6.2: CLIC5A, CLIC4 and CLIC1 interact directly with taperin isoforms. A. Yeast
two hybrid (Y2H) assay. Yeast colonies expressing untagged CLIC5A 1-251, CLIC5A 22-251
aa, and CLIC5A 1-232 aa in the “bait” vector and taperin 1-711 aa, and taperin 272-385 aa in the
“prey” vector. B. Yeast two hybrid (Y2H) assay. Yeast colonies expressing untagged CLIC4 (1-
253 aa) full-length and CLIC1 (1-241 aa) full-length in the “bait” vector and taperin 1-711 aa,
and taperin 272-385 aa in the “prey” vector. Colony growth on DDO/X/A agar plates indicates
both bait and prey vectors are present and blue colonies indicate a-galactosidase activity in the
presence of X-o-gal due to direct interactions between bait and prey proteins showing

Aureobasidin A antibiotic resistance.
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Figure 6.3

Pull Down

+ -
-+

# <€— Endogenous
Taperin (1-711 aa)

a-Taperin

Pull Down

A
Input
GST

GST-CLIC5A

130 kDa —

75 kDa—

63 kDa—

48 kDa— == w—
B
Input
GST
GST-CLIC5A
130 kDa—
——
100 kDa — P
75 kDa —
63 kDa — - —
| — —
- | —
Reticulocyte lysate only + -
HA-Taperin 1-711 - +

s <€ HA-Taperin
1-711

a-HA

"
I

Figure 6.3 continues

196



Input Pull Down
GST -+ - -
GST-CLIC5A + - + +
- - —
100 kDa —+ p— —
-HA
75 kDa — a
63 kDa — - [ €— HA-Taperin
1 M o 307-711
48 kDa — - il
35 kDa —+ - - €— HA-Ezrin
' 1-296
25 kDa _—h
15 kDa — - & <€ HA-Taperin
272-385
Reticulocyte lysateonly + - - - = F om wm e W
HA-Ezrin 1-296 - + - - - - 4+ 4+ - - w
HA-Taperin 1-711 - = 4+ = = - = = = =
HA-Taperin 307-711 = = o= - - = = - 4 -
HA-Taperin 272-385 - & owm W e - = = = = o+
D
Input Pull Down
GST + - -
GST-CLIC5A + +
25 kDa— " a-Taperin
20 kDa—4 & @ € HA-Taperin 272-385
LY
HA-taperin 272-385 + + + +

Figure 6.3: CLICS5A interacts directly with taperin in vitro. A. Western blot analysis with
anti-taperin antibody of HelLa cell lysates (input), and proteins pulled by equimolar amount of
immobilized GST-/GST-CLIC5A. B. Western blot analysis with a-HA antibody of reticulocyte
lysate only, HA-taperin 1-711 aa synthesized in vitro (input), and proteins pulled by immobilized
GST-/GST-CLIC5A. C. Western blot with a-HA antibody of reticulocyte lysate only, HA-
taperin 1-711 aa, HA-taperin 307-711 aa, and HA-taperin 272-385 aa synthesized in vitro (input),
and proteins pulled by equimolar amount of immobilized GST-/GST-CLIC5A. D. Western blot
analysis with a-HA antibody of HA-taperin 272-385 aa synthesized in vitro (with/without 2 mM

H,0, -

+

H>0; treatment) (input), and proteins pulled by immobilized GST-/GST-CLIC5A.
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Figure 6.4
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Figure 6.4: Taperin-1 (1-711 aa) and taperin-2 (307-711 aa) isoforms predominantly

Merge

GFP

Membrane
staining

express at the nucleus. Live cell imaging of HeLa cells transiently transfected with GFP, GFP-
CLICS5A, GFP-taperin-1-WT (full-length, wild type, 1-711 aa, codon optimized), GFP-taperin-1-
KASA (full-length, KASA mutant, 1-711 aa, codon optimized), GFP-taperin-2-WT (isoform 2,
wild type, 307-711 aa), and GFP-taperin-2-KASA (isoform 2, KASA mutant, 307-711 aa)
cDNAs. GFP fluorescence shows the subcellular localizations of ectopically expressed proteins
(middle panel). Membrane staining is observed at the bottom panel. Membrane-staining merge

(yellow) with the overexpressed proteins are shown at the top panel.
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Figure 6.5
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Figure 6.5: Taperin isoform 2 (307-711 aa) localizes predominantly at the nucleus. Live cell

Nuclear
staining

confocal microscopy imaging of HeLa cells transiently transfected with GFP, GFPP-CLICSA,
GFP-taperin-1-WT, GFP-Taperin-1-KASA, GFP-taperin-2-WT, and GFP-taperin-2-KASA
cDNAs. Subcellular localizations were observed for the ectopically expressed proteins at the
middle panel. Nuclear staining was observed at the bottom panel and nuclear staining merge
(yellow) with the overexpressed proteins are shown at the top panel. GFP-TPN-1: GFP-taperin 1-
711 wild-type (WT) aa (codon optimized); GFP-TPN-2: GFP-taperin 307-711 aa.
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Figure 6.6

A RFP/ RFP/ RFP/ RFP/
GFP-TPN-1  GFP-TPN-1 GFP-TPN-2  GFP-TPN-2
KASA KASA

WT
Im--
™
o

GFP-TPN
&

Merge

B
RFP-CLIC5A/ RFP-CLIC5A/
RFP-CLIC5A/ GFP-TPN-1 RFP-CLIC5A/ GFP-TPN-2
GFP-TPN-1 WT KASA GFP-TPN-2 WT KASA

RFP-CLIC5A

GFP-TPN

Figure 6.6: CLICSA expression reduces taperin-1 (1-711 aa) localization from the nucleus.

Merge

Live cell confocal microscopy imaging of HeLa cells co-transfected with RFP (A) or RFP-
CLICS5A (B), and GFP-taperin-1 1-711 (WT or KASA mutant), or GFP-taperin-2 (307-711) WT
or KASA mutant) cDNAs. Co-localizations (yellow) in the merged image are observed at the

cell periphery. GFP-TPN-1: GFP-taperin 1-711 wild-type (WT) aa (codon optimized).
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Figure 6.7
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Figure 6.7: CLICSA expression does not reduce taperin N-terminus (1-306) localization
from the nucleus. Live cell confocal microscopy imaging of HeLa cells co-transfected with
RFP/GFP-taperin 1-711 WT, or RFP-CLIC5A WT/GFP-taperin 1-711 WT, or RFP/GFP-taperin
1-306, or RFP-CLIC5A WT/GFP-taperin 1-306 cDNAs. Co-localizations (yellow) in the merged

image are observed at the nucleus or cell periphery.
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Figure 6.8
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Figure 6.8: CLIC5A expression does not cause cytoplasmic taperin 272-385 or 272-306 to
colocalize with CLICSA at the cell periphery. Live cell confocal microscopy imaging of HeLa
cells co-transfected with RFP/ GFP-taperin 272-385, or RFP-CLIC5A WT/GFP-taperin 272-385,
or RFP/GFP-taperin 272-306, or RFP-CLIC5A WT/GFP-taperin 272-306 cDNAs. Co-

localizations (yellow) in the merged images are observed at the cytoplasm.
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Figure 6.9

A
Input Immunoprecipitation
a-lgG + - + -+ - + -
a-GFP - + - 4+ - + - +
el - - a-Taperin
100 kDa~—
- - a-PPlc
35 kDa —
No Transfection + - - + + - - - - - -
GFP-Taperin 1-711WT - + - - = 4+ + - = = =
GFP-Taperin 1-711 KASA - - + - - - = 4 4 -
Cell Lysis Buffer only - - - - = - = = = 4 ¥
B
Input Immunoprecipitation
a-1gG + - + -+ - + -
a-GFP = 4 = 4 = 4 ~ 4
75 kDa —
35 kDa — e - Cd a-PP1lc
No Transfection + - - + 4+ - - - = =
GFP-Taperin 307-711WT - 4 =~ - = 4+ + - - - e
GFP-Taperin 307-711 KASA = = 4 R .
Cell Lysis Buffer only - - - — ot e e - + +

Figure 6.9: Taperin wild types interact with PPlc, but taperin KASA mutants fail to
interact with PP1c. A. Immunoprecipitation with anti-GFP antibody of overexpressed GFP-
taperin 1-711 WT or KASA mutant (codon optimized) with pan-PPlc proteins in HeLa cells,
followed by western blot analysis with o-taperin and a-pan PPlc antibodies. B.
Immunoprecipitation with anti-GFP antibody of overexpressed GFP-taperin 307-711 WT or
GFP-taperin 307-711 KASA mutant with pan-PP1c proteins in HeLa cells, followed by western

blot analysis with a-taperin and a-pan PP1c antibodies.
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Figure 6.10
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Figure 6.10: Taperin 307-711 KASA mutant failed to interact PP1cy isoform. Western blot

analysis with a-taperin, a-PP1ca and a-PP1cy antibodies of lysates (input) and proteins of GST-

/GST-CLICSA pull down from HeLa cells transiently transfected with GFP-Tagged taperin 1-

711 WT or KASA mutant (codon optimized), and taperin 307-711 WT, and KASA mutant.
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Figure 6.11
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Figure 6.11: PPlcy isoform specifically associates with the taperin/CLIC5A protein
complex. A. Western blot analysis with anti-taperin, a-ezrin, anti-PP1ca, anti-PP1c B, and anti-
PPlcy showing control siRNA and human taperin siRNA-mediated endogenous taperin knock-
down in HeLa cells, followed by GST-/GST-CLIC5A pull-down. B - D. Densitometric
quantification of PPlca, PP1cpf or PPlcy pulled down by GST-CLIC5A from HeLa cells
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Figure 6.12
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Figure 6.12: CLIC5A interacts directly with the PPlc isoforms in vitro. A. WB with o-
PPlca, a-PP1cp, and a-PP1cy antibodies. 10 ng Purified protein PP1ca, or PP1cf, or PP1cy were
used as input. 100 ng of purified protein PP1ca, or PP1c, or PP1cy were incubated at 4°C with
500 ng GST-, or 1.0 pg of GST-CLICSA 1in 500 pl of sterilized Tris-HCI, 20 mM, pH 7.4 buffer
for GST-/GST-CLIC5A pull-down. B - C. WB with a-PPlca, or a-PPlcy and a-CLIC5A
antibodies. 10 ng purified protein PPlca or PPlcy used as input and 100 ng PPlc a or PPlcy
were incubated with 500 ng GST-, or 1.0 pg of GST-CLIC5A in 500 pl of Tris-HCI, 20 mM, pH
7.4 buffer (no treatment, or 1 mM DTT, or 2 mM H;0, added) for GST-/GST-CLICSA pull-

down assay using glutathione bead (50 pl).
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Figure 6.13
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Figure 6.13: CLICSA KGAVY mutant fails to interact with taperin or PP1c. A. Membrane
staining/total protein labelling blot showing GST- and GST-CLIC5A or GST-CLIC5A KGAVY
pull-down from untransfected HeLa cells. Endogenous taperin is precipitated only by wild-type
GST-CLICS5A, not by GST- or GST-CLIC5A KGAVY. B. GST-ezrin 432-586 aa (1X, 4X) pull-
down from HeLa cells transfected with untagged CLIC5A or CLIC5A KGAVY. Western blot
analysis with a-taperin, o-pan PPlc and o-CLIC5A showing input endogenous taperin,
endogenous pan-PPlc and ectopically expressed untagged CLICSA WT and KGAVY mutant.
GST-ezrin 432-586 precipitates WT and KGAVY CLICSA, but taperin and PP1c are only pulled
into the complex in the presence of WT CLICS5A.
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Figure 6.14
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Figure 6.14: KGAVY mutation in CLICSA does not alter CLICSA localization at the cell
periphery. Live cell confocal microscopy imaging of HeLa cells co-transfected with GFP/RFP-
CLICSA wild type (WT), or RFP/CLICSA KGAVY mutant, or RFP-CLIC5A WT/GFP-CLIC5A
KGAVY cDNAs. Co-localizations (yellow) in the merged image are observed at the cell

membrane.
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Figure 6.15
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Figure 6.15: CLIC5A KGAVY cannot reduce taperin 1-711 from the nucleus. Live cell
confocal microscopy imaging of HeLa cells co-transfected with RFP/GFP-taperin 1-711 wild
type (WT), or RFP-CLIC5A WT/GFP, or RFP-CLIC5A WT/ GFP-taperin 1-711 WT, or RFP-
CLIC5A KGAVY/GFP, or RFP-CLIC5A KGAVY/GFP-taperin 1-711 WT cDNAs. Co-

localizations (yellow) in the merged image are observed at the nucleus or cell membrane.
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Figure 6.16
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Figure 6.16: Taperin knockdown does not alter CLIC5A localization at the cell periphery.
A. Western blot analysis with a-taperin, a-actin antibodies of lysates from HeLa cells transfected
with control siRNA or human taperin siRNA. B. Confocal microscopy imaging of cultured HeLa

cells transfected with GFP-CLIC5A cDNA and control siRNA or taperin siRNA.

210



Figure 6.17
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Figure 6.17: Taperin knockdown reduced ERM phosphorylation. A. Western blot analysis
with a-taperin, a-pERM, a-ezrin, a-CLIC5A, and a-GAPDH antibodies of lysates from HelLa
cells transiently transfected with GFP- or GFP-CLIC5A cDNAs and control siRNA or human
taperin siRNA. B. Densitometric quantification of pERM/total ezrin (mean £ S.D., n = 3

independent experiments).

211



6.3. Discussion

Taperin is a ubiquitously expressed PP1 regulatory subunit with multiple splice variants. Human
mutations in exon 1 at the DFNB79 locus of the TPRN gene lead to hereditary non-syndromic
autosomal recessive deafness (433). In vivo and in vitro studies have proved that taperin (isoform
2) is a PPlc interacting protein (434) and that it has a preference to dock the PPla isoform
through its KISF PP1c binding motif (434).

On western blots using a mouse monoclonal antibody, I identified the taperin isoform 1 (1-711)
unequivocally. The other major ~50 kDa protein detected with the monoclonal mouse anti-
taperin antibody was not sensitive to taperin siRNA-mediated silencing (Figure 6.1B). Since the
siRNA used in our experiments target the common sequence of isoforms 1-4, it seems unlikely
that the ~50 kDa band is the taperin isoform 2. However, two faint bands that reacted with the
antibody in the ~ 60 kDa region and were silenced by taperin-specific siRNA were also observed
(Figure 6.1B). On subsequent western blots bands below ~ 75 kDa that reacted with the
monoclonal anti-taperin antibody, were silenced by taperin-specific siRNA and were pulled
down from the lysates and concentrated by GST-CLICSA (Figures 6.11A, 6.16A) were also
observed. It seems likely that these proteins represent smaller isoforms of taperin. Analysis for
taperin mRNA species and Mass Spectrometry of the smaller taperin proteins will need to be
done to define their identity.

My PCR amplification of taperin isoform 2 was successful, but I could not amplify taperin
isoform 1, probably due to the high GC content (~71%) in the nucleotide sequence. Therefore,
we undertook to have cDNAs encoding the taperin isoform 1 (wild type and KASA mutants) by
the company Gene Script, using codon optimization. The sequence was verified, and correctly

encodes the protein sequence of the taperin isoform 1.
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The Y2H screen indicated that CLIC5A interacts directly with the mouse taperin isoform 1
central domain (312-424 aa), which is 78% identical with the human taperin isoform 1 sequence
at 272-385aa. For subsequent experiments I therefore used cDNAs encoding full-length human
taperin isoform 1 1-711 and a human taperin 272-385 fragment as prey to test against CLIC5A,
CLIC4 and CLIC1 baits in the Y2H assay. Both, human taperin isoform 1 (1-711aa) and the
human taperin 272-385 fragment showed an interaction with CLIC5A, CLIC4 and CLICI,
though the interaction with the taperin 272-385 fragment was stronger (Figure 6.2). I concluded
that the 272-385 region in human taperin is the region that binds CLIC5A, CLIC4 and CLICI
directly. Deletion of parts of N- and C-termini of CLIC5A abolished the interaction with taperin
in the Y2H assay. This is similar to our findings in chapter 3 where I showed that these deletion
mutants of CLIC5A could not bind ezrin. Taken together with previously published data by Al-
Momany et al. (89), the findings indicate that N- and C-terminal deletions of CLIC5A make it
non-functional and that intact N- and C-termini of CLIC5A are required for binding to its
interacting partners.

taperin isoform 1 (1-711aa) seems to have a much higher affinity for CLIC5A than the ERM
proteins. This was evident from the GST-CLIC5A pull-down data and from the Y2H analysis. In
fact, the Y2H library screening revealed 32 clones of mouse taperin and only one clone of mouse
radixin. The GST-CLIC5A pull-down captured and markedly concentrated endogenous taperin
(Figures 6.3A, 6.11A, 6.13B), while the endogenous ERM proteins though highly expressed, and
though pulled down, were not concentrated by GST-CLIC5A (Figure 3.8). I used different HA-
taperin cDNA constructs cloned into the pGADT7 prey vector for TnT in vitro
transcription/translation-based synthesis of taperin proteins using the reticulocyte lysates to study

the protein-protein direct interaction in vitro and found that the taperin isoform 2 and the HA-
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taperin 272-385 fragment were readily synthesized and pulled down by GST-CLIC5A. Synthesis
of HA-taperin isoform 1 (1-711) was inefficient when compared to HA-taperin isoform 2 (307-
711aa) the or the taperin 272-385aa fragment, but when I scaled up the volume of reticulocyte
lysate from 40 pl to 160 ul for the GST-CLIC5A pull down assay I found that in vitro
synthesized HA-taperin isoform 1 (1-711aa) was effectively pulled from solution and by GST-
CLIC5A (Figure 6.3B). Because CLIC proteins transition from a folded to an unfolded
conformation in response to oxidation, I also treated the pull-down mixture of in vitro
synthesized HA-taperin 272-385 and immobilized GST-CLIC5A with H2O; and found that it did
not affect the efficiency of GST-CLIC5A pull down of HA-taperin 272-385.

Live cell imaging with GFP-tagged taperin isoform 1 (1-711aa), the N-terminus of taperin
isoform 1 (1-306aa), and taperin isoform 2 (307-711aa) revealed that their localization is
predominantly nuclear, consistent with the findings observed by Ferrar et al. (434) for taperin
isoform 2 (307-711aa). The NLStradamus® online NLS prediction software detected nuclear
localization signals in the taperin 1 isoform (1-711) at amino acids 25-28 and 142-193, but not in
the taperin 2 sequence. In general nuclear export requires 4 closely spaced hydrophobic residues
(typically leucine with an arrangement of LxxxLxxLxL), though isoleucine, methionine, valine
and phenylalanine can also support nuclear export. No regions with the typical arrangement are
present in the taperin 1-711 sequence, though there is one region with an atypical arrangement of
4 leucine residues (312LGDLQARALASL323), interestingly located in the identified CLICSA
binding region. Whether this sequence supports nuclear export will require future investigation.
However, we observed a fraction of GFP-taperin isoform 1 (1-711) as well as its 1-306 aa N-
terminal fragment also localized to the cell periphery. By contrast, the GFP-taperin isoform 2

localized exclusively to the nucleus and was never found at the cell periphery. Therefore,
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targeting of a fraction of the taperin isoform 1 to the cell periphery is mediated by the N-terminal
1-306 aa region.

Importantly, when RFP-CLIC5A and different GFP-taperin proteins were co-expressed in HeLa
cells we observed that the taperin isoform 1 (1-711aa) was now found predominantly at the cell
periphery where it co-localized strongly with RFP-CLICS5A, and that its nuclear localization was
substantially diminished compared to cells not expressing CLIC5A. This reduction in nuclear
localization was also observed when the KASA mutant of the taperin isoform 1 was co-expressed
with RFP-CLIC5A. Using photobleaching microscopy, Ferrar et al. (434) previously concluded
that the GFP-taperin isoform 2 can exit the nucleus. However, we observed that RFP-CLIC5A
expression did not change the nucleoplasmic localization of GFP-taperin isoform 2 nor the GFP
tagged taperin 272-385 fragment, the region that binds CLIC5A. The finding that RFP-CLIC5A
expression did not reduce the nuclear localization of taperin 272-385 aa or 272-306 aa suggests
that both, an intact N-terminus (1-306) and the CLIC5A binding region (272-385) are required to
reduce the nuclear localization of the taperin isoform 1. The mechanism by which CLIC5A
expression causes the taperin isoform 1 to exit the nucleus, while the taperin isoform 2 (307-
711aa) is retained could be due to a nuclear export signal in the N-terminal 1-306 region, but so
far, such a sequence has not been identified. The CLIC5A-dependent shift of the taperin 1
isoform from nucleus to the cell periphery may be functionally important and will require further
evaluation.

Our approach to study the interaction of taperin with PP1c isoforms, and of mutating the KISF
motif was based on previously published work by Ferrar et al. (434). Using the Bimolecular
Fluorescence Complementation (BiFC) assay with the NIPP1 protein as a control, they

demonstrated that EYFP-PP1y-taperin 307-711 wild type formed a competent fluorophore in

215



living cells, emitting a clear nuclear EYFP signal [direct vicinity (<10 nm)], similar to the
positive control NYFP-NIPP1, whereas the EYFP signal was completely abolished in case of
taperin 307-711 KASA mutant, indicated that KASA mutant with the PPlc binding motif
mutated cannot bind PP1c (434). They also reported that overexpressed taperin 307-711 recruits
most of the nuclear PP1cy isoform, including the nucleolar pool to the nucleoplasm of the cell
where taperin is expressed and found that mutation of the PP1 binding site from KISF to KASA
prevented this relocalization of PP1y. My experiments showing that the taperin isoform 2 (307-
711aa) prefers PPlcy, at least when expressed in HeLa cells (Figure 6.10), is consistent with
those observations.

We expected that GST-CLIC5A would pull taperin from cell lysates, and that PP1c would be co-
precipitated because CLIC5A directly binds taperin, and taperin directly binds PPlc. Indeed,
GST-CLIC5A co-precipitated the endogenous the taperin 1 isoform as well as PPlc (Figure
6.10). However, when I knocked down taperin using siRNA, endogenous PPlca and PP1cp
were still pulled from the HeLa cell lysates, even though there was little or no taperin in the
precipitate (Figure 6.11). This finding was surprising and indicated that PP1ca and PP1cf can
interact with GST-CLICS5A in a taperin-independent fashion. Sequence analysis showed that
CLICs share a potential PP1c binding motif (4sKGVVF49 for CLIC5A), and we found that GST-
CLICS5A can precipitate all three recombinant, purified PP1c isoforms in vitro, in the absence of
other proteins. In a separate set of experiments, GST-ezrin 432-586 was used for a “reciprocal”
pull-down of WT and 4sKGAVY4 mutant CLIC5A expressed in HeLa cells. The GST-ezrin
432-586 fragment pulled WT CLICS5A as well as endogenous taperin and PP1c proteins from
HeLa cell lysates. But while the GST-ezrin 432-586 fragment also pulled the 4sKGAVY4

mutant CLIC5A from cell lysates taperin and PP1c were not co-precipitated with the 4sKGAV Y49
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mutant CLIC5A. This experiment indicates that the KGVVF motif of CLIC5A, and probably
also the other CLICs, is necessary for its interaction with taperin. We expected that the mutation
would knock out PPlc binding to CLIC5A, and PPlc was also absent from the complex
containing the 4sKGAV Y49 mutant CLIC5A, but whether this was due to its inability to bind to
CLIC5A or the fact that taperin was not pulled down is unclear. It is possible that CLIC5A, and
other CLICs are substrates for taperin/PP1c and that the PP1c catalytic subunit transfers to the
CLICS5A substrate from taperin. It is also conceivable that taperin/CLIC5A and PPlc form a
heteromer, but it seems unlikely that a single PPlc molecule binds taperin and CLIC5A
simultaneously. In our live cell imaging experiments, the presence of the 4sKGAVYs9 mutation
in CLIC5A had no effect on its peripheral localization, but unlike wild-type CLICSA, the the
4sKGAVY 49 mutant CLIC5A did not reduce the nuclear localization of GFP-taperin isoform 1 (1-
711) (Figure 6.15). We think therefore, we have inadvertently produced a CLIC5A mutant that
cannot bind taperin, though it was our intent to mutate a PP1c binding motif. More work is
needed to determine whether this mutation also eliminates the CLIC5A/PP1c interaction. Also,
the functional role(s) of the interactions between CLICS5A, taperin and the PP1 catalytic subunits
need further investigation.

The preference of taperin for PP1cy in the CLIC5A-bound form of taperin raises the possibility
that CLIC5A-bound taperin binds and inhibits the PPlcy phosphatase activity in the
CLIC5A/ezrin complex to protect CLIC5A-dependent ERM phosphorylation. It is already
proven that taperin inhibits PP1ca phosphatase activity against the glycogen phosphorylase A
substrate (434). However, since the taperin knockdown also inhibited basal ERM
phosphorylation, the effect of taperin on ERM phosphorylation is not CLIC5A-dependent. It is

more likely that taperin competes for PP1c subunits, thereby inhibiting the function of other PP1
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holoenzyme(s) toward the ERMs. Another possibility might be that taperin inhibits PP1c under
the basal conditions and that an unknown stimulus activates the taperin/PP1lc phosphatase
activity against ERM proteins.

Finally, unlike triple ERM silencing (Chapter 4), siRNA mediated taperin knockdown did not
change the peripheral CLIC5A localization (Figure 6.14), indicating that CLIC5A localization at

or near the cell membrane is independent of taperin.
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Figure 6.18: Model: CLICSA expression abolishes taperin full-length (1-711) localization
from the nucleus. CLIC5A and taperin 1-711 colocalizes at the cell periphery. CLIC5A might
facilitate taperin move out of the nucleus into the CLIC5A/ezrin complex where it colocalizes
with CLICS5A, or CLIC5A/taperin forms a complex in the cytoplasm, which prevents full-length
taperin to go to the nucleus, but CLIC5A has no effect on nuclear localization of taperin 1-306 or
307-711. taperin 1-711, 1-306, and 307-711 and CLIC5A might have nuclear localization signal
(NLS) and taperin full-length might have an additional nuclear export signal (NES).
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Overall Discussion and Future Directions
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Chapter 7

Overall discussion and future directions
7.1. Overall discussion

This thesis provides experimental evidence for molecular mechanisms that underlie the
CLIC5A-dependent Racl GTPase activation and ERM phosphorylation. While previous studies
reported controversial ion-conductance of CLIC5A in vitro (345), CLIC5A-stimulated ERM
phosphorylation (89) and Racl activation (86), how CLIC5A activates Racl and phosphorylates
ERM proteins was not known.

In this thesis, I present data in chapter 3 that even though CLIC5A and ezrin are part of
the Racl-GTP complex, Racl is not a direct interacting partner of CLIC5A. Direct activation of
Racl and probably other small GTPases by CLIC5A and other CLICs is therefore highly
unlikely. However, radixin, ezrin, and moesin turn out to be direct interacting partners of
CLICS5A. For ezrin, I showed that this interaction is strongest for the C-terminal 432-586 domain
and that deletion of the last 16 amino acids of the ezrin C-terminus completely abolish the
interaction. Furthermore, my work shows that phosphorylation of ezrin at the conserved T567
residue enhances CLIC5A binding. The actin-binding site of ezrin has been mapped to the 558-
585 region of its carboxy terminus (207), so deletion of its last 16 amino acids should disrupt
actin binding as well. Actin was also shown to enhance the interaction of CLIC5A with a
carboxyterminal fragment of ezrin (422). The possibility that ezrin/actin complex formation is
necessary for CLIC5A binding to ezrin, still needs to be investigated.

I also found that full-length ezrin (1-586 aa) does not interact directly with CLIC5A in the
Y2H assay, or when I synthesized full-length ezrin in vitro. This is not a surprise, since ERM

proteins take on a “closed”, inactive conformation due to intramolecular binding their N- and C-

220



termini. Binding of the N-terminus to PI4,5P> is necessary to free the C-terminus so it can be
phosphorylated and bind actin, and in this study, CLIC5A. Full-length ezrin did, however, co-
immunoprecipitate with CLIC5A when both proteins were present in cells, indicating that they
interact in the living cell. It is also likely that CLIC5A-stimulated ERM phosphorylation
enhanced CLICS5A binding. The ezrin N-terminal domain (1-296) also did not interact directly
with CLIC5A in yeast cells, but when it was synthesized in vitro or expressed in cells, GST-
CLIC5A was able to bind to it. We think that docking of this ezrin fragment to the P14,5P2 at the
cell membrane, might have made it unavailable to bind to CLICSA in the yeast cells. The
findings in this thesis therefore suggest that the interaction of CLIC5A with ezrin, though direct,
are not due to interactions between short, sequence-specific motifs in either protein, but that they
require the complete CLIC5A protein and may involve both C- and N-termini of ERM proteins.
The exact biochemical mechanism of their interaction and the functional consequences of this
interaction therefore still need further investigation.

In chapter 4, I showed that endogenous, native CLIC5A expressed in mouse glomeruli is
predominantly soluble, that Ser/Thr phosphatase inhibition could not increase its membrane
localization, but that Staurosporine and Phospholipase C activation decreased its association with
the membrane and cytoskeletal fractions. Therefore, endogenous CLIC5A can move fairly
rapidly from the membrane to the soluble fraction, which is not the behaviour expected from an
integral membrane protein or membrane—spanning chloride channel. Furthermore, in cultured
cells, association of expressed CLIC5A with the membrane fraction was reduced by the ezrin
432-586 fragment and endogenous ERM knockdown reduced CLIC5A localization at the cell
periphery, suggesting that the CLIC5A localization at or near the cell membrane is at least partly

due to its interaction with ERM proteins, and that CLIC5A, like the ERM proteins, is a peripheral

221



membrane protein. While the cell fractionation studies indicate that CLIC5A is mostly a soluble
protein, it is still possible that binding of digitonin to membrane cholesterol disrupted the
association of CLIC5A with plasma membrane lipids, as previously reported for CLIC1 (471).
Therefore, while our data suggest that location of CLIC5A at the dorsal/apical plasma membrane
results from association with components of the cortical actin cytoskeleton like
ezrin/radixin/moesin, we have not entirely ruled out the possibility of a direct association of
CLIC5A with the inner leaflet of the plasma membrane.

In chapter 5, I observed that CLIC5A-stimulated Racl-GTP formation increased the
association of type 1 PI4P5 and type 2 PI5SP4 lipid kinases with the Racl-GTP. This was not
surprising since it is known that PI4,5P> generating kinases are activated by small GTPases.
Interestingly however, deletion of CLICS5 in mice resulted in a dramatic change not only of
expression of specific PIPK isoforms in the kidney, but also in their association with Racl1-GTP.
The PI4P5K 103 isoform was much more abundant in kidney lysates of wild type than in CLICS
deficient mice. By contrast, the PI4P5Ka2 isoform was more much more abundant in kidney
tissue lysates of CLICS5 deficient mice than in wild-type mice. =~ Moreover, the PI4P5K1a3
isoform co-precipitated with Racl-GTP in wild-type, but not in CLICS deficient mice. Instead,
in the CLICS deficient mice PI4P5K02 and PI4P5KIy were co-precipitated with Rac-GTP. The
PI4P5Ko02 or PI4P5KIy isoforms were not observed in the Racl-GTP complexes pulled from
kidney lysates of wild type mice. Therefore, endogenous CLICS in the kidney seems to targets
Racl-GTP specifically to the PI4P5K1a3 isoform, and two other PI4,5P> generating kinases
substitute for the loss of PI4P5K1a3 activity when CLIC5A is deleted in mice. The finding that
there may be a high degree of specificity to CLIC5-dependent Racl-mediated PIPK activation is

very exciting. But exactly how a specific PIPK isoform could be targeted by CLICS is unclear.
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It is also noteworthy that this type of specificity was not observed when CLIC5A was
overexpressed in cultured cells, so overexpression studies might not be helpful for such work. In
addition, deletion of CLIC4 did not seem to disrupt the association of Rac-GTP with any of the
PIP kinase isoforms we studied. Much more work is therefore needed to define how CLICS
causes activation of the specific PI4P5K1a3 isoform by Rac1-GTP.

In Chapter 5, I also determined whether CLIC5A-stimulated Racl activation requires
CLIC5A binding to ezrin. I found that ezrin phosphorylation at Thr567 significantly enhanced
CLIC5A binding and that the phosphomimetic ezrin 432-586 T567D fragment, which binds
CLIC5A with high affinity competitively inhibited CLIC5A-dependent endogenous ERM
phosphorylation and Racl activation. This suggested that CLIC5A must bind directly to
endogenous ERM proteins to promote their phosphorylation and Racl activation. I also found
that ezrin silencing reduced CLIC5A-stimulated Racl activation significantly, indicating that
CLICS5A-stimulated Racl activation is ezrin-dependent. CLIC5A expression also markedly
enhanced co-immunoprecipitation of Rho GDI with ezrin. Taken together, I interpret these
findings to indicate that the CLIC5A/ezrin direct interaction triggers Rho GDI recruitment by
ezrin, which would relieve Rho GDI-mediated inhibition of Racl activation. All together my data
suggest strongly that the CLIC5A/ezrin direct interaction is required for Racl activation and
ERM phosphorylation.

One of the limitations of my work is the fact that I used CLIC5A overexpression cultured
HEK?293 cells, HeLa cells and COS-7 cells to study CLIC5A functions. These cells are all null
for CLIC5A at baseline, so the work was not confounded by endogenous CLIC5A. It would
have been desirable to do more of the studies in cultured human podocytes and glomerular

endothelial cells because they express CLIC5A at high levels in vivo. However, cultured
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podocytes and glomerular endothelial cells also do not express CLIC5A, and the transfection
efficiency of these cells with cDNA is very low. The set of experiments done with cultured
glomerular endothelial cells (Figure 5.14) used expression of CLIC5A from an adenoviral vector,
and findings in these cells were consistent with those in the other cell types. Moreover, findings
presented in this thesis are also consistent with previous results from this laboratory which
showed that ERM phosphorylation and Racl activation glomeruli in mouse glomerular
podocytes in vivo requires CLICS (89) (86).

In chapter 6, I proved a direct interaction of the PPlc regulatory protein taperin with
CLICSA, CLIC4 and CLICI. I found that CLIC5A interacts with both, taperin 1 (1-711aa) and
taperin 2 (307-711 aa) isoforms and mapped the interaction to the region between amino acids
272-385 of human taperin. Furthermore, mutation of the 4sKGVVF4 motif in CLIC5A to
4sKGAVY49 abolished taperin/CLICSA binding. The most exciting finding in this part of the
thesis was that taperin isoform 1 (1-711 aa) localizes strongly to the nucleus and partially to the
cell periphery, and that CLICS5A expression substantially curtails its nuclear, but not its
peripheral localization. This is in contrast to the taperin isoform 2 which localizes exclusively to
the nucleus and whose nuclear localization was not changed by CLIC5A, even though it can bind
CLICS5A directly. The observation that the CLIC5A 45KGAVY49 mutant could not reduce the
nuclear localization of the taperin isoform 1 (1-711aa) from the nucleus indicates that the effect
of CLIC5A on the nuclear localization of the taperin 1 isoform depends on their direct
interaction.

As had been reported before (434), I observed that taperin binds PP1c and that mutation
of the KISF motif in the C-terminal domain of taperin abolishes PP1c binding. The interaction of

both taperin isoforms with PP1c did not depend on CLIC5A (Figure 6.9). For the taperin isoform
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2, but not isoform 1, I was able to establish that it binds PP1cy in preference over the PPlca or
PP1cp isoforms (Figure 6.10). The GST-CLIC5A pull-down studies must be interpreted with
some caution, because any soluble taperin in cell lysates and its associated PP1c would be pulled
down by GST-CLICS5A, due to the relatively high affinity of the CLIC5A/taperin interaction.
While the GFP-tagged taperin isoform 1 co-localized with CLIC5A at the cell periphery, I did
not establish any co-localization of the two proteins in the cell nuclei. It is therefore unclear
whether CLIC5A interacts with the taperin isoform 2 in the nuclei. It turns out that the
4sKGVVF49 motif of CLIC5A, which is conserved in all CLICs, represents a potential PPlc
binding motif. I found that GST-CLICSA can pull all PP1c isoforms from cell lysates, even when
taperin is silenced, and CLIC5A can bind the purified PPlc a, B, and y isoforms in vitro
independent of taperin. So, CLIC5A itself could be a PP1c binding protein. Whether this finding
is of functional significance is still unclear and needs further exploration. Taperin depletion had
no effect on CLIC5A localization to the cell periphery. Endogenous taperin and PPlc were
pulled from cell lysates by the C-terminal ezrin 432-586 fragment together with expressed wild-
type, but CLIC5A but not the CLIC5A 4sKGAVY 49 mutant. These findings suggest that CLIC5A
does not require taperin for localization at the cell periphery but rather that CLIC5A may pull
taperin/PP1c into the CLIC5A/ezrin complex at the cell periphery. Finally, I found that silencing
of endogenous taperin in HeLa cells reduced ERM phosphorylation. If taperin/PP1c functioned
as an ERM phosphatase, I would have expected enhanced ERM phosphorylation upon taperin
silencing. It is known that distinct PP1c binding proteins in cells compete for PP1 catalytic
subunits. The reduction of ERM phosphorylation when taperin was silenced most likely reflects,
enhanced activity of a distinct, ERM-specific phosphatase because of reduced competition by

taperin for PPlc. It is also conceivable that taperin more specifically inhibits ERM
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dephosphorylation by binding and inhibiting PP1c. Further work is required to explore these

possibilities.
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Figure 7.1: Proposed model. CLIC5A-stimulates Racl, which activates PI4P5KIa3. PI4P5KIa3
catalyzes phosphorylation of the substrate PI(4)P to produce PI4,5P2. CLIC5A-dependent
accumulation of PI4,5P2 at the inner leaflet of the plasma membrane triggers ezrin FERM
domain (N-terminus) docking on PI4,5P2, making the C-terminus of ezrin available for CLIC5A
binding. CLIC5A binds directly and strongly to the phosphorylated (pThr 567) ezrin C-terminus.
CLIC5A/ezrin binding enhances Rho GDI sequestration by ezrin, leading to Racl activation
(Rac1-GTP), which again binds and activates PI4P5KIo3 leading to PI4,5P2 synthesis.
Therefore, CLIC5A/ezrin binding is required for CLIC5A-depedenent Racl activation. This is a
feed forward amplification loop. CLIC5A reduces the nuclear localization of the taperin 1
isoform (1-711aa) and brings the taperin isoform 1 into the CLIC5A/ezrin complex at the cell
periphery. Taperin may enhance ERM phosphorylation by inhibiting PP1c activity toward the
ERM proteins.
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7.2. Future directions

While I have shown the direct interaction of CLIC5A with ERM proteins, and our lab
previously showed that CLIC5A specifically activated ezrin in glomerular podocytes, to what
degree other CLIC proteins promote ERM protein activation still needs to be investigated. We
also know that CLIC4 and moesin are predominant in endothelial cells, that CLIC4 associates
with ezrin and moesin in proximal tubule cells and that CLIC4 deletion in mice causes a major
disruption of proximal tubule brush border microvilli. Therefore, other CLICs might have
specificity toward specific ERM proteins. Also, identifying the direct interacting partners of
other CLICs might give valuable information about the specificity of CLICs towards particular
binding partners and will pave the way for determining novel biological functions in different
subcellular locations.

CLIC5A does not behave like integral membrane protein. Therefore, it is highly likely
that other CLICs behave like CLIC5A as mostly soluble cytosolic protein that can associate with
the protein complex at the cell periphery, a hypothesis that can be considered. Therefore,
investigating the subcellular abundance using fractionation assay in mouse glomeruli and
subcellular localizations using confocal microscopy imaging of other CLICs will give us insight
into the nature of CLIC proteins. As ERM triple siRNA mediated knockdown can partially
displace CLIC5A from the cell periphery, similar approach on other CLICs also give us the
information about the sensitivity of CLICs towards any particular ERM siRNA or triple ERM
knockdown.

The NetPhos® protein phosphorylation prediction tool indicates that there are several
potential Ser, Thr and Tyr phosphorylation sites in CLIC5 proteins, as detailed in the MSc thesis

of J.-S. Kim (426). My analysis suggests that ¢7Thr, 111Ser, 171Ser, 249Ser, 151Tyr and 241Tyr of
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human CLIC5A have the highest probability of being phosphorylated. Given that CLIC5A
interacts with the PPlc regulatory subunit taperin, it will be important to explore whether
CLIC5A might be a substrate for taperin/PP1c. If phosphorylation sites can be identified, it will
be important to determine whether they are conserved in other CLICs and whether they are
functionally significant. Since the peripheral localization of CLIC5A is at least partly
phosphorylation-dependent, it would be worthwhile to determine phosphorylation might result in
translocation from the cytosol to ERM protein complexes at the cell periphery. Good phospho-
tyrosine specific antibodies are widely used, but unfortunately, good pan-specific antibodies to
study Ser/Thr phosphorylation are not available. So, one might attempt immunoprecipitation of
endogenous CLICSA from glomerular lysates treated with and without phosphatase inhibitors
followed by western blot analysis with anti-phospho-Ser/Thre and anti-phospho-Tyr antibodies,
using the CLICS5 deficient mice as controls. If this approach does not give decisive evidence, then
phospho-proteomic analysis of human podocyte lysates transduced with adenoviral vector
CLIC5A cDNAs, and glomerular lysates from CLICS wild type and knock out mice might be a
robust approach to solve this mystery. Metabolic labeling using [y-32P]ATP as a kinase substrate
can be another approach to determine if CLIC5A and other CLICs are phosphorylated in cells. If
CLICs are phosphorylated, then this can be validated by site-directed mutagenesis of CLICs of
the putative phosphorylation sites to make phosphorylation-deficient mutants. The function
(ERM phosphorylation, Racl activation, taperin binding) and subcellular localization can then be
studied. It would then also be important to define the kinase signaling pathways that stimulate
CLIC phosphorylation and to determine whether dephosphorylation of the Ser/Thr sites is carried
out by taperin/PPlc. If CLIC5A and other CLICs are not phosphorylated with biological

importance, their putative SH2 domain could indicate unexplored protein-protein interactions.
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CLIC3 has oxidoreductase enzyme activity (501), as there is significant sequence
homology of CLICs with Q-class glutathione s-transferases. The clue is the presence of reactive
cysteine situated in the conserved thioredoxin motif of CLICs. However, similar oxidoreductase
activity has not been described for other CLICs in a biologically relevant context, though
proteomic studies indicate that CLIC5A, CLIC4, and CLICI are all reactive to a cysteine-
labeling reagent (502). Therefore, determining the oxidoreductase activity of all CLICs and
comparing with the H,O, treatment in living cells could be interesting.

The investigations of CLIC5A-depedent functions were not entirely conducted in vivo or
in cultured podocytes and in glomerular endothelial cells. I tried cDNA transfection in cultured
mouse podocytes and glomerular endothelial cells, but these cells are resistant to uptake cDNAs.
Moreover, cultured mouse podocytes and human glomerular endothelial cells do not express
endogenous CLIC5A, and podocalyxin, and thus cannot form the CLIC5A/ezrin/podocalyxin
complex at the cell periphery. That was the reason why I used COS-7 cells, HEK293 cells and
HeLa cells which are suitable for cDNA transfection. However, transducing human cultured
podocytes and endothelial cells with adenoviral vectors containing CLICSA, its functional
mutants, and podocalyxin is feasible and would be of great interest. Most important in would be
to answer the question whether expression of CLIC5A and podocalyxin in these cells plays a role
in inducing their characteristic ultrastructural phenotypes; formation of foot processes by
podocytes and transcellular pores/fenestrae by the glomerular endothelial cells.

It will also be also important to pay some attention to NHERF2 in future studies.
NHERF?2 links the transmembrane protein podocalyxin to the peripheral membrane protein ezrin.
NHERF2 furthermore recruits a Racl GEF that facilitates Racl activation. But we do not know

whether CLIC5A stimulates Racl GEF binding to NHERF2 in the ezrin complex.
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Immunoprecipitation of expressed NHERF2 from lysates of HeLa cells and cultured human
podocytes expressing CLIC5A or not would be useful to explore this mechanism. In addition,
determining whether a Rac-GEF can be co-immunoprecipitation with endogenous NHERF2 from
wild-type and CLIC5 deficient glomeruli would define whether such a mechanism might exist in
mice, in vivo.

Shank2 was also identified as a direct interacting partner of CLIC5A as observed from
our Hybrigenics® screening data (Table 7). Shank2 is one of the master organizers of the post-
synaptic densities of central nervous system (503). Shank2 is expressed in podocytes and its
deletion in podocytes causes proteinuria in mice (504). Shank2 regulates Rac1/Cdc42 activation
(505, 506) by recruiting the Racl and Cdc42 specific Rho GEF p21-Activated kinase (PAK)-
interacting exchange factor “PPix” (507, 508). BPix is highly expressed in podocytes and
BPix/Shank2/NHERF3 forms macromolecular complex when expressed endogenously in kidney
(509). Since Shank?2 is a known adaptor of Racl GEFs, and Racl is activated by CLIC5A, and
since neither CLIC5A nor ezrin is a Racl GEF, the question remains how Shank? is involved in
CLIC5A-dependent localized Racl activation in the ezrin complex. I am reasonably confident
that the Shank2/CLICSA interaction will turn out to be positive and significant, since the Y2H
library screening results are robust, and because Shank?2 is functional in podocytes (504). The
objectives are to map the minimum direct interacting regions of Shank2 that binds CLIC5A and
to define whether Shank2 mediates CLIC5A-stimulated Racl activation. A key limitation of this
proposal is that there are many Racl GEFs, so the focus on ARHGEF7/BPix is clearly a best
guess. If Shank? is indeed required for CLIC5A-induced Racl activation, but BPix is not brought
into the complex, an approach to find the appropriate GEF(s) would be to again use Y2H library

screening of the mouse kidney library with Shank2 as the bait, or to immunoprecipitate Shank?2
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from glomeruli lysate, followed by Mass Spectrometry to identify co-immunoprecipitated
proteins. Another objective is to define whether Shank2 regulates the function of the
podocalyxin/ezrin/NHERF/CLIC5A complex in vivo. Shank2 flox/flox mice in which Shank2
can be deleted selectively in podocytes are currently available for pre-order from Jackson Labs,
so it will be possible to determine whether podocyte-specific Shank2 deletion can disrupt the
CLIC5A/ezrin/podocalyxin complex in vivo. Role of Shank2 in CLIC5A-dependent functions
will most likely define new components of the CLIC5A/ezrin/podocalyxin signaling complex in
podocytes and the mechanism of localized CLIC5A—dependent Rac1 activation in this complex.
Racl hyperactivation causes pathologic podocyte remodeling, for instance in diabetes. If BPix is
found in the CLIC5A/Shank2 complex, mapping of the Shank2/BPix interaction will also be
worthwhile. The outcome of this study will also help define the mechanism of CLIC protein
action, away from the old theory that they are membrane-spanning chloride channels, to their
most likely function as ERM-associated adaptors or chaperones that cause localized Racl
activation. In tumor cells, ezrin/NHERF2/podocalyxin complexes are located in the basal domain
and induce cellular mobility (308, 477, 478), making this multi-protein complex a potential
therapeutic target (479).

CLICS5A also interacts directly with taperin isoforms 1 and 2 and reduces the nuclear
localization of the taperin 1 isoform (1-711). In future work, the specific nuclear localization and
nuclear export motifs in the taperin and CLIC5A sequences need to be identified and their
function tested with site-directed mutants that disrupt these sequences. The relationship of the
CLICS5A binding site on taperin to the nuclear localization and export sequences needs to be
clarified. For these studies, a simple cell fractionation approach to isolate nuclei separate from

cytosol would be a first good approach, because in the live cell imaging studies we only see the
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GFP tag, and would not know whether fragments of taperin cleaved from the GFP-tagged N-
terminus might be present. Nonetheless, dynamic imaging studies with photobleaching of GFP-
tagged taperin isoforms 1 and 2, with the GFP tag either at the N- or the C-terminus should be
informative. We also do not know whether other CLICs can alter the taperin subcellular
localization. HeLa cells express endogenous CLIC1 and CLIC4 but the GFP-tagged taperin 1
isoform is mostly in the nucleus in the presence of these two CLICs. Whether knocking down the
endogenous CLIC 1 and CLIC4 alters taperin subcellular localization will be of interest.

As taperin isoforms 1 and 2 are predominantly nuclear, they might influence transcription
of specific genes. To identify transcription factors in HeLa cells with or without taperin siRNA
knockdown, I would propose the chromatin immunoprecipitation (ChIP) assays combined with
sequencing. ChIP sequencing (ChIP-Seq) is a powerful method for identifying DNA binding
sites for transcription factors and other proteins. ChIP relies on the use of an antibody to isolate,
or precipitate, a certain protein, histone, transcription factor, or cofactor and its bound chromatin
from a protein mixture that was extracted from cells or tissues.

We also should determine whether taperin binds and inhibits or activates PPlcy
phosphatase activity to regulate phosphorylation of CLIC5A, other CLIC proteins or other
targets. Phospho-proteomics employing in HeLa cells treated with or without human taperin
siRNA would be the most straightforward first step, followed by rescue with wild-type and
KASA mutant taperin 1 or 2 isoforms. It will also be important to determine whether taperin
knockdown disrupts the CLICSA/ERM proteins interaction. I showed that taperin knockdown
reduces ERM phosphorylation in cells expressing CLICSA, therefore it is highly likely that
taperin knockdown also disrupts the CLIC5A/ERM proteins interaction. The same question

needs to be examined for other CLICs. It will also be important to determine whether taperin
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deficiency reduces CLIC5A-dependent Racl activation and generation of PI14,5P2 clusters at the
inner leaflet of the plasma membrane. Kidney cortex lysates and glomerular lysates from taperin
wild type and taperin deficient mice expressing CLIC5A can be used to conduct the PAK-PBD
pull down assay to detect the Rac1-GTP abundance and the G-LISA assay to quantify the amount
of Racl-GTP. The PAK-PBD pull down assay can also be used to define whether there is a
change in the PI4,5P>-generating kinases in the taperin ko mice. Furthermore, the abundance of
podocalyxin, ezrin, and NHERF2 in glomeruli, their association with the cytoskeleton and the
phosphorylation state of ERM and PAK proteins should be studied in the taperin deficient mice.
Whether taperin deficiency results in glomerular ultrastructural abnormalities should be
determined. Finally, whether the taperin deficient mice have glomerular filtration barrier defects
and are more susceptible to glomerular injury by hypertension, diabetes and Adriamycin should
be determined. In cultured cells, expression of CLIC5A with or without taperin knockdown can
also be used to determine whether taperin is important for Racl activation, association of Racl-
GTP with PI4,5P> generating kinases and/or the CLIC5A-dependent increase in PI4,5P> apical
membrane clusters. To observe the cluster accumulation of PI4,5P2 at the plasma membrane,
HeLa cells would be co-transfected with GFP-CLIC5A and the surface potential biosensor GFP-
KRAS or the PI4,5P2 reporter GFP-PH-PLC as previously reported from this lab (89) with and
without taperin silencing. My expectation is that taperin knockdown in cells expressing CLICSA
will reduce CLIC5A-dependent Racl activation as well as PI4,5P> generation, and I predict that
taperin will be required to stabilize CLIC5A/ezrin complex formation at the cell periphery.

To determine taperin/CLICs colocalization in cultured human podocytes, and in
glomeruli in vivo, confocal immunofluorescence microscopy with different CLIC and taperin

antibodies as well as co-immunoprecipitation studies can be performed. To strengthen the claim
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that taperin belongs to the CLIC5A/ezrin complex in podocytes, lysates of glomeruli isolated
from CLIC5™* and CLIC5” mice should be subjected to immunoprecipitation with anti-ezrin
antibody to see whether CLIC5A, taperin and PPlc co-precipitate with ezrin. Also, confocal
immunofluorescence microscopy using kidney sections and anti-ezrin, anti-CLIC5A, and anti-
taperin to define the degree of colocalization of CLIC5A, ezrin and taperin in renal glomeruli of
CLIC5** and CLIC5” mice can be done. To determine whether taperin deficiency reduces
CLIC5A-dependent ERM phosphorylation in vivo and disrupts the CLIC5A/ezrin/podocalyxin
complex in renal glomeruli, taperin and CLIC5A wild type and dual knockout mouse kidney
sections can be used for confocal immunofluorescence microscopy using pERM antibody,
CLICS antibody, and podocalyxin antibody. This will also strengthen the claim that taperin is
part of the CLIC5A/ezrin/podocalyxin complex in renal glomeruli.

Racl activation in hypertension is CLIC5A dependent and CLICSA deficiency worsens
glomerular injury in hypertensive mice (86). However, whether Racl activation is CLIC5A-
dependent in diabetic nephropathy is not known. We also do not know whether CLIC5A can be a
part of the ezrin/podocalyxin complex at basal domain of podocyte foot processes during
podocyte remodeling, for instance in diabetic mice. Whether the presence or absence of CLIC5A
protects hypertensive diabetic mice from the development of diabetic nephropathy and whether
CLICS5A function is reduced in diabetes make podocytes more susceptible to injury should be
studied.

Destabilization of podocytes due to Racl hyperactivation is emerging as a major
mechanism that leads to progressive glomerular sclerosis. Since CLIC5A is expressed at such
extremely high levels in glomerular podocytes, it was critically important to define how it

activates Racl to gain insights into processes that control podocyte remodeling. I believe that the
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work I have done, the proposed work, along with work by many others studying podocytes, will

eventually lead to targeted interruption of glomerular injury and prevent proteinuria.
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Appendices

1. Multiple sequence alignment of human ezrin, human radixin and human moesin

CLUSTAL 0(1.2.4) multiple sequence alignment

Ezrin MPKPINVRVTTMDAELEFAIQPNTTGKQLFDQVVKTIGLREVWYFGLHYVDNKGFPTWLK 60

Radixin MPKPINVRVTTMDAELEFAIQPNTTGKQLFDQVVKTVGLREVWFFGLQYVDSKGYSTWLK 60

Moesin MPKTISVRVTTMDAELEFAIQPNTTGKQLFDQVVKTIGLREVWFFGLQYQDTKGFSTWLK 60
*hk k. 5 Thkk ik kokkD kkkk

Ezrin LDKKVSAQEVRKENPLQFKFRAKFYPEDVAEELIQDITQKLFFLQVKEGILSDEIYCPPE 120

Radixin LNKKVTQQDVKKENPLQFKFRAKFFPEDVSEELIQEITQRLFFLQVKEAILNDEIYCPPE 120

Moesin LNKKVTAQDVRKESPLLFKFRAKFYPEDVSEELIQDITQRLFFLQVKEGILNDDIYCPPE 120

didokdkl ki kk,kk dokdokdokk D kskokk D dokdokdk D dokok § kkokdkokdokdk | ok, ok 1 kokdkekkok

Ezrin TAVLLGSYAVQAKFGDYNKEVHKSGYLSSERLIPQRVMDQHKL TRDQWEDRIQVWHAEHR 180
Radixin TAVLLASYAVQAKYGDYNKETHKPGYLANDRLLPQRVLEQHKLTKEQWEERIQNWHEEHR 180
Moesin TAVLLASYAVQSKYGDFNKEVHKSGYLAGDKLLPQRVLEQHKLNKDQWEERTQVWHEEHR 180
dededdde  kkdkkk Dok Ikk Idkk Idkk kDL DIk Idkedkdkde D Idkkkk. D Ihkkk Ikkk Kk kkk
Ezrin GMLKDNAMLEYLKIAQDLEMYGINYFEIKNKKGTDLWLGYDALGLNIYEKDDKLTPKIGF 240
Radixin GMLREDSMMEYLKIAQDLEMYGVNYFETKNKKGTELWLGVDALGLNIYEHDDKLTPKIGF 240
Moesin GMLREDAVLEYLKIAQDLEMYGVNYFSTKNKKGSELWLGVDALGLNIYEQNDRLTPKIGF 240
dkkIIiill Tkdok, M ikl
Ezrin PWSETRNISFNDKKFVIKPIDKKAPDFVFYAPRLRINKRT LQLCMGNHELYMRRRKPDTT 300
Radixin PWSEIRNISFNDKKFVIKPIDKKAPDFVFYAPRLRINKRILALCMGNHELYMRRRKPDTL 300
Moesin PWSETRNISFNDKKFVIKPIDKKAPDFVFYAPRLRINKRILALCMGNHELYMRRRKPDTT 300
Ezrin EVQQMKAQAREEKHQKQLERQQLETEKKRRETVEREKEQMMREKEELMLRLQDYEEKTKK 360
Radixin EVQQMKAQAREEKHQKQL ERAQLENEKEKRETAEKEKERTEREKEELMERLKQIEEQTIK 360
Moesin EVQQMKAQAREEKHQKQMERAMLENEKKKREMAEKEKEKIEREKEELMERLKQIEEQTKK 360

dokdokdokdokdokkkkodokdok Dhk  kk kk D Ihk L kIdkkkll dkkdkokdokk kDl kkIk Kk

Ezrin AERELSEQIQRALQLEEERKRAQEEAERLEADRMAALRAKEELERQAVDQIKSQEQLAAE 420

Radixin AQKELEEQTRKALELDQERKRAKEEAERLEKERRAAEEAKSATAKQAADQMKNQEQLAAE 420

Moesin AQQELEEQTRRALELEQERKRAQSEAEKLAKERQEAEEAKEALLQASRDQKKTQEQLALE 420
del ik kk D Ikk Ik Ihdkdkokk  kkkIKk ik doLkk, 11 1 Kkk ok, kkkkdk ok

Ezrin LAEYTAKIALLEEARRRKEDEVEEWQHRAKEAQDDLVKTKEELHLYMTAPPPPPPPVYEP 480

Radixin LAEFTAKIAL LEEAKKKKEEEATEWQHKAFAAQEDLEKTKEELKTVMSAPPPPPPPPVIP 480

Moesin MAELTARISQLEMARQKKESEAVEWQQKAQMVQEDLEKTRAELKTAMSTPH--- - - VAE 474

hk kkIkD kk kIIlkk, Kk, kkkilk L kikk kkl kkl L kIlk

Ezrin VSYHVQESLQDEGAEPTGYSAELSSEGIRDDRNEEKRITEAEKNERVQRQLLTLSSELSQ 540

Radixin PTENEHDEHDEN- - -NAEASAELSNEGVMNHRSEEERVTETQKNERVKKQLQALSSELAQ 537

Moesin PAENEQDEQDEN- - -GAEASADLRADAMAKDRSEEERTTEAEKNERVQKHLKALTSELAN 531
Doroii.o i FhIk DD L.k kIR kKD IEERRKD DR RIKKAD

Ezrin ARDENKRTHNDIIHNENMRQGRDKYKTLRQIRQGNTKQRIDEFEAL 586

Radixin ARDETKKTQNDVLHAENVKAGRDKYKTLRQIRQGNTKQRIDEFEAM 583

Moesin ARDESKKTANDMIHAENMRLGRDKYKTLRQIRQGNTKQRIDEFESM G/

dkdok ki kkl ik kil

Appendix 1: Clustal Omega multiple sequence alignment (Sievers et al. 2011. Mol Syst Biol. 11;
7:539; and Goujon et al. 2010, Nucleic Acids Res. 2010. 38 (Web Server issue): W695-9) of
human ezrin (NCBI reference sequence: NP_001104547.1), human radixin (NCBI reference
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sequence: AAH47109.1), and human moesin (NCBI reference sequence: NP_002435.1) proteins.
asterisk sign indicates identical/conserved amino acids, (appendix 1 continues next page)

while gap indicates non-identical amino acids, : colon sign indicates conservation between

groups of strongly similar properties, . period sign indicates conservation between groups of

weekly similar properties and red arrow (bold) indicates critical phosphorylation site (Ezrin

Thr567, radixin Thr564, and moesin Thr558). Red amino acids represent small, hydrophobic

(including aromatic) amino acids, blue amino acids represent acidic amino acids, magenta amino

acids represent basic amino acids, and green amino acids represent polar, hydroxyl amino acids.

2. Multiple sequence alignment of human CLIC5A, human CLIC1, and human CLIC4

CLUSTAL 0(21.2.4) multiple sequence alignment

CLigl  osccoososos MAEEQPQVELFVKAGSDGAKIGNCPFSQRLFMVLWLKGVTENVTTVDTK 49
CLIC5A MT - - -DSATANGDDRDPEIELFVKAGIDGESIGNCPFSQRLFMILWLKGVVENVTTVDLK 57
CLICA MALSMPLNGLKEEDKEPLIELFVKAGSDGESIGNCPFSQRLFMILWLKGVVESVTTVDLK 60

L1k ThRRkEAkAkR k| kkkkkkkkhhkhk D hhkhkhkAkk ok, kkkhkk Xk

CLIC1 RRTETVQKLCPGGQLPFLLYGTEVHTDTNKIEEFLEAVLCPPRYPKLAALNPESNTAGLD 109

CLIC5A RKPADLHNLAPGTHPPFLTFNGDVKTDVNKIEEFLEETLTPEKYPKLAAKHRESNTAGID 117

CLIC4 RKPADLQNLAPGTHPPFITFNSEVKTDVNKIEEFLEEVLCPPKYLKLSPKHPESNTAGMD 120
* Trik.kk I okkD 1, lkikk, khkkkkkkk Kk Kk Ik kkl 1 kdkokkkklk

CLIC1 IFAKFSAYIKNSNPALNDNLEKGLLKALKVLDNYLTSPLPEEVDETSAEDEGVSQRKFLD 169

CLIC5A IFSKFSAYIKNTKQQNNAALERGLTKALKKLDDYLNTPLPEEIDANTCGEDKGSRRKFLD 177

CLICA IFAKFSAYIKNSRPEANEALERGLLKTLQKLDEYLNSPLPDEIDENSMEDIKFSTRKFLD 180
Kok D kkkdokkokk D, *  kkikk hikD kkIdkk, lkkkikIk L1 * Fkkkk

CLIC1 GNELTLADCNLLPKLHIVQVVCKKYRGFTIPEAFRGVHRYLSNAYAREEFASTCPDDEEI 229

CLIC5A GDELTLADCNLLPKLHVVKIVAKKYRNYDIPAEMTGLWRYLKNAYARDEFTNTCAADSEI 237

CLIC4 GNEMTLADCNLLPKLHIVKVVAKKYRNFDIPKEMTGIWRYLTNAYSRDEFTNTCPSDKEY 240
ol kkkkkkkhkkhk Ikl Ik, kokkk, I kk 1 Kkl kkk, kkkIokIkkD kk Kk, k!

CLIC1 ELAYEQVAKALK-- 241

CLIC5A ELAYADVAKRLSRS 251

CLICA EIAYSDVAKRLTK- 253

*ikk kkk Kk,

Appendix 2: Clustal Omega multiple sequence alignment (Sievers et al. 2011. Mol Syst Biol. 11;
7:539; and Goujon et al. 2010, Nucleic Acids Res. 2010. 38 (Web Server issue): W695-9) of
human CLIC5A (NCBI reference sequence: ABG46342.1), human CLIC1 (NCBI reference
sequence: UQL51164.1), and human CLIC4 (NCBI reference sequence: CAG38532.1) protein
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sequencess. Black underline indicates PP1c binding motif (45 KGVVF_49 in CLIC5A). asterisk
sign indicates identical/conserved amino acids, (appendix 2 continues next page), while gap
indicates non-identical amino acids, : colon sign indicates conservation between groups of
strongly similar properties, . period sign indicates conservation between groups of weekly similar
properties and red arrow (bold) indicates critical phosphorylation site (ezrin Thr567, radixin
Thr564, and moesin Thr558). Red amino acids represent small, hydrophobic (including
aromatic) amino acids, blue amino acids represent acidic amino acids, magenta amino acids

represent basic amino acids, and green amino acids represent polar, hydroxyl amino acids.
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animals, and a Full Renewal in the 4th year. These renewals must be approved by the ACUC prior to the anniversary or
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All approved animal use protocols are subject to Post-Approval Monitoring (PAM). PAM is a vital part of a robust and
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facility consultation, tracking cage-level care and animal health, scheduled and unannounced lab visits, observation, and
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Funding Source: RES0029405 chJEchfl: - Natural Sciences And Engineering Research
G099001279 General research

Thank you for submitting a renewal to the Animal Care and Use Committee. Your application for renewal was reviewed
and is approved by the committee with a caveat as described in an email sent on December 5, 2019.

Approved Animal Number: 238 Mice

The Canadian Council on Animal Care (CCAC) requires annual renewal of ethics approval for research projects using
animals, and a Full Renewal in the 4th year. These renewals must be approved by the ACUC prior to the anniversary or
expiration date of this approval. The University of Alberta's Animal Welfare Assurance Number is #A5070-01.

Any changes to this approved protocol must be submitted as an amendment online.

You will be sent electronic reminders to renew your ethics approval 90, 60, 45, and 30 days prior to the expiry date. To
allow time for the review process, we recommend you submit your renewal 2 months prior to the expiry date of this
approval. If you do not have a renewal underway before that date, the animal facility and RSO will be notified the study is
due to expire, you will not be able to order animals, and you may be asked to submit a new animal use application.

All approved animal use protocols are subject to Post-Approval Monitoring (PAM). PAM is a vital part of a robust and
effective animal care and use program and it takes many forms including researcher self-assessment, veterinary reports,
facility consultation, tracking cage-level care and animal health, scheduled and unannounced lab visits, observation, and
education. Post-approval monitoring is a shared responsibility of animal users, ACUCs, veterinarians and animal care staff
and the Research Ethics Office. If you have any questions about PAM, please contact Donna Taylor, PAM Coordinator, at
780--492-6828 or donna.taylor@ualberta.ca.

Sincerely,

Frances Plane, PhD
Chair, ACUC: Health Sciences 2
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The Canadian Council on Animal Care (CCAC) requires annual renewal of ethics approval for research projects using
animals, and a Full Renewal in the 4th year. These renewals must be approved by the ACUC prior to the anniversary or
expiration date of this approval. The University of Alberta's Animal Welfare Assurance Number is #A5070-01.

Any changes to this approved protocol must be submitted as an amendment online.

You will be sent electronic reminders to renew your ethics approval 90, 60, 45, and 30 days prior to the expiry date. To
allow time for the review process, we recommend you submit your renewal 2 months prior to the expiry date of this
approval. If you do not have a renewal underway before that date, the animal facility and RSO will be notified the study is
due to expire, you will not be able to order animals, and you may be asked to submit a new animal use application.

All approved animal use protocols are subject to Post-Approval Monitoring (PAM). PAM is a vital part of a robust and
effective animal care and use program and it takes many forms including researcher self-assessment, veterinary reports,
facility consultation, tracking cage-level care and animal health, scheduled and unannounced lab visits, observation, and
education. Post-approval monitoring is a shared responsibility of animal users, ACUCs, veterinarians and animal care staff
and the Research Ethics Office. If you have any questions about PAM, please contact Donna Taylor, PAM Coordinator, at
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	In MDCK cells, podocalyxin knockdown reduced Rac1 activity and its overexpression in human embryonic kidney (HEK293) cells up-regulated Rac1 activity.  These changes were attributed to a podocalyxin-dependent association of ARHGEF7 with the ezrin-podo...

