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ABSTRACT 
 

Polycystin-2, encoded by the PKD2 gene, is mutated in ~15% of autosomal dominant 

polycystic kidney disease, and functions as a Ca2+ permeable non-selective cation channel. It is 

mainly localized on the endoplasmic reticulum membrane, and is also present on the plasma 

membrane and primary cilium. Polycystin-2 is critical for cellular homeostasis and thus a tight 

regulation of its expression and function is needed.  

In Chapter 2, filamin-A, a large cytoskeletal actin-binding protein, was identified as a 

novel polycystin-2 binding partner. Their physical interaction was confirmed by different 

molecular biology techniques, e.g., yeast two-hybrid, GST pull-down, and 

co-immunoprecipitation. Filamin-A C terminal fragment (FLNAC) mediates the interaction 

with both N- and C- termini of polycystin-2. Functional study in lipid bilayer reconstitution 

system showed that filamin substantially inhibits polycystin-2 channel activity. This study 

indicates that filamin is an important regulator of polycystin-2 channel function, and further 

links actin cytoskeletal dynamics to the regulation of this channel.  

In Chapter 3, further effect of filamin on polycystin-2 stability was studied using 

filamin-deficient and filamin-A replete human melanoma cells, as well other human cell lines 

together with filamin-A siRNA/shRNA knockdown. Filamin-A was found to repress 

polycystin-2 degradation and enhance its total expression and plasma membrane targeting. 

FLNAC overexpression reduced the physical binding between full-length filamin-A and 

polycystin-2, as well as the expression level of polycystin-2, presumably by competing with 

filamin-A for binding polycystin-2. Further, filamin-A mediated polycystin-2 binding with 

actin by forming complex polycystin-2–filamin-A–actin. Finally, the physical interaction of 

polycystin-2 and filamin-A was found to be Ca2+-dependent, i.e., Ca2+ depletion weakened 
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their binding strength. Taken together, this study indicates that filamin anchors polycystin-2 to 

the actin cytoskeleton through the polycystin-2–filamin-A–actin complex to reduce 

degradation and increase stability, and possibly regulates polycystin-2 function in a 

Ca2+-dependent manner. 

The dynamic regulation and the net effect of filamin on polycystin-2 were explored in 

Chapter 4. First, we found that the Ca2+-dependent binding of filamin-A with polycystin-2 N- 

differs from that with C- terminus. In addition, lipid bilayer experiment showed that filamin 

does not exhibit an inhibitory effect on polycystin-2 channel activity in the absence of Ca2+. 

These data indicate that filamin regulates/inhibits polycystin-2 activity in a Ca2+-dependent 

manner, which is probably through adjusting their physical interaction. The net effect and 

physiological relevance of polycystin-2-filamin binding were tested by live cell Ca2+ imaging. 

We found that filamin-A has a net inhibitory effect on polycystin-2 channel function through a 

combination of expression and functional regulations that are both important in maintaining 

intracellular Ca2+ homeostasis. The physiological role of filamin-A on regulating polycystin-2 

channel function will be further investigated in animal models such as zebrafish and mice in 

the future study.  

Epithelial sodium channel (ENaC) in the kidneys mediates Na reabsorption across the 

epithelium, which is critical for Na+ balance, extracellular volume, and blood pressure. 

Abnormal ENaC function is associated with pseudohypoaldosteronism type 1, and Liddle 

syndrome. The channel function of ENaC is regulated by many factors, such as hormones, 

chemicals and binding partners. Chapter 5 is about the structural interaction and functional 

regulation of ENaC by filamin. In this study, ENaC-filamin binding was detected by different 

in vitro and in vivo methods. Biotinylation and co-immunoprecipitation combined assays 
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together revealed the presence of the ENaC-filamin complex on the cell surface. Functional 

study using Xenopus oocyte expression system and the two-electrode voltage clamp 

electrophysiology showed that co-expression of an ENaC-binding domain of filamin FLNAC 

dramatically reduces ENaC channel function. Lipid bilayer electrophysiology further 

confirmed the inhibition by showing that FLNAC reduces ENaC single channel open 

probability. This study demonstrated that filamin reduces ENaC channel function through 

direct interaction on the cell surface. 

In summary, the studies described in this thesis demonstrated that several properties of 

channel proteins polycystin-2 and ENaC are regulated by cytoskeleton protein filamin. 
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INTRODUCTION 
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1.1 Kidney physiology 

The kidneys, with bean-like structure as big as an adult fist, are the major organs of the 

excretory systems of humans and vertebrates. The main functions of the kidneys are to remove 

waste products of metabolism from the blood and to reabsorb nutrients back to the blood. They 

also serve as a homeostatic regulator that maintains acid-base balance, salt-water balance and 

electrolyte balance.  

The basic structure and functional unit of the kidney is the nephron, which is composed of 

a corpuscle and a tubule. The corpuscle 

represents the initial filtering component; it 

contains a glomerulus consisting of a capillary 

ball (providing blood supply and pressure), and 

the Bowman’s capsule surrounding the 

glomerulus that absorbs the filtrate. The renal 

tubule contains three components, proximal 

convoluted tubule, loop of Henle and distal 

convoluted tubule, with highly specialized functions for each segment. The proximal tubule 

reabsorbs 2/3 of the filtered salt and water, and all filtered organic solutes including glucose, 

protein, vitamins, urea and uric acid, etc. The loop of Henle is a hairpin like U-shaped loop 

with a descending limb and an ascending limb. The descending limb is permeable to water but 

less permeable to salt and thus it mainly contributes to concentrate the filtrate. Reversely, the 

ascending limb works to actively pump salt out with no permeability to water. The distal tubule 

mainly functions by active transport, such as the absorption of H+, Na+, Ca2+, and the secretion 

of K+ and biocarbonate. The collecting ducts combine filtrate from multiple initial collecting 

Figure 1-1. Structure of the nephron. (1) 
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tubules. Reabsorption of H2O and Na+ continues in the collecting duct to further concentrate 

the urea. This process is tightly regulated by different hormones. (1) 

 

1.2 ADPKD  

1.2.1 Clinical features 

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is an inherited systemic 

disorder that affects ~0.2% of the adult population (2). The major clinical feature is defined by 

the formation of bilateral fluid-filled cysts in the kidney, with systemic complications affecting 

other organs including the liver, heart, pancreas, brain and the arteries. Enlargement of kidney 

cysts gradually destroys the functioning renal parenchyma leading to renal insufficiency and 

ultimately to end-stage renal failure, over about six decades. Liver cyst, left ventricular 

hypertrophy, intracranial aneurysms and hypertension are also common manifestations seen in 

ADPKD cases (3). However, end-stage renal failure and cardiovascular complications are the 

two leading causes of death in patients with ADPKD (4). Up to now, kidney transplantation 

and dialysis are the only effective therapies of ADPKD, as limited medications have been 

shown promising in clinical trials. In early 2014, tolvaptan, a vasopressin receptor 2 antagonist, 

has been approved as the first drug for treatment of ADPKD patients in Japan and Canada 

(http://www.businesswire.com/news/home/20140323005043/en/Otsuka-Pharmaceuticals-Sams

ca%C2%AE-Approved-Japan-Worlds-Drug#.VSb6Yk1_mUl), however it is not recommend 

by the US Food and Drug Administration due to unclear risk-benefit ratio. Thus, deeper 

understanding of the molecular mechanism of ADPKD is urgently needed for discovery of 

novel potential therapies. 

ADPKD is caused by mutations of two genes, PKD1 and PKD2, which account for 85% 
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and 15%, respectively. Phenotypes caused by PKD1 deficiency are more severe than those 

caused by PKD2. Notably, the onset time of end-stage renal failure in PKD1 type ADPKD 

manifects 20 years earlier than that in PKD2 type (5). In addition, ADPKD reveals vast 

phenotype variability independent of genetic effects. First, no genotype/phenotype correlation 

has been found for either PKD1 or PKD2 type ADPKD (6) (7). Second, patients with identical 

mutations displayed different disease severity (8). What's more convincing is that in 

monozygotic twins who carry the same genetic information, the onset time to end stage renal 

disease is largely variable (9). This is highly consistent with the hypothesis that non-genetic 

factors have played critical roles in the progression of ADPKD (details see Section 1.2.2.Two 

hit model), indicating that ADPKD is a complex multi-factorial disease. 

 

1.2.2 Molecular mechanism 

So far, there are two models proposed to implicate the molecular mechanism of ADPKD. 

The ‘two hit’ model suggests that ADPKD is caused by mutations of either PKD1 or PKD2 

gene in one allele (heterozygous) followed by a second hit which results in dysfunction of the 

second allele. Complete loss of the second PKD1 or PKD2 allele initiates cyst formation. Thus, 

at the molecular level, ADPKD is recessively, rather than dominantly inherited. This ‘two hit’ 

model is supported by the finding that cyst formation is focal and sporadic even though all the 

kidney cells have the same germline mutation, and that cystic cells lose heterozygosity 

compared to the noncystic cells (10,11). Thus, factors other than the germline mutation are 

required to produce a ‘second hit’ for cyst formation. The time at which the second hit happens 

determines the onset of cyst formation and explains the phenotypic variability of clinical 

features in ADPKD patients. However, recently a ‘dosage/threshold’ model was proposed 
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based on the finding that both reduced (12) and gain-of (13-15) function of polycystins cause 

ADPKD in mice. However, as no clinical cases of ADPKD are found caused by polycystins 

over-sufficiency, the physiological importance of this model needs further validation. 

Additionally, the features of ADPKD caused by mutations of PKD1 or PKD2 are 

indistinguishable, suggesting that their gene products may work through a common pathway 

and/or as a complex. 

 

1.2.3 PKD1 (PC1) 

The PKD1 gene is located on the short arm of chromosome 16 (16p13.3), and spans ~52 

kb of genomic sequence. PKD1 has 46 exons, which produce a 14.5 kb transcript with two 

different isoforms due to alternative splicing. Isoform I (NM_001009944), with one amino acid 

(aa) longer than isoform II (NM_000293), has a 12909 bp open reading frame that encodes the 

predominant form of PKD1 protein, polycystin-1 (PC1). PC1 is a large integral membrane 

glycoprotein with 4302 aa, and ~465 KDa in size. It contains a large extracellular N terminus 

(~3000 aa), 11 putative transmembrane (TM) regions, and a short cytosolic C tail (16). The N 

terminus contains a number of well-recognized repeats and domains, notably the 

G-protein-coupled receptor proteolytic site (GPS). PC1 undergoes cis-autoproteolytic cleavage 

at the GPS site, which is critical for PC1 proper targeting and function (17-19). Cleavage of 

PC1 C-tail has also been reported, with the released fragment migrating to the nucleus and 

initiating signaling processes (20). The PC1 C terminus contains a coiled-coil domain (See 

PKD2 section for detail) that mediates the interaction with polycystin-2 (21). Overall, PC1 has 

a structure of a receptor or adhesion molecule (3). 

PC1 is expressed in various tissues and subcellular compartments (22). In the kidney, PC1 
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COOH
NH2

P

Coiled-coil

EF-hand
IN

OUT

ER retention

is found in most nephron segments and is localized to the plasma membrane (PM), primary 

cilium, and the cell-cell junctions of epithelial cells (22-24). Based on its structure and 

localization, PC1 is postulated to act as a PM receptor involved in cell-cell/matrix interactions 

and a mechanosensor of flow on the primary cilia of kidney cells (25). 

 

1.2.4 PKD2 (PC2) 

The PKD2 gene is located on the long arm of chromosome 4 (4q22.1) and encodes a 5.3 

kb mRNA transcript containing 15 exons. The gene product, polycystin-2 (PC2), also called 

transient receptor potential polycystic 2 (TRPP2), belongs to the TRP superfamily and 

functions as a Ca2+-permeable non-selective cation channel (26).  

1.2.4.1 Molecular composition and structure 

PC2 is a 968 aa, ~110 KDa integral membrane protein with 6 TMs and intracellular N- and 

C- termini (Figure 1-2), which shares 

significant homology to the voltage-activated 

Ca2+ channels (27). The TM domains form 

channel pores and the N-/C- tails contain many 

regulatory sites and motifs. The major role of 

PC2 N terminus (PC2N, aa 1-244) is to 

regulate PC2 trafficking. E.g., the RVxP 

motif of PC2N (aa 6-9) and serines 76 

phosphorylation are found to be essential for 

PC2 cilia (28) and PM (29) targeting, 

Figure 1-2. Membrane topology of PC2.  

Pore region (P), EF-hand Ca2+-binding motif, 

coiled-coil and ER-retention domains are 

indicated. 
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respectively. In addition, PC2N mediates the self-dimerization through aa 199-207 (30) and the 

interaction with ryanodine receptor (RyR) via aa 130-220 (31). PC2 C-tail (PC2C, aa 704-968) 

mediates many aspects of PC2 function, mostly through protein-protein interactions. In the 

current model, PC2C contains an EF-hand domain (aa 720-797) and a coiled-coil domain (aa 

833-895, known as CC2) connected by a flexible acidic linker (32).  

 

EF-hand 

The EF hand is a well-characterized Ca2+ binding motif with a helix-loop-helix structure. 

The canonical EF hand domain contains a pair of EF-hand motifs and two Ca2+-binding sites 

while only one Ca2+ binding site was found in the PC2 EF hand. Further sequence alignment 

and biophysical structure analysis revealed that PC2 contains two EF hand motifs; however the 

first lacks essential aa for Ca2+ binding. Loss of the second Ca2+ binding site is likely a result of 

evolution because PC2 orthologs in the eailier invertebrate organisms still maintain it (33). 

And adding back the lost aa to human PC2 did retrieve its second Ca2+ binding capacity (34). 

The PC2 EF hand binds Ca2+ with very low affinity (Kd = 214 µM) and non-cooperatively (32) 

because of its single Ca2+-binding site and the monomeric status of EF hand. However, PC2C 

does bind Ca2+ with higher affinity (Kd = 22 µM) and cooperatively with the multimeric 

structure formed by the coiled-coil domain (35). Several studies using various biochemical and 

biophysical analyses showed that both EF hand and the whole PC2C tail undergo Ca2+ 

-dependent conformational changes (32,33,36), which are essential to mediate channel 

gating/activation of PC2 (34,37). These together could explain the ‘bell-shaped Ca2+ 

-dependence of PC2 channel activation’ (38): Ca2+-sensing by EF hand changes the protein 

conformation and facilitates cooperatively Ca2+ binding, then activates PC2 channel function; 
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but once the available Ca2+ binding sites are saturated, the channel will undergo inactivation. In 

terms of polycystin-2-like-1 (PCL), a homolog protein of PC2, the EF hand removal retains 

and even increases channel function (39). In this case, the EF hand at the C terminus of PCL 

may function to prevent channel from over stimulation. 

 

Linker 

In the linker region, phosphorylation of single residue serines 812 by casein kinase II was 

found to modulate PC2 channel sensitivity to Ca2+ stimulation (38). In addition, serine 812 

phosphorylation enabled PC2 to be recognized by two adaptor proteins, phosphofurin acidic 

cluster sorting (PACS) protein-1 and -2, which in turn mediate the retrieval of PC2 from the 

PM to the Golgi and from the Golgi to the endoplasmic reticulum (ER), respectively, 

eventually leading to an ER retention of PC2 (38,40). 

 

Coiled-coil domain 

Coiled-coil (CC) domain is an alpha-helical structural motif known to mediate interactions 

of a wide array of proteins, and usually presents as dimer or trimer. Structure prediction 

suggests two putative CC domains in PC2C, named CC1 (aa 769-796) (21) and CC2 (aa 

833-895) (32). CC2 domain was reported to form both dimer (41) and trimer (35,42), which 

contributes to the homomeric structure of PC2C and the full length PC2. In addition to 

self-association, CC2 domain also mediates the interactions with PC1 (43) and other partners 

such as the ER membrane ion channel RyR (31), receptor like protein fibrocystin (44), and 

cytoskeletal protein α-actinin (45) and troponin-I (46). On the other hand, CC1 domain was 

predicted to be unfavorable in a coiled-coil interface. Indeed, CC1 was found to be monomeric 
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(41) and not essential to mediate the interactions with several proteins, including I inositol 

1,4,5-triphosphate receptor (IP3R), TRPC1, tropomyosin-1, and PC1. 

 

1.2.4.2 Oligomerization 

The TRP superfamily is a group of channels that mediate numerous sensory transduction 

processes and are assumed to assemble as tetramers based on their structural similarity with the 

tetrameric Shaker K+ channels (47). Indeed, many of the TRP channels such as TRPC1 (48), 

TRPV1 (49), TRPV5/6 (50) and TRPM2 (51) have been shown to be tetramers by a variety of 

structural and functional studies such as atomic force microscopy (AFM), Blue Native-PAGE 

and the lipid bilayer electrophysiology. In addition, the CC domain has been found to be 

essential for the formation of tetramer of TRPM8 (52) and TRPV1 (53), however not for 

TRPP2 (PC2) oligomerization (41). Interestingly, heterotetramer formation between TRPs was 

also reported, e.g., TRPP2-TRPP1 (42), TRPP2-TRPC1(43,54) and TRPV5-TRPV6 (50). 

However, the oligomerization state of PC2 has been controversial. Current reports support 

two models. One model suggests that PC2 assembles as homotetramers and heterotetramers 

with a 2:2 ratio, e.g., 2PC2-2TRPC1 complex (55,56). This is supported by both the structure 

review by AFM and the functional lipid bilayer study. Another model suggests that PC2 forms 

homotrimers or heterotetramers with a 3:1 ratio, e.g., 3PC2-1PC1 complex (42). This is 

supported by methods of Blue Native-PAGE (cell line), live cell photobleaching (Xenopus 

oocytes), and crystal structure of the CC domains. Both N- and C- termini are involved in PC2 

oligomerization. PC2N possesses a dimerization domain (30) while PC2C is present in 

different status, such as dimer, trimer and tetramer (35,37). Thus, the oligomerization state of 

PC2 is relatively complicated.  
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1.2.4.3 Channel property and subcellular localization  

PC2 is a Ca2+-regulated, non-voltage gated, non-selective cation channel permeable to Na+, 

Ca2+ and K+. The ion permeability differs from different reports. Two studies, by using 

endogenous PC2 in IMCD cells and exogenous PC2 expressed in Xenopus oocytes showed that 

PC2 is more selective for K+ over Ca2+ and Na+, with a ratio of 1:0.21:0.19 (57,58). While 

human placental PC2 and in vitro translated PC2 shows a slightly higher Ca2+ permeability 

compared to Na+ and K+, with a ratio of 1.3:1:1 (26). This discrepancy remains to be solved. In 

addition, elevated intracellular Ca2+ transiently activates PC2 channel by increasing its open 

probability, while high concentration of Ca2+ (50 mM) has an inhibitory effect (58). This 

Ca2+-dependent channel activation is believed to be mediated by the EF-hand domain located 

at the C terminus of PC2 (34,37). Further, no voltage dependence was observed within the 

physiological voltage range from -100 mV to -50 mV (57,58). 

PC2 is mainly localized on the ER membrane (59), and also present on PM (57) and 

epithelial primary cilia (25). Subcellular localization of PC2 varies in difference cell types. E.g., 

PC2 has been reported to be present on the ER of LLC-PK1 (59,60), Chinese hamster ovary 

(61), and Xenopus oocyte (62), on the PM of MDCK (63), IMCD (57) and Sf9 insect cells (26), 

and on the primary cilia of many renal epithelial cell types (28,64,65). 

 

ER-PC2 

The primary ER-localization of PC2 is determined by its C terminus, which contains an 

ER retention region (aa 787-820) (60). PC2 pathogenic truncation mutant R742X missing the 

ER retention domain is predominantly expressed on the PM of Xenopus oocytes while wild 

type remains in the intracellular compartments (62). Further study revealed that PACS proteins, 

which recognize an acidic cluster (aa 810-821) within the ER retention region, direct the ER 
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localization of PC2 (40). As a non-selective cation channel, ER localized PC2 was found to 

enhance IP3R mediated Ca2+ release (66) and itself functions as an independent Ca2+-activated 

Ca2+ release channel (58,59). In contract, Wegierski et al reported that PC2 reduces ER Ca2+ 

release by increasing ER Ca2+ permeability and reducing the ER Ca2+ content (67). Thus, it 

remains controversial whether PC2 exhibits basal Ca2+ permeability or functions as a 

Ca2+-activated Ca2+ release channel that requires an increase in cytosolic Ca2+, to confer Ca2+ 

permeability of the ER. 

 

PM-PC2 

PC2 PM targeting has been reported to be regulated by many factors including PC1 (61), 

PACS proteins (40), intracellular Ca2+ (68), chemical chaperons and proteasome modulators 

(58). PC1 functions as a chaperon that brings PC2 together to the PM and the PC1/PC2 

complex shows a non-selective cation channel property. However, PC2 has also been found to 

traffic to the PM independent of PC1 (28,69,70). Blocking the binding of PACS to the acidic 

sequence of PC2C relocates PC2 to the PM (40). Increased intracellular Ca2+ also facilitates 

PC2 trafficking to the PM (68). Treatment of chemical reagents such as lactacysin or glycerol 

has been shown to successfully translocate ER-PC2 to the PM (58). 

 

Cilia-PC2 

PC2 co-localized with PC1 on the renal primary cilia, where the PC1-PC2 complex 

functions to mediate mechanotransduction and subsequent rise of intracellular Ca2+ (25). The 

physical interaction of PC1-PC2 was deemed to be essential for cilia targeting and PC2 

function, whereas other study revealed that PC2 possesses a cilial trafficking motif RVxP at it 

N terminus, which is required and sufficient for PC2 cilia targeting independent of PC1 (28). In 
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addition, PC1-independent function of ciliary PC2 was also reported to be critical in the 

left-right axis formation during moues embryo development (71). The mechanism of cilia 

trafficking by RVxP motif is unknown but it is likely that the RVxP is part of a protein 

interaction domain and mediates the interaction of PC2 with other cilia trafficking partners 

(28). 

 

1.2.4.4 Tissue distribution and physiological significance 

PC2 is widely expressed in numerous tissues, including the kidney, liver, pancreas, heart, 

lung, brain, intestine, and reproductive organs. In mouse embryo, PC2 is developmentally 

regulated and detectable in the embryonic ectoderm and endoderm at E6 and in the 

metanephric ureteric bud at E12.5 (72). Embryonic deficiency of PC2 results in lethality 

mainly due to cardiac defects and hemorrhages (73). In adults, the expression pattern of PC2 is 

more constant. In the kidney, PC2 together with PC1, is localized to the primary cilia of the 

renal tubule and mediates the fluid-flow sensation (60). Deficiency of either PC2 or PC1 

results in renal cyst formation, which is the major characteristic of ADPKD. Liver and 

pancreatic cysts are also strongly associated with PC2 and PC1. In the heart, PC2 is localized 

to the ER membrane of cardiomyocytes and regulates Ca2+ signaling and cardiac contractility 

(31,74). Mice expressing mutant PC2 develop dilated cardiomyopathy and heart failure (75). In 

the lung, PC2 is present on the apical surface of bronchial epithelial, possibly invovled in cell 

locomotion and fluid movement (76). In addition, both PC1 and PC2 are detected in the 

vascular smooth muscle cells of the major vessels in associated with dense plaques, suggesting 

a role in the maintenance of myoelastic wall of arteries (77). This is consistent with the 

manifestation of ADPKD patients who developed vascular abnormalities such as intracranial 
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aneurysms and hypertension. 

 

1.2.5 Cellular abnormality and pathways that are involved in ADPKD 

 At the cellular level, ADPKD is associated with 1) increased cell proliferation and 

apoptosis; 2) enhanced fluid secretion; 3) abnormal cell-matrix interactions and 4) alterations 

in cell polarity. (78) Increased proliferative activity was found to be associated with abnormal 

intracellular Ca2+ regulation (41), and overexpression of oncogenes or growth factors (79). 

Increased apoptosis is due to cellular defect in apoptotic regulation because polycystins have 

been reported to protect cells from apoptosis through regulating the Ca2+ dependent pathways 

(67,80). Fluid secretion from tubular epithelium is primarily mediated by transepithelial NaCl 

secretion with water movement. This process is associated with over active Cl- transporters 

cystic fibrosis transmembrane conductance regulator (CFTR) (81), and dislocated Na+/K+ 

ATPase (82). In addition, ADPKD cyst epithelia show abnormal membrane components such 

as laminin, fibronectin, and type IV collagen. Cell polarity change is mainly reflected by 

mislocation of membrane proteins such as Na+/K+ ATPase (82), E-cadherin and EGF receptors 

(83). 
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1.2.6 Models used to study ADPKD and relevant genes 

1.2.6.1 Cultured cell model 

Cell lines are derived from the primary culture and modified to be immortal by different 

ways such as virus transformation. Below is the detailed introduction of HeLa, HEK293, 

IMCD, MDCK, LLC-PK1, MEF, and MCD cell lines used in this thesis.  

 

HeLa 

HeLa is a human epithelial carcinoma cell line derived from the cervical cancer cells of a 

patient named Henrietta Lacks. It is the first human cell line established in culture (84) and 

since 1951 has been widely used in scientific research including virus infection, cancer, AIDS, 

products testing, and signaling transduction. Because of human papillomavirus integration, 

HeLa genome is different from human genome, particularly in terms of its chromosome 

numbers. The complete genome of the HeLa cells was sequenced and published on March 11th 

2013. HeLa cells have a modal chromosome number of 82, with four copies of chromosome 12 

and three copies of chromosomes 6, 8, and 17 (85). Nowadays, HeLa cell line is an excellent 

model for gene overexpression or knockdown due to its superior easy and efficient transfection 

property and thus used in studying protein-protein interaction and regulation in this thesis. 

    

HEK293  

HEK293 is a human embryonic kidney cell line derived from human embryonic kidney 

cells of a legally aborted healthy fetus and the cell line was generated by transformation with 

sheared adenovirus 5 DNA. The number 293 is just the scientist’s habit of numbering his 

experiments. HEK293 has a modal chromosome number of 64 including a total of three copies 
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of the X chromosome and four copies of chromosome 17 and 22. Searched in PubMed, 

HEK293 is the second only to HeLa cells in the frequency of use in cell biology research (86). 

While for a long time, HEK293 was misinterpreted as a typical kidney epithelial cell line until 

some evidences emerged to show its neuronal property (87,88). A recently study by whole 

genome sequencing and transcriptomes analysis clearly showed that the pattern of HEK293 

stains most closely resembles that in adrenal cells, which has many neuronal properties (86), 

suggesting an embryonic adrenal precursor origin of HEK293 line. Given the location of the 

adrenal gland (next to the kidney), it is possible that adrenal cells are found in an embryonic 

kidney derived cultures. Thus, HEK293 is not a good in vitro model of a typical kidney cell 

line. However, because of easy culture, extreme transfectability and expression efficiency, 

HEK293 is as popular as HeLa cells in the studies of ADPKD. 

 

MDCK 

MDCK is Madin-Darby canine kidney epithelial cells derived in 1958 by S.H Madin and 

N.B. Darby from the kidney of a normal adult female cocker spaniel. MDCK cell line 

resembles the cortical collecting duct cells however consists of two subpopulations, the 

intercalated cells and principle cells with the chromosome number around 79 and 83, 

respectively (89,90). Technically, because of low transfection efficiency, MDCK stable cell 

lines are often established to study ADPKD.  

 

LLC-PK1 

LLC-PK1 is a porcine kidney epithelial cell line derived in 1976 from a 3-4 weeks male 

Hampshire pig kidney (91). LLC-PK1 processes the characteristics of the polarized renal 
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proximal tubule cells (92) and is an excellent in vitro model to study the transcellular transport 

mechanism of the proximal tubule. The chromosome counts are between 36 to 40 range 

(normal pig contains 38 chromosomes), with a X and Y (91).  

 

IMCD 

IMCD is a mouse inner medullary collecting duct cell line derived in 1999 from an 

individual tubule of the terminal inner medullary collecting duct of a SV40 transgenic mouse 

(90,93). The SV40 T antigen is oncogenic and used to induce the establishment of 

immortalized cell line. IMCD is polarized kidney epithelial cells that retain many differentiated 

characteristics of the original nephron segment including extreme osmotic tolerance (93), 

which makes it highly suitable for studies of osmotic stress. The IMCD chromosome number 

counts around 58 (94). 

 

MCD (D3 and B2) 

MCD D3 (Pkd2+/-) is a mouse collecting duct cell line derived from an 8 week SV40: 

Pkd2f3/_ transgenic mouse. The Pkd2f3 allele, in which Pkd2-exon-3 is flanked by two loxP 

sites, can be conditionally inactivated using a Cre-loxP system. B2 (Pkd2-/-) is a daughter cell 

line of D3 generated by infection of Cre-expressing adenovirus to induce Pkd2 exon 3 deletion 

and result in two null-Pkd2 alleles (Pkd2d3/-) (95). 

 

1.2.6.2 Primary cell culture 

Due to the convenience of the established cell lines and the importance of in vivo animal 

models, primary cultured cells are not widely used. However, primary culture has its own 
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advantages against cell lines. Without being immortalized, primary cultured cells are more 

closer to the in vivo tissues in terms of histology and functional activity, and skipping the 

selection step also enables less phenotypic variability resulted from different operations 

between investigators and isolations. In the ADPKD field, primary cultured mouse embryonic 

renal epithelial cells were used to study the flow-sensing mechanosensation of polycystins. In 

that study, PC1/PC2 complex was found to form a mechanosensor of the fluid-flow in renal 

epithelium (25). Human kidney epithelial primary culture was also used to study shear stress 

induced Ca2+ response and cell proliferation, from where ADPKD cystic epithelial cells are 

found to be lacking of Ca2+ signalling (96) and show over proliferation (97). 

 

1.2.6.3 Zebrafish model 

Zebrafish has offered a convenient and attractive model for studying ADPKD. First, 

zebrafish pronephric kidney is a relatively simple organ consisting of two nephrons with fused 

glomeruli and paired, bilateral pronephric ducts. Many aspects of its kidney development and 

function are similar to that of higher vertebrates. Morpholino (MO) injection is a widely used 

technique to knockdown (KD) genes in zebrafish, and the phenotype is visible during 2-5 days 

post-fertilization (dpf). Several studies have demonstrated that MO KD of zebrafish ortholog of 

pkd2, results in kidney cysts and tail curvature from 2-3 dpf (98,99). Since zebrafish has 

transparent embryos and larvae, which develop outside the mother, it would be easy for direct 

visualization of kidney cysts. Transgenic zebrafish line with a targeted mutation in pkd2 is also 

commercially available (http://zfin.org/action/fish/search, cat # sa18283).  
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1.2.6.4 Mouse model 

Mouse has been recognized as the best physiologically relevance model for studying of 

human ADPKD. A variety of gene knockout/KD and transgenic mice have been put in use. 

Pkd1+/- and Pkd2+/- mice are the initial mouse model used to study ADPKD. The heterozygotes 

are normal at birth but gradually develop kidney cysts at older ages (100,101). Bilineal mice 

(Pkd1+/-Pkd2+/-) develop more severe renal cysts at an even earlier onset time (102,103). 

However, this heterozygous model develops severe liver cysts as well. Pkd1-/- and Pkd2-/- mice 

are embryonic lethal (73,104). Thus, in order to study the full spectrum of PKD gene function, 

many inducible knockout mice have been produced. Mouse model with hypermutable allele for 

Pkd2 (Pkd2WS25) helped confirm the ‘two hit’ model that loss of heterozygosis is the 

molecular mechanism of cystogenesis in ADPKD (101). Based on the Cre-loxP system, Pkd2 

conditional knockout mice Pkd2f3/- were generated, which have provided a powerful tool for 

studying of the tissue-specific function of PC2 during embryogenesis and organogenesis (95). 

Notably, the Pkd2 conditional knockout mouse is the origin of the mouse collecting duct D3 

(Pkd2+/-) and B2 (Pkd2-/-) cell lines. Interestingly, study of transgenic mice with enhanced Pkd1 

or Pkd2 expression demonstrated that gain of function of polycystins is also cystogenic (13,15), 

supporting a dosage threshold model. 
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1.3 ENaC (Epithelial sodium channel) 

1.3.1 Molecular composition and structure 

Epithelial sodium channel (ENaC) belongs to the degenerin/epithelial sodium channel 

superfamily, which encodes a variety of functionally distinct sodium channels. ENaC is 

sodium-selective, voltage-independent and amiloride sensitive, and therefore also known as 

SCNN1 (sodium channel nonvoltage-gated 1) or amiloride sensitive sodium channel. 

ENaC is composed of three subunits, ENaC-alpha (α-ENaC) cloned in 1993 (105), -beta 

(β-ENaC) and -gamma (γ-ENaC) cloned in 1994 (106). a-ENaC gene is located at the end of 

chromosome 12 short arm (12p13), with 14 exons and three splicing variants. Transcript 

variant 1 encodes the predominant form of α-ENaC with 669 aa. β-ENaC and γ-ENaC genes 

are closely localized to each other on chromosome 16 within the 16p12 region, and have 15 

and 13 exons, respectively. Without transcript variants, the gene products of β-ENaC and 

γ-ENaC subunits are 640 aa and 649 aa, respectively. The three ENaC subunits share 30-35% 

sequence identity and are predicted to have the same membrane topology, with two TM 

domains (TM1 and TM2), a large extracellular loop (comprising 80% of the protein) and 

intracellular N- and C- termini. Though no crystal structure of ENaC is available, mapping 

ENaC to the published chicken acid sensing ion channel (ASIC) structure (107) has provided 

insights toward understanding the structure of ENaC (108). In the homology mapping model 

(Figure 1-3), ENaC subunits contain many of the secondary structures and higher ordered 

domains as identified in the chicken ASIC. E.g., the extracellular loop of α-ENaC contains the 

palm domain, β-ball domain, finger domain, thumb domain and knuckle domain as shown in 

ASIC though significant differences were also observed. One of the most obvious differences 

is in the finger domain where sequences are so variable between the two molecules. Another 
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difference is in the β-ball domain where ENaC lacks two of the β strands, β4 and β5, but other 

than that, the sequences are quite conserved. Given the proposed role of ASIC β-ball domain in 

sensing acid, this difference may explain the inability of ENaC to sense acid. 

 

Figure 1-3. Structure of chicken ASIC and human α-ENaC. A, Domain organization of 

chicken ASIC1a single subunit from X-ray crystal structure. Locations of disulphide bridges 

(labeled 1-7), glycosylation sites and conserved tryptophan residue (Trp288) are indicated. 

(107) B, Predicted domain organization of human αENaC subunit modeled on the chicken 

ASIC1a monomer using 2QTS coordinates. Putative disulfide bridges are labeled 1-7 and 

shown as yellow sticks. The conserved Trp87 (green side chain) at the beginning of TM1 and 

Tyr391 (red side chain) within the putative coupling loop are shown. Transmembrane 

domains TM1 and TM2 and linker regions red, palm yellow, β-ball orange, knuckle cyan, 

thumb green, and finger magenta. Blue areas of human α-ENaC indicate possible differences 

compared to chicken ASIC1. (108) 
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ENaC channel is a heteromultimer composed of all three subunits. α-ENaC is the pore 

forming unit, which is sufficient to induce channel activity, while β- and γ-subunits allow a 

maximal activation of the channel (106). The stoichiometry of ENaC complex is controversial. 

Some studies proposed that ENaC functions as a tetramer with a 2α:1β:1γ stoichiometry 

(109,110) , while others suggested a higher number of subunits in the complex (111). However, 

the crystal structure of chicken ASIC, a close orthologous relative to ENaC in the 

degenerin/epithelial sodium channel superfamily, strongly supports a trimer architecture of 

ENaC (108), which afterwards was also confirmed by other groups using AFM (112). The 

ENaC trimeric structure is predicted in a chalice-like shape (Figure 1-4) as same as chicken 

ASIC (108): a large funnel-like extracellular domain, a slender TM domain and a broadened 

base formed by the cytoplasmic tails. Three TM2s form the channel pore with TM1s 

surrounding around. The gating mechanism is still unknown. But it was suggested that the 

ENaC finger domain which contains two peptidase cleavages sites may function as an 

autoligand which upon cleavage allows the conserved tyrosine residue at the base of the thumb 

to pass the information to the pore (108). 
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Figure 1-4. Predicted structure of oligomerized human ENaC. A, ribbon structure of the 

predicted heterotrimeric human ENaC. B, Predicted human ENaC heterotrimer with filled surfaces 

to the molecular threefold axis highlighting fenestration between TM1 (pale yellow) and TM2 

(pale red) of adjacent monomers, and the numerous cavities and crevices formed by the subunits. 

Adapted human α- (red), β- (yellow), and γ- (blue) ENaC modeled using the 2QTS structural 

coordinates for the α-, β-, and γ- subunits of the chicken ASIC1 homotrimer. (108) 

 

B A 
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1.3.2 Biophysical characteristics 

Before cloning, ENaC was functionally characterized as an amiloride-sensitive Na+ 

channel. Though amiloride blocks a wide range of Na+ channels in the ENaC/degenerin family 

such as ASIC, ENaC shows the highest affinity by amiloride inhibition, with an IC50 in the 

submicromolar range (113). Amiloride (3,5-diamino-6-chloropyrazinoylguanidine) consists of 

a substituted pyrazine ring and a guanidine group (Figure 1-5) (114). Biochemical analysis 

with structural analogues of amiloride suggested that the guanidine group is essential for the 

inhibitory effect while pyrazine ring greatly increases the molecular activity (114). The 

mechanism of amiloride inhibition remains elusive. One model proposed that amiloride does 

not block the channel pore but interacts with the extracellular loop (115-117) while other data 

suggested that amiloride physically occludes the channel pore (118,119). Crystal structure of 

ASIC revealed that the ASIC glycine 439, which position is equivalent to human α-ENaC 

serines 583, represents the amiloride binding site as it enters the pore but adjacent amino acids 

in the pore region also contribute to the binding (119).  

ENaC is highly Na+/Li+ selective over K+. This ion selectivity is defined by the 

‘(Glycine/Serine)-X-Serine’ tripeptide in TM2, known as the ‘GAS’ motif (120,121). Crystal 

structure of ASIC also supports GAS motif as an ion selectivity definer (122). 

 

Figure 1-5. Structure of amiloride and guanidine. (114) 
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1.3.3 Tissue distribution and physiological function 

ENaC is widely expressed in the absorptive epithelia of the kidney, colon, lung, intestine, 

and secretory glands, to mediate Na+ transport/reabsorption. Na+ transport through epithelia is 

a two-step process (Figure 1-6) (123). At the apical membrane, ENaC mediates Na+ entry 

down its electrochemical gradient and at the basolateral membrane, Na+ is pumped out by the 

Na+/K+ ATPase. As a result, Na+ is reabsorbed from the lumen into the blood. In the kidney, 

ENaC is located on the apical membrane of the distal tubule and ENaC-mediated Na+ 

reabsorption is crucial in maintenance of Na+ and fluid homeostasis thus controlling blood 

pressure and volume. Gain of function of ENaC results in excessive Na+ reabsorption and 

causes severe hypertension, known as Liddle Sydrome (124). While channel function 

loss/reduction causes salt losing nephropathy and hypotension found in 

pseudohypoaldosteronism type-1 (125). In the lung, ENaC mediated Na+ absorption is crucial 

at birth for liquid clearance during the lung conversion from liquid to air environment (126), 

and after birth to maintain the airway surface fluid and anti-bacterial (low Na+) environment 

(127). Abnormal function of lung ENaC is associated with the pathogenesis of cystic fibrosis 

(128). In the urinary bladder and distal colon, ENaC mediated Na+ reabsorption is observed as 

well. In addition, ENaC is detected in the taste cells of the tongue and has been strongly 

suggested as a salt taste receptor (129,130). β-ENaC and γ-ENaC are expressed in 

non-epithelial cells such as neurons, and probably function in mechanosensation (131). 
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Figure 1-6. Transepithelial ion transport in a 

principal cell of the cortical collecting duct. ENaC 

mediates Na+ entry from the tubule lumen at the apical 

membrane, and Na+/K+-ATPase extrudes Na+ at the 

basolateral side. K+ channels at the apical membrane 

mediate K+ secretion into the tubular lumen. Aldosterone 

(Aldo) which binds to intracellular receptors that are 

translocated to the nucleus and affect the expression and 

subcellular localization of ENaC and the 

Na+/K+-ATPase as well as other targets. (123) 
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1.3.4 Regulation  

The ENaC channel activity is regulated by a number of factors including hormones, 

proteases, growth factors, and cations. Two of the major hormones are vasopressin and 

aldosterone, both of which function to augment ENaC mediated Na+ permeability (132). The 

effect of aldosterone shows two phases, the early phase and the late phase. In the early phase, 

aldosterone directly activates ENaC channel (133), and induces ENaC translocation to the PM 

through a few of potential mediators, such as the glucocorticoid-regulated kinase (134) and 

K-Ras2 (135). In the late phase, aldosterone increases α-ENaC gene transcription through 

re-programming promoter methylation (136) thus increasing protein synthesis. Another 

important hormone vasopressin increases ENaC surface expression and channel open 

probability through the adenylate cyclase-cAMP pathway (137,138). Furin, a protease that 

cleaves the extracellular loop of α- and r-ENaCs (139,140), activates ENaC channel by 

increasing its channel open probability. ENaC surface expression is decreased by the E3 

ubiquitin-protein ligase Nedd4 (141) and growth factor TGF-β (142) through promoting 

endocytosis. In addition, the channel activity of ENaC is regulated by both extracellular and 

intracellular Na+ (132). The inhibitory effect of high extracellular Na+ on ENaC is referred to 

as Na+ self-inhibition (143). The mechanism of Na+ self-inhibition is unknown but it has been 

shown to be a process of rapid reduction in channel open probability (144). Extracellular 

histidine residues and half of the cysteine residues are found crucial for the Na+ mediated 

self-inhibition (145), and are possibly involved in the conformational change of ENaC in 

response to Na+ stimuli. The inhibition by intracellular Na+ is a feedback regulation partially 

due to reduced channel density at the PM regulated by Nedd4 (146) and the conserved 

internalization motif ‘PPPxYxxL’ located at the C terminus of all three ENaCs (147). 
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1.3.5 Interaction with cytoskeleton protein 

Cytoskeletal proteins have been reported to play critical roles in regulating ENaC channel 

activity. Actin, the major component of cytoskeleton, directly interacts with ENaC (148) and 

regulates its channel activity both in vitro (149) and in vivo (150). Ankyrin and alpha-spectrin 

have been also reported to associate with ENaC (151). The C terminal domain of ENaC was 

found to mediate these interactions. Disruption of actin microfilaments with cytochalasin D or 

addition of the actin filaments alters ENaC activity in A6 cells (152) and impairs its regulation 

in frog skin (153). Disruption of the cytoskeletal network also affects the population of apical 

membrane ENaC channels (154). Taken together, the cytoskeleton is important regulator of 

ENaC channels.  
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1.4 Filamin  

Filamin, previously known as actin-binding protein 280, belongs to a superfamily of 

actin-binding proteins that cross-link the actin filament into a dynamic network and play 

critical roles in the cytoskeleton organization. This superfamily contains many subfamilies 

such as α-actinin, β-spectrin, dystrophin and fimbrin. Filamin is a member of the spectrin 

subfamily which is characterized by the presence of the spectrin repeat (antiparallel 

triple-helical coiled-coil structure), actin binding domain and EF hand (155). Filamin serves as 

scaffolds for over 90 binding partners including channels, receptors, intracellular signaling 

molecules and transcription factors (156). There are three isoforms of filamin, filamin-A, -B, 

and -C. They are highly similar in amino acid sequence and structure but with different 

expression pattern. Filamin-A and -B are universally expressed in the whole body while -C is 

more specifically expressed in the smooth muscle and heart.  

 

1.4.1 Gene and protein structure 

Filamin-A (FLNA) is encoded by FLNA gene residing in the long arm of X chromosome 

at Xq28, with a genomic sequence size of 26,115 bases (Genecards). FLNA has two transcripts: 

transcript 1 contains 47 exons with a total of 8533 bases, and transcripts 2 is slight longer with 

48 exons and a total of 8557 bases. The predominant form of FLNA is encoded by transcript 1 

which produces a 2639 aa cytoskeletal protein, corresponding to ~280 KDa in size. FLNA is 

the first non-muscle actin filament cross-linking protein identified in 1975. It functions as a 

dimer in a V-shaped structure and each monomer contains a N terminal actin binding domain 

(ABD) and 24 β-sheet repeats with 2 hinge regions (H1 and H2) in between (Figure 1-7) (156). 
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Figure 1-7. A schematic structure of FLNA molecule and the F-actin crosslink. 

This model was generated on PyMOL (www.pymol.org) by assembling Ig domains 

uploaded on protein data bank and by fitting them within rotary shadowed images of 

FLNA molecules. Structures were modeled using the Swiss model database 

(http://swissmodel.expasy.org). The atomic structure of IgFLN a24 was generated on 

PyMOL (PD B accession number: 3CNK). (156) 
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Actin binding domain (ABD) 

The FLNA ABD (278 aa) contains two calponin homology domains (CH1 and CH2) 

separated by a linker (157). Notably calponin is a family of proteins that interact with actin 

filaments and are involved in the regulation of smooth muscle contraction (158). The CH 

domain (~100 aa), is an α-helical secondary structure that mediates actin binding and is shared 

by all the actin binding proteins (159). It is predicted that the CH1 domain (isoleucine 

44-tyrosine 148) contains two putative acting binding sites (ABS) while CH2 (proline 

168-phenylalanine 264) has only one. This is supported by the fact that the CH1 domain binds 

to actin filament stronger than the binding of CH2 (160). Further, CH1 is more conserved than 

CH2 and is involved in both direct binding with filamentous actin (F-actin) and the regulation 

of F-actin binding by Ca2+-activated calmodulin while CH2 is only associated with the 

regulation of F-actin binding (160,161). The linker in between CHs is an acidic region full of 

aspartate and glutamic acid. Though not available for FLNA, the three-dimensional structures 

of ABD have been reported for actin binding proteins a-actinin (162), plectin (163) and fimbrin 

(164). All three reported ABDs are in the closed conformation under native condition that CH1 

and CH2 are in an extensive contact, while conformation changes occur upon actin binding 

(Figure 1-8).   
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Figure 1-8. Model of ABD opening. 

Surface representation of plectin ABD in 

the closed conformation observed in the 

crystal structure (upper panel) and a 

hypothetical conformational change upon 

F-actin binding (lower panel). CH1 is 

rotated 90ᵒ around a vertical axis to 

expose all three ABS. Residues potentially 

interact with F-actin are colored in green.  

ABS and linker region are indicated. (163) 
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Repeated β-sheets 

The 24 repeats are separated by two hinges (H1 and H2) into Rod 1 (repeats 1-15), Rod 2 

(repeat 16-23) and the self-association domain (repeat 24). Each repeat contains ~96 aa in 

average and is arranged in the immunoglobulin-like (Ig) fold (165). Of note, the Ig domain is 

composed of two β-sheets with a total of 7-9 β-strands and forms a sandwich structure. The 

majority of the repeats are 7-stranded Ig like structure, and together with the short linker 

between repeats revealed an extended confirmation. However, repeats 18 and 20 are in a 

6-stranded structure. Missing one strand induces more compact arrangement and produces a 

zigzag conformation of repeats 17-19 and 19-21 (161). In repeats 9-15, a secondary F-actin 

binding domain was found though with lower binding affinity compared with the ABD (166). 

Other than that, the majority of partner binding occurs in Rod 2. The most C terminal repeat 24, 

mediates FLNA self-dimerization and bestows a V-shape to the dimeric molecules (166). A 

compensatory dimerization activity of the fragment containing H1 and repeats 16-23 was 

observed when repeat 24 is deficient to form dimer (167). 

 

Hinges  

The two hinges (H1 and H2) in between repeats account for the flexibility of filamin 

molecules. In addition, both hinges contain a calpain-cleavage site and phosphorylation 

consensus sequences. H1 contains 25 residues with a calpain cleavage site at tyrosine 

1761-threonine 1762 (168). H2 is a 35 residues insertion with the calpain cleavage site not 

defined yet. The physiological importance of the protease cleavage and phosphorylation will be 

discussed in Section 1.4.3. 
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1.4.2 Subcellular localization and function 

Filamin is a large cytosolic protein, cross links the actin filament and provides scaffolds 

for a variety of proteins, including transmembrane receptors and channels, signaling proteins, 

cytoskeletal and other cytoplasmic proteins (156,169). Representative transmembrane proteins 

are dopamine receptor, furin receptor, platelet glycoprotein Ibα, β-integrin, presenilin and 

Kv4.2 potassium channel. Filamin interacting signaling proteins involve a variety of GTPase, 

like RalA, Rab22B, RhoA, Rac1, and Cdc42. Examples of cytoplasmic proteins are myotilin, 

calmodulin, and granzyme B. Filamin binds, mostly via their C-terminal Rod 2 repeats, to their 

partners with diverse functions. For example, FLNA directly binds furin receptor to reduce 

internalization and increase protein synthesis (170). FLNA decreases the 

proteasomal/lysosomal degradation of the platelet glycoprotein subunit GpIbα though physical 

binding (171). The presence of FLNA is the prerequisite for the proper function of several 

proteins, such as GTPase RalA and Cdc42 (172), and the TNF receptor superfamily (173). 

In addition to its classic role in scaffolding, filamin also plays other roles, notably 

regulating gene expression. One of the mechanisms is that cytoplasmic filamin binds some of 

the transcriptional regulators and prevents their entry to the nucleus, where they carry out 

functions. Examples of these transcriptional regulators are PEBP2/CBF (174) and p73α (175). 

On the other hand, filamin regulates gene expression directly in the nucleus. Both the C 

terminal fragments produced by proteolytic cleavage and the full length FLNA were found 

present in the nucleus. The C terminal repeats 16-23 translocate to the nucleus together with 

the transcriptional factor androgen receptor (176), resulting in repression of its transactivation 

activity (177). Furthermore, the importance of this FLNA C fragment in regulating androgen 

receptor dependent pathway was implicated in prostate cancer (178,179). Full length FLNA 
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protein is present in the nucleolus where it functions to suppress ribosome RNA transcription 

through interacting with the RNA polymerase I (180). Further investigation revealed that a 

putative nuclear localizing signal (RRRR) is present in FLNA repeat 20 (aa 2146–2149), 

however it remains to be known how the full-length filamin translocates to the nuclear. In 

addition, filamin has been found to participate in the DNA damage repair process by 

interacting with BRCA1 (181) and BRCA2 (182), the products of breast and ovarian cancer 

susceptibility genes that control the efficiency of homologous recombination during DNA 

double stranded breaks repair.  

 

1.4.3 Modification (cleavage and phosphorylation)  

The major regulation/modification of filamin is through proteolysis and phosphorylation. 

Filamin contains two proteolysis sites in the hinge domains that both H1 and H2 can be 

cleaved by calpains and caspases (183). Cleavage at H1 occurs between aa 1761 and 1762 

(168), resulting in a ~170 kDa fragment containing the ABD and repeats 1-15, and a ~110 kDa 

protein containing repeats 16-24. The 110 kDa protein fragment will be further cleaved at H2 

to yield a ~90 kDa fragment (169). The proteolysis cleavage site at H2 remains to be 

determined. It is believed that the cleaved C terminal fragment of filamin is capable of nucleus 

translocation where it functions to regulate gene expression as mentioned in Section 1.4.2. On 

the other hand, filamin is strongly phosphorylated in cells by a variety of kinases including 

cyclin-dependent kinase 1 (Cdk1)/cyclin B1 (184), p21-activated kinase 1 (185), p90 ribosomal 

S6 protein kinase (186), and cAMP-dependent protein kinase (187). The phosphorylation state 

of filamin affects its interaction with other protein partners such as GTPase (188) and actin 

(189). Phosphorylation affects cleavage as well, e.g., phosphorylation of filamin serines 2152 
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increases its resistance to calpain proteolysis (168,187,190,191). Also, it is worth mentioning 

that the phosphorylation state of filamin changes in response to various cell signals. E.g., the 

phosphorylation of FLNA serine residues 1084, 1459 and 1533 by Cdk1 occurs in mitotic cells 

rather than cells in the interphase, and thus is important for cell division (184). 

1.4.4 Physiological function and defects 

Filamin is essential for mammalian development and change of its expression/function 

leads to diverse congenital anomalies. First, filamin is necessary for cell-cell 

contact/intercellular junctions during vascular development and cardiac morphogenesis (192). 

Mutations with decreased activity of FLNA cause genetic heart vascular disorder and familiar 

cardiac valvular dystrophy in human (193). Cardiac malformation was also observed in mice 

with FLNA mutations (194). Complete loss of FLNA causes embryonic lethality in mice, 

mainly due to severe defects in blood vessel and cardiovascular formation (192,194). Second, 

filamin is required for cell migration, especially in the nervous system. Mutations of FLNA 

have been found to cause a X-linked hereditary disease called periventricular heterotopia (PH) 

in which neurons fail to migrate properly to the cerebral cortex but remain as nodules lining the 

ventricular surface (195). Interestingly, duplication of FLNA gene also causes PH, indicating 

that the dosage of filamin matters. Further, the functional implication of filamin in cancers was 

stated in several studies. Filamin was mutated at a significant frequency in human breast and 

colon cancers (196). Moreover in colon cancers, FLNA expression level was in high 

correlation with the incidence and development of colorectal cancer, and thus considered as an 

indicator of prognosis (197). In addition, the nuclear filamin fragments show different 

abundance in benign prostate than that in metastatic prostate cancers (179). 
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1.5 Thesis objectives and rationale 

Objectives 

It is known that ADPKD is caused by mutations of PKD1 or PKD2 gene, and several 

pathways have been proposed to contribute to the disease pathogenesis, e.g., renal primary cilia, 

Ca2+ signaling, mammalian target of rapamycin (mTOR), MAPK/ERK, Wnt signaling and 

vasopressin receptor (3). However, clinical trials targeting to these pathways have been proved 

to be disappointing (198-200). The main objective of this thesis is to explore novel targets and 

alternative pathways in the PKD2 gene induced ADPKD. We hypothesized that PC2 functions 

in a protein complex and the activity is largely regulated by its binding partners. The strategy is 

to screen for new binding partners of PC2 and analyze the physiological significance of their 

interaction, which are illustrated in Aims 1, 2, and 3. This thesis also includes a study of the 

epithelial sodium channel (ENaC) as discussed in Aim 4, following the same strategy used in 

the PC2 study. The specific aims are as follows: 

Aim 1: To examine the physical interaction of PC2 and filamin and their functional regulation  

Aim 2: To study how filamin stabilizes PC2 plasma membrane and total expression 

Aim 3: To study the net effect of filamin-PC2 interaction  

Aim 4: To examine the physical and functional interaction between ENaC and filamin 

 

Rationale  

In ADPKD cases, a series of downstream pathways have been found to be abnormal and 

thus drugs targeting to a certain pathway may not significantly or fully correct/rescue the entire 

phenotype. Direct targeting to the disease-causing molecule, PC2 in this thesis, would be the 

most effective and efficient way for further therapeutic strategies. Either gain or loss of PC2 
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function results in cystogenesis, no matter due to mutations or wild type dosage changes. Thus, 

the channel function of PC2 needs to be maintained in a narrow range. The PC2 channal 

function is determined by its protein expression, subcellular localization and single molecular 

activity, and all three parameters have been shown to be regulated by its binding partners. Thus 

in my study, I am looking at new PC2 binding partners and the regulatory effect on all three 

aspects of PC2. Cultured cell line is the major model used in this study because it is easy to 

manipulate (For details see Section 1.2.6). For functional study, planar lipid bilayer, a 

well-established in vitro method, was employed. Live cell Ca2+ imaging was used to study the 

in vivo function of and the net effect of filamin on PC2. At the end, zebrafish model was 

explored to investigate the physiological relevance of PC2-filamin interaction. 

The strategy used in the ENaC study is basically the same as that in PC2. One different is 

that Xenopus oocyte model in combination with two-electrode voltage clamp electrophysiology 

was used to study the channel function of ENaC. This is due to the advantage that abundant 

ENaC molecules are targeted to the plasma membrane of Xenopus oocyte, compared to PC2. 
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2.1 ABSTRACT 
 

Filamins are important actin cross-linking proteins implicated in scaffolding, membrane 

stabilization and signal transduction, through interacting with ion channels, receptors and 

signaling proteins. Here we reported a physical and functional interaction between filamins and 

polycystin-2 (PC2), a TRP-type cation channel mutated in 10–15% patients with autosomal 

dominant polycystic kidney disease. Yeast two-hybrid and GST pull-down experiments 

demonstrated that the C termini of filamin isoforms A, B and C directly bind to both the 

intracellular N- and C- termini of PC2. Reciprocal coimmunoprecipitation experiments showed 

that endogenous PC2 and filamins are in the same complex in renal epithelial cells and human 

melanoma A7 cells. We then examined the effect of filamin on PC2 channel function by 

electrophysiology studies in a lipid bilayer reconstitution system and found that filamin-A 

substantially inhibits PC2 channel activity. Our study indicates that filamins are important 

regulators of PC2, and further links actin cytoskeletal dynamics to the regulation of this 

channel protein. 
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2.2 INTRODUCTION 

Mammalian filamin was first isolated from rabbit macrophages in 1975 as an actin-binding 

protein (201). The mammalian filamin family consists of three ~280 kDa isoforms, filamin-A 

(FLNA), -B (FLNB) and -C (FLNC), sharing 60-80% sequence homology, of which FLNA is 

the most abundant and widely distributed (202). Filamins contain a N terminal actin-binding 

domain (ABD) that shares sequence similarity with other actin-binding proteins, and a rod 

domain consisting of 24 repeated anti-parallel β-sheets with one or two short ‘hinges’ inserted 

before repeats 16 and 24 (Fig. 1A). Filamins self-associate within a C terminal 7 kDa domain, 

to form homodimers with flexible V-shaped structure acting as ‘a molecular leaf spring’ to 

facilitate cross-linking of actin filaments (168). 

By cross-linking actin filaments at wide angles, filamins act as important actin 

cytoskeleton organizers implicated in sol-gel transformations and membrane stabilization as 

anchors of many transmembrane proteins, and as scaffolding proteins for various signaling 

molecules (169). Indeed, as versatile scaffolding proteins, filamins physically interact with, and 

regulate the activity of, many proteins with diverse functions (202). Mutations in the FLNA and 

FLNB genes are known to cause a variety of developmental disorders in humans, including 

bone anomalies, periventricular heterotopia, aortic dissection and aneurysm (203-205). 

Polycystin-2 (PC2), also known as TRPP2, is a member of the transient receptor potential 

polycystin (TRPP) subfamily of TRP channels. PC2, encoded by the PKD2 gene, is a 968 

amino acid (aa) integral membrane protein with six transmembrane domains and intracellularly 

localized N- and C- termini. PC2 bears similar membrane topology with other TRP channels 

and voltage-gated cation channels (27). PC2 is localized to different subcellular compartments 

such as the endoplasmic reticulum (ER) membrane (60), the primary cilium (65,206) and the 
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plasma membrane (PM) (207). Mutations in PKD2 account for 10-15% of autosomal dominant 

polycystic kidney disease (ADPKD), a common genetic disorder with a population prevalence 

of ~1:1000 that is characterized by formation of cysts in various organs, including the kidneys, 

liver and pancreas (208). Non-cystic manifestations of the disease include mitral valve prolapse, 

aortic dissection and vascular aneurysm (209,210). Despite the fact that cystic cells are 

associated with cell over-proliferation, de-differentiation and apoptosis, the underlying 

mechanisms of cyst formation remain ill defined. We found that PC2 inhibits cell proliferation 

by up-regulating the activity of the translation inhibitor eIF2α (211). Mice with either loss- or 

gain-of-function of PC2 are cystogenic (15,101). Thus, it seems critical for cells to control the 

PC2 cellular expression level within a narrow range. We recently found that PC2 degradation 

is regulated by the ER-associated degradation (ERAD) pathway through the 

ubiquitin-proteasome system, demonstrating that PC2 is a novel ERAD substrate (212).  

There are important connections between PC2 and the actin cytoskeleton. About half of 

PC2 interacting partners identified to date are cytoskeleton or cytoskeleton-associated proteins 

(213). PC2 interacts with α-actinin, an actin-bundling protein important in cytoskeletal 

organization, cell adhesion, proliferation and migration. Interestingly, both intracellular N- and 

C- termini of PC2 associate with this actin-binding protein. Their interaction substantially 

increases PC2 channel activity by increasing the channel open probability, but not the single 

channel conductance (45). Thus, α-actinin binds to PC2 to regulate the channel gating rather 

than affecting its physical channel pore. Dynamic changes in actin filament organization also 

modulate the channel function PC2 in the apical membrane of human syncytiotrophoblast 

(hST), a preparation that contains abundant endogenous PC2 (26). Either addition of G-actin, 

treatment with the actin filament disrupter cytochalasin D, or addition of the actin-severing 
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protein gelsolin to the apical membrane of the hST dramatically increases PC2 channel activity 

(214). Thus, the actin cytoskeleton anchors PC2 to the PM not only for structural purposes, but 

also to regulate its channel function. It was reported that both hydrostatic and osmotic 

pressures stimulate PC2 channel activity in hST, a phenomenon in which the effect of both 

physical factors was abolished by pre-treatment with the cytoskeletal disrupter cytochalasin D 

(215). Thus, PC2 and actin structures together, but not the channel alone, confer PC2 

sensitivity to these physical factors. This suggests that the actin cytoskeleton associated with 

PC2 acts as an integral part of a sensing complex responsive to hydrostatic and osmotic 

changes.  

In the present study, we first examined and documented by various in vitro and in vivo 

approaches, the physical interaction between PC2 and the actin cross-linking proteins filamins. 

We then examined the effect of FLNA on PC2 channel function. 
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2.3 MATERIALS AND METHODS 

Antibodies 

Three anti-PC2 antibodies were used in this study, including mouse 1A11 (44,45), goat 

G-20 (45) and rabbit H-280 (Santa Cruz Biotech, Santa Cruz, CA). The antibodies used to 

label filamins included mouse FIL-2, raised using chicken gizzard filamin antigen 

(Sigma-Aldrich Canada, Oakville, ON), mouse anti-FLNA E-3 and rabbit H-300 (Santa Cruz 

Biotech). Affinity purified goat anti-GFP EU4 (Eusera, Edmonton, AB) was utilized for 

immunoprecipitation (IP) and mouse anti-GFP B-2 (Santa Cruz Biotech) for immunoblotting 

(IB). Mouse anti-His Tag 27E8 (New England Biolabs, Pickering, ON) was employed to detect 

His-tagged filamins C termini in GST pull-down. Rabbit anti-calnexin C4731 (Sigma-Aldrich 

Canada) was used for immunofluorescence (IF). Either rabbit A2066 (Sigma-Aldrich Canada) 

or mouse anti-β-actin C4 (Santa Cruz Biotech), and mouse anti-HSP60 H-1 (Santa Cruz 

Biotech) antibodies were used as loading controls. Secondary antibodies were purchased from 

GE Healthcare (Baie d’Urfe, Quebec) or Santa Cruz Biotech. 

 

Plasmid construction 

The FLNAC and FLNBC cDNAs were isolated by PCR from either a human kidney 

cDNA library or HEK293 cells. The cDNA encoding the C terminus of FLNC (FLNCC, aa 

2144-2725) was cut from the pACT2-FLNCC plasmid. The cDNAs were subcloned into 

pGADT7 and pET28a (Novagen, EMD Chemicals, Gibbstown, NJ) for yeast and bacterial 

expression, respectively. Mammalian expression plasmids pEGFP-PC2, pEGFP-PC2∆C (aa 

1-688, lacking the C terminus) and pEGFP-PC2∆N (aa 209-968, lacking the N terminus), in 

which GFP is fused to the N terminal end of PC2, were constructed based on a method 
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previously described (45). All plasmid constructs were verified by sequencing. 

 

Yeast two-hybrid analysis 

cDNA fragments encoding either the N terminus (PC2N, aa 1-215) or C terminus (PC2C, 

aa 682-968) of human PC2 were subcloned in frame into the GAL4 DNA binding domain of 

the pGBKT7 vector (Clontech, Palo Alto, CA) by a PCR-based approach. Either PC2N or 

PC2C was used as a bait in a yeast two-hybrid screen using human heart library (Clontech) 

constructed in the pGADT7 vector in the yeast strain AH109 containing Ade2, His3 and LacZ 

reporter genes under the control of the GAL4 upstream activating sequences as described (45). 

A pair bait-prey was then co-transformed in the yeast strain Y187. The β-GAL activity was 

determined based on the time it takes for colonies to turn blue in X-gal filter lift assays 

performed at 30ºC.  

 

GST pull-down 

The cDNA fragments encoding PC2N or PC2C were subcloned into the pGEX5X vector 

(Pharmacia, Piscataway, NJ, USA). Expression of GST-PC2C, GST-PC2N or GST alone was 

conducted in the protease-deficient bacterial strain E. coli BL21 (DE3). Protein expression was 

allowed for 5 hrs at 28ºC after inducing with IPTG (1 mM). The bacterial pellet was obtained 

and lysed by grinding with Alumina type A-5 (Sigma-Aldrich, Canada) in an extraction buffer, 

containing 140 mM NaCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.5. The supernatant 

was either used for GST purification with a commercial kit (Clontech, Polo Alto, CA), or used 

directly in GST pull-down experiments. The cDNA fragments encoding either, FLNAC, 

FLNBC, or FLNCC were cloned into the pET28a vector containing a poly His epitope on its 5’ 
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end (Novagen). Proteins were similarly expressed and purified by a His Bind® kit (Novagen) 

according to manufacturer’s protocol. Either pre-cleared bacterial protein extracts (250 µl) 

containing GST-tagged PC2N, PC2C or GST alone, or purified GST fusion proteins (2 µg), 

were incubated with purified His-FLNAC, -FLNBC or -FLNCC fusion protein (2 µg), in the 

binding buffer, containing 150 mM NaCl, 1.0 mM CaCl2, and 50 mM Tris, pH 7.5. The 

mixture was incubated at room temperature (RT) for 1 hr with gentle shaking, followed by 

another hour of incubation after addition of 100 µl glutathione-agarose beads (Sigma-Aldrich 

Canada). The beads were then washed 4-5 times with 140 mM NaCl, 10 mM Na2HPO4, and 

1.8 mM KH2PO4, pH 7.5. The remaining proteins are eluted using elution buffer containing 10 

mM glutathione, 50 mM Tris, and pH 8.0. The protein samples were then prepared for IB. 

 

Cell culture and transfection 

Renal cell lines, including HEK293, MDCK, IMCD, and porcine kidney cells LLC-PK1 

were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 

L-glutamine, penicillin-streptomycin, and 10% fetal bovine serum (FBS). MDCK cells stably 

expressing either GFP-PC2 or GFP alone were selected as previously described (216) and 

maintained in the presence of 300 µg/ml G418 (Invitrogen Canada Inc., Burlington, ON). The 

human melanoma cell lines M2 and A7 were maintained in minimal essential medium 

supplemented with 8% newborn calf serum and 2% fetal calf serum. Transfection of cDNAs 

was performed using Lipofectamine 2000 (Invitrogen Canada Inc.) according to the 

manufacturer’s protocol.  

 

Human melanoma cell lines 



 

 46 

Human melanoma M2 cells, grown as previously described (217), is deficient of filamins. 

Transfection of FLNA into M2 cells generated A7 cells. To generate M2 and A7 PC2 stable 

cell lines, 600 mg/ml of hygromycin and 300 µg/ml G418 were added to select viable clones 

one day following transfection, and then maintained using 100 µg/ml hygromycin or 

hygromycin plus 300 µg/ml G418, respectively. M2 cells display impaired motility and 

dysfunctional actin organization. FLNA-replete A7 cells that exhibit both normal motility and 

actin cytoskeletal organization (217). 

 

Immunofluorescent microscopy  

MDCK, M2 and A7 human melanoma cells stably expressing PC2 were grown on 

coverslips, fixed for 10 min at RT with 2% paraformaldehyde, and washed twice with PBS. 

Cells were then permeabilized for 3 min at RT with PBS containing 0.05% Triton X-100, 

blocked in PBS with 3% skim milk powder for 1 hr, and incubated with either anti-FLNA E3 

or anti-calnexin overnight at 4ºC, followed by 1 hr incubation with the secondary antibody. 

Cells were finally washed with PBS containing 0.1% Tween 20. Vectashield mounting 

medium with DAPI (Vector Laboratories, Burlingame, CA) was used to protect IF signals from 

fading. Pictures were captured with a fluorescence microscope with Colibri LED (Carl Zeiss 

Canada Ltd., Toronto, ON). The final composite images were created using AxioVision 4.8 

(Carl Zeiss Canada Ltd.). 

 

Protein preparation and lipid bilayer electrophysiology 

Commercial chicken gizzard filamin (FLNA, Cell Sciences, Canton, MA) was used as a 

modulator of PC2 channel function. Purified PC2 protein was obtained either by in vitro 
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translation (Applied Biosystems) or by our modified tandem affinity purification method from 

PC2 stably expressing MDCK cells (45,216). PC2-containing hST apical membrane vesicles 

were prepared and reconstituted in a lipid bilayer system for electrophysiology studies, as 

previously described (216,218). Briefly, a lipid bilayer membrane was formed with a mixture 

of 1-palmitoyl-2-oleoyl phosphatidyl-choline and phosphatidyl-ethanolamine (Avanti Polar 

Lipids, Birmingham, AL, USA) at a 7:3 ratio in a Deldrin cup inserted in an acrylic chamber 

(Harvard Apparatus, Montreal, QC, Canada). The cis (intracellular) compartment contains 10 

mM MOPS, 150 mM KCl and 15 µM Ca2+ (by 1 mM EGTA and 1.01 mM/L CaCl2), pH 7.4. 

The trans (extracellular) chamber contains 10 mM MOPS and 15 mM KCl, pH 7.4. The PC2 

preparation was either added to the cis chamber in the proximity of the bilayer, or was 

‘painted’ directly into the membrane. Filamin was added to the trans chamber of the bilayer 

cuvette, to a final concentration of approximately 25 nM. Negative controls were also 

conducted by addition of either a similar volume of saline without filamin, or addition of the 

same concentration of denatured filamin obtained by boiling the protein for 5-10 min. Voltage 

clamping of single channel currents was performed using Clampex 9 (Molecular Devices, 

Union City, CA, USA).  

 

Data analysis 

IB signals were quantified by ImageJ (National Institute of Health, Bethesda, MD), 

analyzed and plotted using SigmaPlot 11 (Systat Software Inc., San Jose, CA). Data were 

expressed as mean ± SEM (n), where n indicates the number of experimental repeats. 

Statistical analysis was conducted by Student’s t-test, and a probability value (p) of less than 

0.05 was considered significant (*). 
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2.4 RESULTS 

2.4.1 Association of PC2 with filamins revealed by yeast two-hybrid assay 

To identify novel proteins interacting with PC2 in vivo, we screened a human heart yeast 

two-hybrid library (Clontech) with the PC2 N terminus (PC2N, aa 1-215) and C terminus 

(PC2C, aa 682-968), as previously described (45,219). One plasmid isolated from the library 

represented a splicing variant of FLNC (Accession Number: AF146692, 9044 bp coding for 

2691 aa). The identified FLNC cDNA was the 3’ fragment starting at nucleotide 6331, 

encoding a polypeptide that corresponds to FLNC aa 2111-2691 and comprises both the 20-24 

repeats and the second hinge. This region interacted with both PC2N and PC2C (Figure 2-1). 

Given that the three mammalian filamin isoforms share high sequence similarities, we further 

explored whether FLNA and FLNB, which are more abundantly and universally expressed 

than FLNC, also bound PC2. Indeed, the C terminus of human FLNA (FLNAC, aa 2150-2647), 

FLNB (FLNBC, aa 2105-2602) and FLNC (FLNCC, aa 2144-2725) associated with both 

PC2N and PC2C (Figure 2-1 C). 
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FLNA 2150 APSVANVGSHCDLSLKIP-------------------------------------------------------------- 
FLNB 2105 APSVATVGSICDLNLKIP-------------------------------------------------------------- 
FLNC 2144 APSIATIGSTCDLNLKIPGNWFQMVSAQERLTRTFTRSSHTYTRTERTEISKTRGGETKREVRVEESTQVGGDPFPAVFG 
                                                                                          
FLNA 2168 --------------------EISIQDMTAQVTSPSGKTHEAEIVEGENHTYCIRFVPAEMGTHTVSVKYKGQHVPGSPFQ 
FLNB 2123 --------------------EINSSDMSAHVTSPSGRVTEAEIVPMGKNSHCVRFVPQEMGVHTVSVKYRGQHVTGSPFQ 
FLNC 2224 DFLGRERLGSFGSITRQQEGEASSQDMTAQVTSPSGKVEAAEIVEGEDSAYSVRFVPQEMGPHTVAVKYRGQHVPGSPFQ 
                                                                                          
FLNA 2228 FTVGPLGEGGAHKVRAGGPGLERAEAGVPAEFSIWTREAGAGGLAIAVEGPSKAEISFEDRKDGSCGVAYVVQEPGDYEV 
FLNB 2183 FTVGPLGEGGAHKVRAGGPGLERGEAGVPAEFSIWTREAGAGGLSIAVEGPSKAEITFDDHKNGSCGVSYIAQEPGNYEV 
FLNC 2304 FTVGPLGEGGAHKVRAGGTGLERGVAGVPAEFSIWTREAGAGGLSIAVEGPSKAEIAFEDRKDGSCGVSYVVQEPGDYEV 
                                                                                          
FLNA 2308 SVKFNEEHIPDSPFVVPVASPSGDARRLTVSSLQESGLKVNQPASFAVSLNGAKGAIDAKVHSPSGALEECYVTEIDQDK 
FLNB 2263 SIKFNDEHIPESPYLVPVIAPSDDARRLTVMSLQESGLKVNQPASFAIRLNGAKGKIDAKVHSPSGAVEECHVSELEPDK 
FLNC 2384 SIKFNDEHIPDSPFVVPVASLSDDARRLTVTSLQETGLKVNQPASFAVQLNGARGVIDARVHTPSGAVEECYVSELDSDK 
                                                                                          
FLNA 2388 YAVRFIPRENGVYLIDVKFNGTHIPGSPFKIRVGEPGHGGDPGLVSAYGAGLEGGVTGNPAEFVVNTSNAGAGALSVTID 
FLNB 2343 YAVRFIPHENGVHTIDVKFNGSHVVGSPFKVRVGEPGQAGNPALVSAYGTGLEGGTTGIQSEFFINTTRAGPGTLSVTIE 
FLNC 2464 HTIRFIPHENGVHSIDVKFNGAHIPGSPFKIRVGEQSQAGDPGLVSAYGPGLEGGTTGVSSEFIVNTLNAGSGALSVTID 
                                                                                          
FLNA 2468 GPSKVKMDCQECPEGYRVTYTPMAPGSYLISIKYGGPYHIGGSPFKAKVTGPRLVSNHSLHETSSVFVDSLTKATCA--P 
FLNB 2423 GPSKVKMDCQETPEGYKVMYTPMAPGNYLISVKYGGPNHIVGSPFKAKVTGQRLVSPGSANETSSILVESVTRSSTE--T 
FLNC 2544 GPSKVQLDCRECPEGHVVTYTPMAPGNYLIAIKYGGPQHIVGSPFKAKVTGPRLSGGHSLHETSTVLVETVTKSSSSRGS 
             
FLNA 2546 QHGAPGPGPADASKVVAKGLGLSKAYVGQKSSFTVDCSKAGNNMLLVGVHGPRTPCEEILVKHVGSRLYSVSYLLKDKGE 
FLNB 2501 CYSAIPKASSDASKVTSKGAGLSKAFVGQKSSFLVDCSKAGSNMLLIGVHGPTTPCEEVSMKHVGNQQYNVTYVVKERGD 
FLNC 2624 SYSSIPKFSSDASKVVTRGPGLSQAFVGQKNSFTVDCSKAGTNMMMVGVHGPKTPCEEVYVKHMGNRVYNVTYTVKEKGD 
                                 
FLNA 2626 YTLVVKWGHEHIPGSPYRVVVP 2647 
FLNB 2581 YVLAVKWGEEHIPGSPFHVTVP 2602 
FLNC 2704 YILIVKWGDESVPGSPFKVKVP 2725 
 

A

prey (PGADT7)
bait (PGBKT7)

FLNAC
(2150-2647)

FLNBC
(2105-2602)

FLNCC
(2144-2725)

Vector

PC2N (1-215) ++ ++ +++ -
PC2C (682-968) ++ ++ +++ -
PC1C (4088-4302) - - - -
Vector - - - -
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Figure 2-1. Structural domains and sequence of filamins and PC2, and their 

interaction identified by yeast two-hybrid assay. (A) Upper panel, domain structure of 

human filamins, FLNA, FLNB and FLNC, and sequence alignment. Filamins share 

common features such as the N terminal ABD and a semi-rigid rod composed of 24 Ig-like 

repeats (~96 aa each) interrupted by two short flexible hinges (H1 and H2). The PC2 

binding domain is indicated. Lower panel, sequence alignment of three filamin C termini, 

which share 70-75% sequence similarity. (B) Structural domain of PC2 is shown, 

indicating both the intracellular N- and C- termini (PC2N and PC2C, filamin-interacting 

domains) and transmembrane spans (TMs). (C) Interaction data revealed by β-GAL 

induction assay in the yeast two-hybrid screen system. PC2N, PC2C, the C terminus of 

polycystin-1 (PC1C) and the empty vector were used as bait. The C termini of filamins and 

the empty vector were used as prey. ‘+++’, ‘++’, ‘+’ and ‘-’ indicate development of blue 

color within 1, 3 and 24 hours, and no development of blue color within 24 hours, 

respectively, in X-gal filter lift assays. 
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2.4.2 Interaction of PC2 with filamins revealed by GST pull-down and co-IP 

We employed an in vitro GST fusion protein affinity binding assay to further characterize 

the interaction between PC2 and filamins. Both PC2N and PC2C were fused in frame with a 

GST epitope, expressed in the bacterial strain BL21 and purified (Figure 2-2 A). His-tagged 

FLNAC, FLNBC and FLNCC were similarly expressed and purified (Figure 2-2 A). PC2N and 

PC2C present in the cell lysates were found to interact with purified FLNAC, FLNBC and 

FLNCC (Figure 2-2 B). Purified PC2N and PC2C also interacted with all three filamin C 

termini (Figure 2-2 C). These data together demonstrated that PC2 directly binds the C termini 

of filamins through its N- and C- termini. The amounts of PC2N detected by GST antibody 

were much lower than that of PC2C (Figure 2-2 B, GST bands, lower panels) whenever cell 

lysates were used. However, their binding to filamins was comparable (Figure 2-2 B, His bands, 

upper panels), indicating a stronger PC2N-filamin interaction than the PC2C-filamin 

interaction. Consistently, after taking into account the different amounts of purified PC2N and 

PC2C that were pulled down by GST antibody (Figure 2-2 C, GST bands, lower panels), it can 

be seen that the PC2N-filamin binding was stronger than the PC2C-filamin binding (Figure 2-2 

C, His bands, upper panels). Thus, these data together indicated that binding of PC2N to the 

filamin C terminus is stronger than that of PC2C to the filamin C terminus.  
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. 

Figure 2-2. Interaction between PC2 and filamins by GST pull-down. (A) Total expression of 

purified GST- or His-tagged proteins. Left panel, representative data obtained with an anti-GST 

antibody showing purified GST fusion proteins and buffer from E. coli. Right panel, IB imaging 

obtained with an anti-His antibody showing purified His-tagged FLNAC, FLNBC and FLNCC 

from E. coli. (B) E. coli lysates from cells expressing GST-PC2N, GST-PC2C, GST alone, BSA or 

binding buffer alone, were incubated with purified His-tagged FLNAC, FLNBC or FLNCC. 

Glutathione-agarose beads were used to pull down GST epitope binding proteins. The resultant 

(Bound) protein samples were immunoblotted with an anti-His antibody or an anti-GST antibody 

to indicate the effective GST fusion proteins participated in interaction with His-tagged proteins. 

(C) Data were obtained under similar conditions as in panel B, except that we utilized purified 

GST-PC2N, GST-PC2C, GST alone, or the binding buffer alone, incubated with purified 

His-tagged FLNAC, FLNBC or FLNCC. All data are representative of six experiments. 
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To further explore whether endogenous PC2 interacts with filamins in mammalian cells, 

we performed co-IP experiments using IMCD and MDCK epithelial cells. FLNA was detected 

in the precipitated lysates using a PC2 antibody, but not in the control immunoprecipitates 

using non-immune serum (Figure 2-3 A). Reciprocally, PC2 was detected in the FLNA 

precipitated lysates (Figure 2-3 A). The endogenous PC2-FLNA interaction was confirmed by 

co-IP in LLC-PK1 and HEK293 cells (Figure 2-3 B). Taken together, these results 

demonstrated that PC2 not only directly binds FLNA in vitro but also forms protein complexes 

with FLNA in vivo. Further, by over-expressing PC2N and PC2C in human melanoma A7 cells 

we found by co-IP that both PC2N and PC2C interact with endogenous FLNA and that the 

PC2N-FLNA interaction is stronger than the PC2C-FLNA interaction (Figure 2-3 C), in 

agreement with our results obtained from in vitro binding data (Figures 2-1 and 2-2).  
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Figure 2-3. Interaction between PC2 and filamin by co-IP. Data are representative of three 

experiments. (A) Interaction between endogenous PC2 and FLNA in IMCD and MDCK cells 

was determined by co-IP. Total proteins were precipitated with either anti-PC2 H-280 or 

non-immune rabbit IgG, and detected with the anti-FLNA antibody H-300 or anti-PC2 

antibody 1A11 (Bound). Input indicates the protein expression of FLNA and PC2 (Total). 

Reciprocally, total proteins were precipitated with either anti-FLNA H-300 or non-immune 

rabbit IgG, and probed with anti-PC2 antibody 1A11. (B) Interaction between endogenous PC2 

and FLNA in LLC-PK1 and HEK293 cells by co-IP. Total proteins were precipitated with 

either H-300 or non-immune rabbit IgG, and probed with anti-PC2 antibody 1A11 or H-300 

(Bound). Input indicates the protein expression of PC2 and FLNA (Total). (C) Interaction of 

endogenous FLNA with over-expressed PC2 in A7 cells stably expressing GFP-PC2 and 

transiently expressing GFP-PC2N, GFP-PC2C, GFP-PC2N+GFP-PC2C (N+C), or GFP. After 

48 hr of transient transfection, cells were collected for IP with anti-FLNA antibody (H-300) 

and the subsequent precipitates were subject to SDS-PAGE and immunoblotting with anti-GFP 

antibody B-2 to detect the signals of GFP-PC2, GFP-PC2N, GFP-PC2C and GFP. 
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2.4.3 Co-localization of PC2 with FLNAA and calnexin revealed by IF 

We stably expressed GFP-tagged human PC2 in FLNA-deficient M2 human melanoma 

cells, and A7 cells genetically rescued by expression of FLNA. The subcellular distribution of 

both PC2 and FLNA was examined, and as expected, GFP signals were detected in both M2 

and A7 cells, while FLNA was only observed in A7 cells (Figure 2-4). We found that 

GFP-PC2 and FLNA partially colocalized in the perinuclear region of A7 cells (Figure 2-4 A). 

Using an antibody against the ER membrane marker calnexin, we also found that a significant 

fraction of intracellular PC2 localizes to the ER (Figure 2-4 B). 
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Figure 2-4. Cellular localization of PC2. M2 and A7 human melanoma cells 

over-expressing GFP-PC2 were grown on coverslips and incubated at 4◦C 

overnight after fixation, with either anti-FLNA E-3 or anti-calnexin primary 

antibodies. The length of the white bar is 20 µm. Data are representative of three 

experiments. (A) Subcellular colocalization of PC2 and FLNA. (B) Subcellular 

co-localization of PC2 and the ER marker calnexin (CNX). 
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2.4.4 Effect of filamin on the channel function of PC2 in lipid bilayer system 

Among the various interactions between the actin cytoskeleton and PC2, previous studies 

have shown that both actin-binding proteins and actin cytoskeletal dynamics control PC2 

channel function. Thus, we next explored the possibility that FLNA exerts a direct effect on the 

cation channel activity of PC2. For this, we used either PC2 protein obtained by in vitro 

translation, which should be devoid of associated proteins, or obtained from MDCK cells 

stably expressing PC2 by our modified tandem affinity purification method (216) (data not 

shown). PC2 was reconstituted in a lipid bilayer system for electrophysiology studies. We 

observed that addition of commercial chicken gizzard FLNA (25 nM) to the cis side of the 

lipid bilayer chamber abolished PC2 channel activity (n = 4, Figure 2-5). In control 

experiments, addition of either the same saline solution containing no FLNA or denatured 

(boiled for 7 min) FLNA (25 nM) did not significantly affect PC2 channel activity (n = 4, data 

not shown), indicating the specific inhibitory effect of FLNA on PC2 channel. To provide 

further evidence of the inhibitory effect of filamins on PC2 channel function, we also used hST 

apical membrane vesicles expressing abundant endogenous PC2, as previously described (215), 

in a lipid bilayer reconstitution system. We observed that commercial chicken gizzard FLNA, 

but not the denatured one, also reduces PC2 channel activity in hST vesicles (Figure 2-6). 
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Figure 2-5. Effect of FLNA on purified PC2 channel activity in a lipid bilayer system. The 

PC2 protein was prepared by in vitro translation and reconstituted in a lipid bilayer system. (A) 

Representative tracings of reconstituted PC2 at +40 mV before and after addition of 

commercial chicken gizzard FLNA (25 nM), to the cis chamber. (B) Expanded tracings from 

panel A, recorded before and after FLNA addition (n = 3). (C) Averaged open probability 

recorded at +40 mV before and after addition of FLNA (n = 4; p < 0.01, by paired t-test).  
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Figure 2-6. Regulation of hST PC2 channel function by FLNA. Apical hST membranes, 

containing endogenous PC2 were reconstituted in a lipid bilayer electrophysiology system, as 

in Figure 2-5. (A) Representative recordings of PC2 channel activity in the absence and 

presence of commercial FLNA (25 nM) added to the cis chamber. All-point histograms are 

shown on the right of each tracing, to indicate current amplitude (n = 7). (B) Averaged open 

probability in the presence and absence of FLNA (n = 7; p < 0.05). (C) Representative 

recording showing real-time inhibition of PC2 activity by addition of FLNA to the cis chamber 

(n = 7). 
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2.5 DISCUSSION 

In this study we have demonstrated, by various protein-protein interaction methods 

including yeast two-hybrid screen, GST pull-down and co-IP, that PC2 physically interacts 

with the actin cross-linking protein filamin. We also determined by a lipid bilayer 

electrophysiology reconstitution system that filamin functionally interacts with, and inhibits the 

channel function of PC2.  

PC2 has been shown to interact with a number of components of both actin-based and 

microtubular cytoskeleton, including Hax-1 (220), CD2-associated protein (221,222), 

tropomyosin-1 (219), troponin-I (46), α-actinin (45) and the kinesin-2 motor subunits KIF3A 

and KIF3B (44,223). Some of these interactions are not only structural, i.e., helping anchorage 

of the channel protein to the cytoskeletal network, but also functional, enabling the regulation 

of PC2 channel activity. KIF3B, e.g., was shown to mediate not only the physical interaction 

between PC2 and fibrocystin, the single transmembrane receptor-like protein mutated in 

human autosomal recessive PKD, but also the stimulation of the PC2 channel activity by 

fibrocystin (44). On the other hand, KIF3A only binds PC2 but not fibrocystin, and directly 

stimulates PC2 channel activity (223). An important interaction between the actin cytoskeleton 

and PC2 is observed by actin-binding proteins such as α-actinin. α -actinin not only binds PC2 

but up-regulates its channel function as well. This may imply a more general regulatory 

mechanism in the control of ionic membrane permeability, because α-actinin also regulates the 

activity of a number of other ion channels, including the K+ channel Kv1.5 (224), the L-type 

Ca2+ channel (225) and NMDA receptors through direct binding (226,227). Here we have 

shown that filamin, an actin cross-linking protein that helps creating and regulating actin 

three-dimensional gels, binds directly to PC2N and PC2C, and represses PC2 channel activity. 
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In this study, we employed several approaches to demonstrate structural and functional 

interactions between PC2 and the three isoforms of filamins. We also investigated the protein 

fragments of both PC2 and filamin that are involved in this interaction.  

Interestingly, it was recently observed that PC2 expression inhibits stretch activated 

channels (SACs) activity in smooth muscle cells, while polycystin-1, a membrane receptor-like 

protein mutated in about 80% of ADPKD, reverses the inhibition by forming a protein complex 

with PC2 (228). This study, which is believed to be important for understanding myogenic 

regulation, also seems to have revealed a potential physical interaction between PC2 and 

FLNA. Sharif-Naeini et al. demonstrated that in the mouse VSMC line MOVAS, the actin 

cytoskeleton is indeed implicated in SAC inhibition by PC2, as this effect was abolished by 

F-actin disruption in the absence of FLNA (228). SAC non-selective channel activity was 

reduced in the presence of FLNA, and the inhibitory effect of PC2 expression was abolished 

when FLNA was absent. The study employed co-IP to show that PC2 and FLNA are in the 

same complex, since FLNA precipitated PC2 from COS cells over-expressing both PC2 and 

FLNA. It remained undetermined, however, not only as to whether the two proteins would bind 

each other directly, but also as to which domains were involved in the interaction and whether 

endogenous PC2 and FLNA would interact with each other in vivo. Our present study 

specifically answered these questions by using various in vitro and in vivo protein-protein 

interaction approaches (Figures 2-1, 2-2, 2-3).  

Filamins directly bind, mostly via their C termini, to more than 30 protein partners with 

diverse functions, showing their great versatility as signalling scaffolds (202). In particular, 

studies have demonstrated that filamin binding is important for the synthesis, surface 

membrane retention, and/or degradation of partner proteins. E.g., FLNA directly binds furin to 
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reduce its internalization and increase its protein synthesis (170). Through physical binding, 

FLNA decreases the proteasomal/lysosomal degradation of the platelet glycoprotein subunit 

GpIbα, the G protein-coupled calcitonin receptor, and the class I IgG receptor FcγRI. FLNA 

increases the degradation of epidermal growth factor receptor, and possibly of prostate-specific 

membrane antigen PSMA (171,229-232). Finally, FLNA also stabilizes FcγRI and PSMA in 

the PM (170,230,232).  

Although ADPKD is mainly associated with cyst formation in the kidneys and liver, 

ADPKD and mutations in filamins are associated with comparable manifestations in the 

vascular system, such as dissection, aneurysm and fragility (203-205,209,210). It is thus 

important to determine the contribution of the PC2-filamin interaction to these vascular 

abnormalities, e.g., through the use of animals with mutations in both PC2 and filamins. In 

summary, our data indicated that the actin cross-linking protein filamin is an interacting partner 

of PC2, and an important regulator of PC2 function, which may be relevant to the pathogenesis 

associated with mutations in either PC2 or filamins. 
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3.1 ABSTRACT 

Polycystin-2 (PC2), encoded by the PKD2 gene, is mutated in ~15% of autosomal 

dominant polycystic kidney disease. Filamins are actin-binding proteins implicated in 

scaffolding and membrane stabilization. Here we studied the effects of filamin on PC2 stability 

using filamin-deficient human melanoma M2, filamin-A (FLNA)-replete A7, HEK293 and 

IMCD cells together with FLNA siRNA/shRNA knockdown. We found that the presence of 

FLNA is associated with higher total and plasma membrane PC2 protein expression. Western 

blotting analysis in combination with FLNA knockdown showed that FLNA in A7 cells 

represses PC2 degradation, prolonging the half-life from 2.3 to 4.4 hours. By 

co-immunoprecipitation and Far Western blotting we found that the FLNA C terminus 

(FLNAC) reduces the FLNA-PC2 binding and PC2 expression, presumably through competing 

with FLNA for binding PC2. We further found that FLNA mediates PC2 binding with actin 

through forming complex PC2-FLNA-actin. FLNAC acted as a blocking peptide and disrupted 

the link of PC2 with actin through disrupting the PC2-FLNA-actin complex. Finally, we 

demonstrated that the physical interaction of PC2-FLNA is Ca2+-dependent. Taken together, 

our current study indicates that FLNA anchors PC2 to the actin cytoskeleton through complex 

PC2-FLNA-actin to reduce degradation and increase stability, and possibly regulate PC2 

function in a Ca2+-dependent manner. 
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3.2 INTRODUCTION  

Polycystin-2 (PC2 or TRPP2) belongs to the transient receptor potential polycystin (TRPP) 

subfamily of TRP channels. PC2 is a 968 aa integral membrane protein with six 

transmembrane domains and intracellularly localized N- and C- termini. Encoded by the PKD2 

gene, PC2 is a Ca2+-permeable cation channel (27) mainly located in the endoplasmic 

reticulum (ER) membrane (60), but is also present in the primary cilium (65,206) and plasma 

membrane (PM) (207). PC2 membrane targeting is regulated by several factors, such as PC1, 

phosphofurin acidic cluster sorting proteins and intracellular calcium release (25,40,68,233). 

Mutations in PKD2 account for 10-15% of the autosomal dominant polycystic kidney disease 

(ADPKD) (27), a prominent inherited disorder that affects 12.5 million people worldwide. 

ADPKD is characterized by formation of cysts in the kidneys, and to a less extent in the liver 

and pancreas. At the cellular level, ADPKD is associated with elevated cell proliferation, 

apoptosis, and de-differentiation (234-236). Until now, the underlying mechanisms of cyst 

formation have remained ill defined and no effective therapy has been developed. Previously, 

we found that PC2 down-regulates cell proliferation via promoting PERK-dependent 

phosphorylation of eukaryotic initiation factor eIF2α (211). Mice with either loss- or 

gain-of-function of PC2 are cystogenic (15,101). Therefore, PC2 cellular level has to be 

regulated within a narrow range. 

Filamin, the first non-muscle actin filament cross-linking protein, was identified in 1975 

(201). The filamin family comprises three members, filamin-A (FLNA), -B (FLNB) and -C 

(FLNC) which share 60-80% sequence homology, of which FLNA is the most abundant and 

widely distributed (202). Filamins contain a spectrin-related domain in the N terminus that 

directly binds actin and is followed by 24 β-sheet repeats (169,202). The most C terminal 
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repeat 24 mediates formation of a homodimer of a flexible V-shaped structure that acts as ‘a 

molecular leaf spring’ to facilitate cross-linking of actin filaments (168). By cross-linking 

cortical actin, filamins give cells a dynamic three-dimensional structure. They also interact 

with a large number of proteins of great functional diversity, indicating that they are versatile 

scaffolding proteins. Over 90 filamin interacting partners have so far been identified, including 

channels, receptors, intracellular signaling molecules, and even transcription factors (180). 

Recently, we reported that filamins interact with the epithelial sodium channel on the surface 

membrane for both structural purposes and functional regulation (237). The presence of this 

extensive array of associated proteins may account in part for the fact that mutations in human 

filamin genes result in a wide range of cell and tissue anomalies, including bone anomalies, 

periventricular heterotopias, aortic dissection and aneurysm (203-205). 

Connections between PC2 and cytoskeleton proteins have been established by several 

studies. Among PC2 interacting partners identified so far, half are cytoskeleton or 

cytoskeleton-associated proteins (213). In 2005, we found that α-actinin, an actin-binding 

protein important in cytoskeleton organization, cell adhesion, proliferation and migration, 

interacts with both the intracellular N- and C- termini of PC2 and substantially stimulated its 

channel function (45). PC2 channel function is modulated by dynamic changes in actin 

filament organization in the apical membrane of human syncytiotrophoblast, which is the most 

apical epithelial barrier that covers the villous tree of human placenta (26). Further studies 

suggested that cytoskeleton proteins are likely to mediate the regulation of PC2 channel 

function by physical forces such as hydrostatic and osmotic pressure in human 

syncytiotrophoblast (215). In mitotic spindles of dividing cells PC2 interacts and co-localizes 

with mDia1, a member of the RhoA GTPase-binding formin homology protein family that 
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participates in cytoskeletal organization (233). Recently, we demonstrated that C terminus of 

filamins directly bind to both the intracellular N- and C- termini of PC2, and that FLNA 

substantially inhibits PC2 channel activity in a lipid bilayer reconstitution system (237). 

In the present study, we explored the role of FLNA in regulating PC2 stability and 

degradation, using mammalian cultured cells in combination with 35S pulse labeling, Western 

blotting (WB), co-immunoprecipitation (co-IP), cell surface biotinylation, and gene 

over-expression/knockdown (KD). We also examined the Ca2+-dependence of the PC2-FLNA 

binding. 



 

 70 

3.3 MATERIALS AND METHODS 

Antibodies 

PC2 (H-280), GFP (B-2), FLNA (E-3), FLNA (H-300), β-actin (C4), Na+/K+ ATPase 

(H-300) and HSP60 (H-1) antibodies were purchased from Santa Cruz Biotech (Santa Cruz, 

Dallas, TX, USA). PC2 (1A11) mouse polyclonal antibody (44,45) and PC2 (H-280) was used 

to detect native PC2. Antibody E-3 against the N terminus of FLNA was used to detect full 

length FLNA while antibody H-300 was used to detect both the full length and C terminus of 

FLNA (FLNAC, aa 2150-2647). Goat anti-GFP (EU4) was purchased from Eusera (Eusera, 

Edmonton, AB, Canada). Secondary antibodies were purchased from GE Healthcare (Baie 

d’Urfe, QC, Canada). 

 

Cell lines and transfection 

M2 and A7 PC2 stable cell lines, as previously described (237), were maintained with 

hygromycin (100 µg/ml) (M2) or hygromycin plus G418 (300 µg/ml) (A7) (Invitrogen Canada, 

Burlington, ON, Canada). Full length human FLNA plasmid pcDNA3-myc-FLNA (ID 8982) 

was purchased from Addgene (Addgene, Cambridge, MA, USA). FLNA shRNA and the 

corresponding empty vector p/PUR/U6 as a negative control were generous gifts of Dr. Z. 

Shen (Cancer Institute of New Jersey, New Brunswick, NJ, USA). Briefly, HeLa and A7 cells 

were transfected with either the empty vector or FLNA shRNA using the Lipofectamine 2000 

reagent (Invitrogen Canada) according to the manufacturer’s instructions. After 48 hr of 

transfection, 5 µg/ml of puromycin (Invitrogen Canada) was added to the medium for selection 

of FLNA stable KD cells. FLNA siRNA pairs 5601 

(5’-CCCAUGGAGUAGUGAACAATT-3’ and 5’-UUGUUCACUACUCCAUGGGTG-3’), 



 

 71 

7116 (5’-CAGAAAUUGACCAAGAUAATT-3’ and 

5’-UUAUCUUGGUCAAUUUCUGTG-3’), and 371 

(5’-GGAAGAAGAUCCAGCAGAATT-3’ and 5’UUCUGCUGGAUCUUCUUCCAC-3’), 

were ordered from GenePharma (GenePharma, Shanghai, China). FLNA siRNA, or control 

siRNA were transfected into HeLa, HEK293 and IMCD cells using HiPerFect Reagent 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions (siRNA final 

concentration: 20 nM). Cells were transfected for a second time after 24 hr. The efficiency of 

shRNA and siRNA KD was assessed by immunoblotting (IB). Transient transfection with 

previously described pEGFPC2 plasmids (with GFP tag) harboring PC2, the C terminus of 

PC2 (PC2C, aa 682-968), the N terminus of PC2 (PC2N, aa 1-215) or His-FLNAC (237) was 

performed using Lipofectamine 2000 and the expression was assessed 48 hr after transfection. 

For IMCD and M2 cells, a second transfection was performed 24 hr after the first transfection 

to increase transfection efficiency. Cells were harvested 72 hr after the first transfection. 

 

35S pulse labeling 

35S pulse labeling assay was carried out to study the effect of FLNA on PC2 synthesis. 

Equal number of M2 and A7 cells either stably or transiently expressing GFP-tagged PC2 were 

plated in 60 mm dishes for 1 hr starvation in the pre-labeling medium L-methionine and 

L-cysteine free DMEM with 10% FBS and penicillin/streptomycin. This was followed by 

pulse-labeling with 250 µCi of [35S] methionine/cysteine EXPRE35S Protein Labeling Mix 

(PerkinElmer, Woodbridge, ON, Canada) for 30 min. Cells were harvested in ice-cold 

CelLyticTM-M lysis buffer (Sigma-Aldrich Canada, Oakville, ON, Canada) supplemented 

with protease inhibitor cocktail (Sigma-Aldrich Canada and 500 µg total protein was used for 
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IP with anti-GFP (EU4) and magnetic Dynabeads (Invitrogen Canada). The resulting 

precipitates were subject to SDS-PAGE and autoradiography. 

 

Cell surface biotinylation 

Cells were grown to 90% confluency in 100 mm dishes, washed with ice-cold PBS and 

borate buffer (10 mM boric acid, 154 mM NaCl, 7.2 mM KCl, and 1.8 mM CaCl2, pH 9.0), 

and then incubated with 0.5 mg/ml Pierce EZ-LinkTM Sulfo-NHS-SS-Biotin (Fisher Scientific 

Canada, Toronto, ON, Canada) at 4ºC with agitation for 30 min. After washing with 

quenching buffer (192 mM glycine, 25 mM Tris, pH 8.3), cells were lysed in ice-cold 

CelLyticTM-M reagent supplemented with protease inhibitor cocktail to make 2-5 µg/µl total 

protein lysate. The biotinylated and flow-through intracellular proteins were separated using 50 

µl of Pierce Avidin Agarose (Fisher Scientific Canada, Markham, ON, Canada) by incubation 

overnight at 4ºC and subsequent centrifugation. After intensive washing in the NP40 buffer (50 

mM Tris pH 7.5, 150 mM NaCl, and 1% NP40) with protease inhibitor cocktail, biotinylated 

proteins were resuspended in the SDS sample buffer and eluted from beads by heating at 65ºC 

for 5 min. An equal amount of biotinylated proteins and 20 µg of total and intracellular 

proteins were separated on 8% SDS-PAGE for IB. 

 
Degradation analysis 

Degradation assays were based on the use of protein synthesis inhibitor cycloheximide 

(CHX) and proteasome inhibitor MG132 (Sigma-Aldrich Canada). Equal numbers of cells 

were plated into 6-well plates, treated with CHX (50 µM in DMSO) or MG132 (10µM in 

DMSO). DMSO was used in the control treatment. For CHX treatment, cells were lysed at 

different time points (0, 2, 4 and 8 hr). For MG132 treatment, cells were lysed at the same time 
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points. Cells were harvested into samples with equal volume (equal cell number). The lysates 

were loaded for WB and signal density was measured by ImageJ. 

 

Co-immunoprecipitation (co-IP) 

Cells growing on 100 mm dish were harvested in 1 ml ice-cold CelLyticTM-M lysis buffer 

according to the manufacturer’s instructions. 500 µg total proteins from postnuclear 

supernatant were incubated with 2 µg primary antibodies at 4ºC for 4 hr, followed by overnight 

incubation with gentle shaking upon the addition of 50 µl protein G sepharose (Thermo Fisher 

Scientific, Rockford, USA). The precipitates absorbed to protein G sepharose were 

resuspended in SDS sample buffer and subjected to SDS-PAGE followed by IB. For Ca2+ 

dependent co-IP experiments, 1 mM Ca2+ and 1 mM EGTA were added to the lysis and 

washing buffers. 

 

Far Western blotting (WB) 

Far WB was performed as previously described (238). Briefly, 50 µg protein lysates from 

M2 and A7 cells stably expressing PC2 were separated by SDS-PAGE. After transfered onto 

nitrocellulose membranes, proteins were denatured, renatured and incubated with E.coli 

purfied GST-PC2C with or without His-FLNAC, as previously used (237). After washing, 

proteins were detected with FLNA and PC2 antibody. FLNA-deficient M2 cells served as a 

negative control.  

 
Data analysis 

IB signals were quantified by ImageJ and data were analyzed and plotted using SigmaPlot 

12 (Systat Software, San Jose, CA, USA), and expressed as mean ± SEM (n), where SEM 
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represents the standard error of the mean and n indicates the number of experimental repeats. 

Paired or unpaired t-test was used to compare two sets of data. Probability values (p) of less 

than 0.05 and 0.01 were considered significant (*) and very significant (**), respectively. 
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3.4 RESULTS 

3.4.1 Effect of FLNA on the steady-state level of PC2 

We recently reported that FLNA reduces PC2 channel activity through direct binding with 

both the N- and C- termini of PC2 (237). Here we found by WB analysis that in HeLa and 

HEK293 cells the endogenous PC2 expression level substantially decreases in the presence of 

FLNA KD by three different siRNA pairs (Figure 3-1 A). These data show a clear association 

between the PC2 and FLNA levels. A similar effect of FLNA KD was also observed in IMCD 

cells (data not shown). The use of the three effective FLNA siRNA pairs strongly indicates a 

specific effect of FLNA KD on PC2 expression. We next used human melanoma M2 cells 

deficient of filamins and FLNA-replete A7 cells for similar experiments. We found that the 

steady-state level of stably and transiently expressed GFP-PC2 in A7 cells is 64 ± 10% (n = 5; 

p < 0.001) and 41 ± 10% (n = 3; p < 0.001), respectively, more than that in M2 cells (Figure 

3-1 B). These data let us think that the presence of FLNA may lead to higher PC2 protein 

synthesis or lower PC2 protein degradation. For this we performed 35S pulse labeling in 

combination of co-IP with GFP antibody and magnetic Dynabeads to measure the synthesis of 

GFP-PC2. WB analysis did not reveal an increased GFP-PC2 protein synthesis (for 30 min) in 

FLNA-containing A7 cells compared with M2 cells (Figure 3-1 C), suggesting that PC2 in A7 

cells may have a lower degradation rate than in M2 cells. These data together let us reason that 

FLNA may have inhibited cellular PC2 degradation.   
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Figure 3-1. Effects of FLNA on PC2 protein expression and PC2 synthesis. A, WB 

showing endogenous PC2 level in HeLa (Left panel) and HEK293 (Right panel) cells with 

FLNA KD by siRNA 5601, 7116 and 371, respectively. Ctrl means scramble siRNA. The 

numbers indicate the nucleotide positions in the FLNA mRNA open reading frame where 

the siRNA sequence starts. β-actin was used as a loading control (n = 3). B, left panel, data 

from WB showing the expression of PC2 in M2 and A7 cells stably expressing GFP-PC2. 

GFP (B-2) antibody was used to detect GFP-PC2. Middle panel, PC2 expression in M2 and 

A7 cells transiently expressing GFP-PC2. Right panel, comparison between averaged 

GFP-PC2 levels normalized by HSP60 in M2 and A7 cells under stable and transient 

expression conditions (n = 3). C, left panel, representative data from M2 and A7 cells 

showing GFP-PC2 synthesis assessed by 35S pulse labeling. Anti-GFP (EU4) was used to 

precipitate GFP-PC2. Right panel, comparison between averaged GFP-PC2 syntheses in 

M2 and A7 cells (n = 4; p = 0.004).  
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3.4.2 Effect of FLNA on PC2 degradation 

We next examined the effect of FLNA on degradation of GFP-PC2 in A7 and M2 stable 

cell lines. For this, we used CHX to stop the biosynthesis and chased the PC2 expression at 

different time points by WB. We found that PC2 degradation is significantly slower in 

FLNA-containing A7 cells than in M2 cells (Figure 3-2 A). In average, the half-life of PC2 

protein in A7 cells was 4.4 ± 0.2 hr (n = 4) while that in M2 cells was only 2.3 ± 0.5 hr (n 

= 4). Similar results were obtained for transiently expressed GFP-PC2 in A7 cells with or 

without FLNA KD, i.e., FLNA KD in A7 cells speeded up PC2 degradation (Figure 3-2 B, 

upper panel). Interestingly, although both PC2C and PC2N bind filamins, we found that FLNA 

only reduces the degradation of PC2C (Figure 3-2 B, middle panel), but not PC2N (Figure 3-2 

B, lower panel) in A7 cells. Our data together indicated that FLNA represses PC2 degradation 

through interaction with its C terminus. We and other researchers previously found that PC2 

undergoes proteasome degradation (212,239). To determine whether FLNA affects the 

pathway through which PC2 is degraded, we utilized proteasome inhibitor MG-132 and found 

that incubation with MG-132 for 4 hr substantially blocks PC2 degradation in both A7 and M2 

cells (Figure 3-2 C), demonstrating that PC2 degradation is still proteasome dependent in the 

absence of filamin.  
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Figure 3-2. Effect of FLNA on PC2 degradation. A, left panel, representative data from 

WB showing PC2 degradation in M2 and A7 cells using CHX to block protein synthesis for 

various time (in hr). Right panel, data of PC2 degradation were normalized, averaged and 

fitted with exponential decay curves Y(t) = 2-t/τ, where τ represents the protein half-life (n = 

4). B, representative data showing degradation of GFP-PC2 (upper panel), GFP-PC2C 

(middle panel) and GFP-PC2N (lower panel) transiently expressed in A7 cells with FLNA 

KD or control (Ctrl) (n = 3). C, representative data showing proteasome-dependent inhibition 

of degradation of GFP-PC2 stably expressed in A7 and M2 cells by MG-132. Cells were 

treated with MG-132(10 µM) or DMSO (negative control) for 4 hr before proceeding to WB 

with FLNA and PC2 antibodies (n = 3). 
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3.4.3 Effect of FLNA on the plasma membrane (PM) PC2 expression 

By use of surface biotinylation, we found that more PC2 is present on the PM of A7 cells 

compared to M2 cells (Figure 3-3 A). In average, surface PC2 in A7 cells increased by 1.6 ± 

0.5 fold (n = 3; p = 0.01) of that in M2 cells. Because the total PC2 expression in A7 cells was 

only increased by 0.6 fold of that in M2 cells (Figure 3-1 A), this result suggests that FLNA 

has a stronger stabilizing effect on PM PC2 than intracellular PC2. Interestingly, we detected 

much more FLNA in the biotinylated A7 cell lysate with PC2 over-expression than in control 

lysates (Figure 3-3B), indicating that more FLNA molecules bound with PM PC2 were pulled 

down under this condition. In fact, we recently reported a similar phenomenon for the 

scaffolding protein, receptor for activated C kinase RACK1, that interacts with surface 

membrane TRPP3 channel, a homolog of PC2 (240). We next examined whether M2 cells 

transiently transfected with wild type FLNA mimics A7 cells in terms of regulating PM PC2. 

By using WB and biotinylation assays, we found that PM PC2 was increased in the presence of 

FLNA though the signal is very weak, while the flow-through PC2 remained unaffected 

(Figure 3-3 C). No signals of FLNA and actin were detected from the surface protein lysate, 

possibly because FLNA over-expression is rather modest due to its large size and low 

expression efficiency. 
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Figure 3-3. Effect of FLNA on PC2 PM expression. A, left panel, cell surface 

biotinylation to assess GFP-PC2 PM expression in A7 and M2 cells. Shown are data from 

biotinylated (BT) and flow-through (FT) lysates. Right panel, comparison between 

averaged GFP-PC2 surface membrane expression normalized by Na+/K+ ATPase in M2 

and A7 cells (n = 3; p = 0.01). B, biotinylation assays using native A7 (Ctrl) and A7 PC2 

stable cells to determine the effect of surface PC2 on the recruitment of FLNA to the PM 

(n = 3). C, biotinylation assays using M2 cells with and without transient wild type FLNA 

transient expression to determine the rescue effect of FLNA on M2 cells (n = 3). 
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3.4.4 Effects of FLNAC on the FLNA-PC2 interaction and PC2 expression 

Because PC2 binds FLNA through FLNA C terminus aa 2150-2647 (FLNAC) (237), we 

next utilized FLNAC as a potential blocking peptide to explore how FLNA regulates surface 

membrane expression of PC2. For this we transiently transfected FLNAC into M2 and A7 cells 

stably expressing GFP-PC2 and performed co-IP with GFP antibody. The interaction of 

FLNAC with PC2 was detected in M2 and A7 cells, as expected (Figure 3-4 A). 

Overexpression of FLNAC reduces the PC2-FLNA interaction in A7 cells (Figure 3-4 B), 

indicating that FLNAC effectively acts as a blocking peptide. Interestingly, we also observed 

an interaction between FLNA and FLNAC (Figure 3-4 B), consistent with the fact that FLNA 

molecules form dimers through their C terminus (168), which together suggests the presence of 

complex nPC2-FLNA-FLNAC, where n indicates the number of PC2 molecules in the 

complex. To further document the role of FLNAC as a blocking peptide in the PC2-FLNA 

interaction, we performed Far WB assays using A7 and M2 cells. PC2C signal was detected on 

the membrane at the position/size of FLNA in A7, but not in M2 cell lysate after incubating 

with GST-PC2C protein purified from E. coli (Figure 3-4 C, left panel), indicating direct 

binding between PC2C and FLNA. Then, co-incubation of E. coli purified His-FLNAC and 

purified GST-PC2C reduced the PC2C signal (Figure 3-4 C, right panel), indicating that 

FLNAC competed with PC2C for binding with FLNA. 
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 Figure 3-4. Effect of FLNAC on the FLNA-PC2 interaction. All data are from three 

independent experiments. A, co-IP showing the interaction of GFP-PC2 with FLNA and 

FLNAC in M2 and A7 cells. B, the effect of FLNAC on FLNA-PC2 interaction in A7 cells. 

C, Far WB showing the competition of FLNAC with PC2C for binding to FLNA. Lysates of 

M2 and A7 cells stably expressing GFP-PC2 were separated by SDS-PAGE and transferred 

to nitrocellulose membrane. Proteins were renatured and incubated with purified GST-PC2C 

and none (left panel) or His-FLNAC (right panel). Bound protein was detected by PC2 

(H-280) antibody. The arrow (←) indicates PC2C signal detected at the site of FLNA. The 

star (*) indicates stably expressed GFP-PC2 signal, as a control.  
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We reasoned that if the binding domain of FLNA (FLNAC) is sufficient to prevent PC2 

degradation, FLNAC over-expression would prolong PC2 half life in M2 cells. On the other 

hand, if full length FLNA is required to maintain the stability of PC2, then through disrupting 

the PC2-FLNA interaction FLNAC should destabilize PC2 in A7 cells but not in M2 cells. To 

test this hypothesis, we overexpressed FLNAC in A7 and M2 cells and measured the 

steady-state level of the PM and total PC2. FLNAC significantly reduced the PM level of PC2 

(Figure 3-5 A and B) in A7 cells while it had no or a very modest effect on the flow-through or 

total PC2 (Figure 3-5 A, right panel, and 5C, left panel), and indeed had no effect on either the 

PM or total PC2 in M2 cells (Figure 3-5 A and C, right panel). Further, over-expression of 

FLNAC in HeLa, HEK293 and IMCD cells also resulted in a decreased endogenous PC2 level 

(Figure 3-5 D). These data together indicated that while full length FLNA maintains the 

stability of PC2, FLNAC decreases PC2 stability through interfering with the FLNA-PC2 

binding. 
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 86 

Figure 3-5. Effect of FLNAC on the surface and total PC2 expression. A, 

representative biotinylation data showing the effect of FLNAC on the PM (biotinylation) 

and intracellular (FT) GFP-PC2 expression in M2 and A7 cells. B, averaged PC2 PM 

expression in A7 cells showing the effect of FLNAC over-expression. FLNAC reduced 

PC2 PM expression to 46% ± 12% (n = 3; p < 0.001) of the control level. C, 

representative data showing the effect of FLNAC on the total PC2 expression in 

GFP-PC2 stably expressing A7 (left panel) (n = 3; p = 0.01) and M2 cells (right panel) 

(n = 3; p = 0.16). HSP60 was used as a loading control. D, WB data showing the effect 

of FLNAC on the endogenous PC2 level in HeLa (left panel), HEK293 (middle panel) 

and IMCD (right panel) cells detect by antibody H-280. β-actin was used as a loading 

control (n = 3).  
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3.4.5 Role of the PC2-FLNA-actin complex in surface PC2 stabilization 

Since FLNAC decreased the interaction of PC2 with full length FLNA and seemed to have 

destabilized surface PC2 in A7 cells, and FLNA is a well-known actin binding protein, we 

reasoned that FLNA stabilizes PC2 on the cell surface through anchoring to actin filaments. To 

test this, we first performed co-IP assays to prove the presence of the PC2-FLNA-actin 

complex. We utilized A7 GFP-PC2 stable cells, with either control (Ctrl) or FLNA KD. We 

found that both FLNA and β-actin were precipitated by GFP antibody (Figure 3-6A). FLNA 

KD dramatically decreased the binding strength of β-actin with PC2, indicating that FLNA is 

an important mediator for the PC2-β-actin interaction. Furthermore, similar results were 

obtained using endogenous PC2 in HeLa cells with or without FLNA KD, i.e., FLNA KD 

much reduced the interaction strength between endogenous PC2 and β-actin (Figure 3-6 B). 

Given the fact that FLNA binds directly with actin (241), our data together strongly show that 

PC2, FLNA and β-actin are in the same protein complex, presumably in the form of 

PC2-FLNA-actin. We also performed immunofluorescence assays with A7 and IMCD cells 

over-expressing GFP-PC2 to show the relative localization of PC2, FLNA and actin (Figure 

3-6 C, upper and lower panels). The PM expression of PC2 in A7 cells was also demonstrated 

by its colocalization with Na+/K+ ATPase (Figure 3-6 C, middle panel).  

Next, we performed biotinylation assay to check the PC2-FLNA-β-actin complex on the 

cell surface. We found that in A7 cells, a larger proportion of PC2 is expressed on the cell 

surface compared to M2 cells (Figure 3-5 A). And correspondingly, more β-actin was detected 

in the biotinylation lysate of A7 cells than M2 cells (Figure 3-6 D), presumably due to the 

presence of FLNA in A7 cells. However, in M2 cells, PC2 was also able to bind β-actin at a 

lower strength, possibly through other interacting partners (Figure 3-6 D). These data suggest 
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that FLNA tethers the PM PC2 to the actin network to prevent rapid internalization as seen in 

M2 cells. Interestingly, FLNAC overexpression in A7 cells substantially reduced the PM 

localized PC2-FLNA-β-actin complex (Figures 3-5 A and 3-6 D), presumably because the 

competition between FLNAC and FLNA for binding PC2 resulted in destabilization of the 

complex. Thus, because FLNAC does not bind with actin (241), our data indicate that, by 

reducing the PC2-FLNA interaction, FLNAC prevents PC2 from anchoring to the actin 

filament, thereby destabilizing PM PC2 and decreasing its PM expression. In summary, these 

data demonstrate that FLNA stabilizes PC2 on the PM by forming PC2-FLNA-actin complex 

to anchor it to the actin filament. 

The stabilizing effect of actin may also contribute to a higher amount of FLNAC detected 

in the PM PC2 precipitate in A7 cells than in M2 cells (Figure 3-6 D). As filamin mainly exists 

as dimers in cells, complex nPC2-FLNAC-FLNAC would be present in M2 cells. However, as 

this complex is unable to bind to actin due to the absence of the actin-binding domain localized 

on the FLNA N terminus, it should be less stable than complex nPC2-FLNA-FLNAC in A7 

cells that is able to bind to actin. Further, the fact that both the PM PC2 and total FLNAC 

levels in A7 cells are much higher than those in M2 cells (Figures 3-3 A and 3-4 A) should be 

another contributing factor for a higher amount of FLNAC bound to the PM PC2 in A7 cells. 
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Figure 3-6. Role of FLNA in, and effect of FLNAC on, the interaction of PC2 with 

actin. A, effect of FLNA KD on the PC2-actin interaction revealed by co-IP with anti-GFP 

(EU4) antibody in A7 PC2 stable cells. B, effect of FLNA KD on the PC2-actin interaction 

revealed by co-IP with PC2 (H-280) antibody in HeLa cells. C, localization of PC2, FLNA 

and actin in A7 (upper panel) and IMCD (lower panel) cells, and co-localization of PC2 

and Na+/K+ ATPase in A7 cells were determined by IF assay. GFP-PC2 is stably expressed 

in A7 and IMCD cell lines. Primary antibodies against FLNA (H-300), β-actin (C-4), and 

Na+/K+ ATPase (H-300) were used. Rabbit Cy3- and mouse Cy5-conjugated secondary 

antibodies were used to detect FLNA (or Na+/K+ ATPase) and actin, respectively. Images 

were acquired using AIVI spinning disc confocal microscopy with x60 objective. D, effect 

of FLNAC on the FLNA-mediated PC2-actin interaction using A7 and M2 cells revealed 

by biotinylation assays that showed recruitment of actin to the PM. 
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3.4.6 Roles of Ca2+ on the physical interaction of PC2 and FLNA 

While our current study showed a stabilizer effect of FLNA on PC2 protein expression, we 

previously reported that FLNA inhibits PC2 cation channel activity that shows high 

permeability to Ca2+ (237). We reasoned that their physical binding should be for the purpose 

of (channel) functional regulation. Thus, it is possible that the FLNA-PC2 binding is to 

regulate the Ca2+ entry through PC2. If this is the case, their binding may be Ca2+-dependent. 

For this we performed co-IP assays between FLNA and PC2 using HeLa cells and added a 

final concentration of 1 mM EGTA (to chelate Ca2+), 1 mM Ca2+, or none to the lysates. Indeed, 

we found that Ca2+ chelation by EGTA substantially decreases the FLNA-PC2 binding (Figure 

3-7 A), indicating a strong Ca2+-dependent binding between the two proteins. No significant 

effect was observed for addition of 1 mM Ca2+, presumably because the Ca2+ concentration in 

the cell lysate is already saturated for the binding between PC2 and FLNA that normally 

should face only submicromolar cytoplasmic Ca2+ in living cells. Similar Ca2+ dependence of 

the PC2-FLNA binding was observed in HEK293 and IMCD cells, but not in the presence of 

FLNA KD by siRNA (Figure 3-7 B and C). This Ca2+-dependent PC2-FLNA interaction is 

possibly for the purpose of functional regulation of PC2 by FLNA in response to Ca2+, that 

increased intracellular Ca2+ promotes the binding of FLNA with PC2 and regulates PC2 

conducted ion permeability.  
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Figure 3-7. Ca2+ dependence of the physical interaction between PC2 and FLNA. A, co-IP 

experiments showing Ca-dependent binding between FLNA and PC2 in HeLa cells. HeLa cell 

lysate with GFP-PC2 transient overexpression was equally split into three samples and added 

with none (Ctrl), 1 mM Ca2+ or 1 mM EGTA (all final concentrations). FLNA (E-3) and GFP 

(EU4) antibodies were used for IP and IB detection, respectively. B and C, co-IP experiments 

showing the effect of Ca2+ on the FLNA-PC2 binding in GFP-PC2 stably expressing IMCD (B) 

and HEK293 (C) cells with and without FLNA KD.(n = 3) 
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3.5 DISCUSSION 
Because too much or too little of PC2 is pathogenic (15,101), understanding how PC2 is 

regulated by cellular factors is of great importance. Recently we reported protein-protein 

interaction between filamin and polycystin-2 (PC2), through which filamin inhibited PC2 

channel function (237). In the current study we have demonstrated how FLNA regulates the 

stability and surface membrane expression of PC2 protein in human cultured cells, and how 

FLNA interacts with PC2 in a Ca2+-dependent manner. In particular, we have found that FLNA 

stabilizes PC2 on the cell surface by forming a protein triplex PC2-FLNA-actin, and the 

physical interaction of PC2-FLNA are Ca2+-dependent.  

Filamins are well known structural proteins that act as actin organizers, membrane 

stabilizers and scaffolds (242). It was reported that FLNA stabilizes the surface membrane 

localization and/or inhibit degradation of several target proteins such as the Ca2+-sensing 

receptor, calcitonin receptor, chloride channel CFTR, ENaC, dopamine receptor, inwardly 

rectifying potassium channel Kir2.1, and pacemaker channel HCN (229,242-247). For example, 

FLNA interacts with Ca2+-sensing receptors in M2 and HEK293 cells to increase its PM and 

cellular levels by preventing degradation (247). FLNA inhibits the degradation of calcitonin 

receptor and is critical in maintaining its normal recycling from endosomes to the surface 

membrane in HEK293 cells (229). FLNA also stabilizes the PM localization of dopamine D2 

receptors and potassium channel Kir2.1 but has no effect on the total expression of the 

receptors (244,245). Further, FLNA is critical for podosome stabilization for macrophage 

mesenchymal migration (248). FLNC may also play important roles in protein stabilization and 

degradation as mutations in FLNC can cause myofibrillar myopathy characterized by 

disintegration of myofibrils, massive formation of protein aggregates, and altered degradation 

pathways within skeletal muscle fibers (249). Thus, our current study allows adding PC2 as a 
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novel regulation target of FLNA, in terms of PM localization and protein degradation. On the 

other hand, in view of similar effects of FLNA on PC2 and other membrane proteins listed 

above, our finding that protein complex PC2-FLNA-actin is critical for PC2 stability and 

prevention of degradation suggests that the ‘membrane protein-FLNA-actin’ link may be a 

general way by which many membrane proteins are anchored to actin filaments and stabilized.  

It has been reported that filamin links several membrane proteins to the actin cytoskeleton, 

such as dopamine receptors, platelet glycoprotein Ibα, β-integrin and FcγRI (230,244,250,251), 

but there has never been direct and firm demonstration as to how filamin mediates the link. In 

fact, most evidence came from co-IP assays showing interactions between pairs of two proteins 

among membrane protein, filamin and actin. However, showing interactions between all three 

possible pairs does not guarantee the existence of a membrane protein-filamin-actin triplex. 

Because of this, we carried out co-IP assays between PC2 and actin by altering the level of 

FLNA in A7 and HeLa cells via FLNA shRNA, and found that FLNA is critical in the 

complexing between PC2 and actin (Figure 3-6 A and B), which demonstrated the presence of 

a protein triplex in the form of PC2-FLNA-actin. This was further supported by increased 

recruitment of actin molecules to the surface membrane when FLNA is present and is not 

interfered by blocking peptide FLNAC (Figure 3-6 D).  

Several studies indicated that the protein level of PC2 is critical for cell function and needs 

to be strictly regulated within a narrow range. Immunohistochemistry studies using staged 

mouse embryos indicated that PC2 expression is developmentally regulated and that this 

regulation is important for embryo development (72). In adult mice, PC2 was also reported to 

be markedly up regulated by renal ischaemic injury (252-254), indicating the importance of 

PC2 for the recovery from ischaemia. Studies of PC2-dependent ADPKD in mouse model also 
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showed that both PC2 knockout and knockin mice develop typical renal cysts and an increase 

in cell proliferation and apoptosis, which are reflective of human ADPKD phenotypes (15,101). 

However, mechanisms of how PC2 protein level is regulated are still not well understood. 

Generally, the steady-state protein level is defined by both synthesis and degradation. Although 

some transcription factors such as E2F, EGRF and SP1 were predicted by computational 

analyses to bind with the PKD2 promoter, little experimental data on PKD2 transcriptional 

regulation have been published (255). On the translation level, it was reported that microRNA 

miR-17 down regulates PC2 by binding with its 3’ untranslated region (256) and that this 

binding site is also recognized by the RNA-binding cystic protein bicaudal C, which 

antagonizes the repressive activity of miR-17 (99). Previously, we reported that PC2 is 

regulated by endoplasmic reticulum associated degradation (ERAD) through the 

ubiquitin-proteasome system by interacting with Herp, an ubiquitin-like protein implicated in 

regulation of ERAD (212). Our current study revealed a novel mechanism by which a 

membrane protein can be stabilized, namely through forming protein complex 

PC2-FLNA-actin for anchorage to the actin filaments.  

We also examined whether FLNA affects the mRNA level of PKD2 in HeLa, HEK293, 

A7 and M2 cells by reverse transcript (RT)-PCR and real-time RT-PCR, and found that the 

PKD2 mRNA level (the mRNA of β-actin as an internal control) is much lower in the presence 

of FLNA, e.g., the mRNA level in A7 cells represented only 41 ± 5% (n = 5; p < 0.001) of that 

in M2 cells, which roughly accounted for the observed lower synthesis (Figure 3-1 C). The 

mechanism of how FLNA regulates the mRNA level of PKD2 remained to be determined by 

future studies. However, it was previously reported that cytoplasmic FLNA through binding 

with transcription factors such as PEBP2/CBF and p73α regulates the transcription of several 



 

 96 

genes including interlukin-3, T cell receptors, and cell cycle inhibitor p21 Waf1/Cip1 

(174,175,257). Therefore, it is possible that PKD2 gene is a downstream target of a 

FLNA-regulated transcription factor. 

In summary, our present study found that FLNA is an important regulator of PC2 that it 

prevents PC2 degradation and stabilizes surface membrane PC2 through forming protein 

triplex PC2-FLNA-actin for anchoring to the cytoskeleton. This mechanism of stabilization 

may be important for cystogenesis of ADPKD. However, ADPKD renal cysts arise from 

different nephron segments (proximal and distal tubules) with different characteristics (258) 

which can't be modeled by cultured cell lines. This should be considered when interpreting the 

data obtained in the present study. Our finding of PC2 stabilized by filamin and actin may also 

be applicable to other membrane proteins of which the stability and degradation are similarly 

regulated by filamin. On the other hand, FLNA binds PC2 and inhibits its channel function 

through direct binding (237), and the PC2-FLNA binding was found to be Ca2+-dependent  

(Figure 3-7). With regard to what is the net effect of FLNA, we think that when the 

cytoplasmic Ca2+ concentration is high, FLNA through direct binding shuts down 

PC2-mediated Ca2+ entry (from the extracellular space or ER) to avoid Ca2+ overloading; 

Conversely, when Ca2+ is low, FLNA dissociates from PC2 thereby removing the inhibition to 

allow Ca2+ entry via PC2. Because the intracellular Ca2+ concentration would frequently 

change in time and space filamins may still be able to maintain PC2 stability on the membrane 

while accomplishing its Ca2+-dependent binding with and functional regulation of PC2. 
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CHAPTER 4 
 
 
 
 
 

RESULT #3 Dynamic regulation and the net effect of 
filamin on polycysin-2 channel activity 

 
 
 
 
 
 
In this part, the Ca2+ imaging experiments are in collaboration with Dr. Richard Zimmermann 

from Saarland University in Germany. 
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4.1 INTRODUCTION 

Polycystin-2 (PC2), also called TRPP2 (transient receptor potential polycystin-2), is a 968 

aa integral membrane protein and functions as a cation channel permeable to Ca2+, Na+ and K+ 

(26). PC2 is widely distributed in various tissues and cell types, though the subcellular 

localization is somewhat controversial and seems to be cell-type and organelle dependent. PC2 

contains an ER retention domain at its intracellular C terminus (60), which traps a large 

population of PC2 in the ER membrane.  

ER is the main intracellular Ca2+ store and plays significant roles in maintaining cellular 

Ca2+ homeostasis. The ER contains three types of Ca2+-handling proteins: sarco- and 

endoplasmic-reticulum Ca2+-ATPase (SERCA) allowing active Ca2+ uptake, Ca2+-binding 

proteins allowing the storage of significant amounts of Ca2+ in the lumen, and Ca2+ channels 

allowing the release/leak of Ca2+ into the cytosol. Inositol 1,4,5-trisphosphate receptor (IP3R) 

and rynodine receptor (RyR) are two well-known Ca2+ channels responsible for a controlled 

release of Ca2+ in response to stimuli (259). In addition to this, it was found since 1993 that ER 

displays an inherent ‘basal’ Ca2+ leak which can be unmasked by the inhibition of Ca2+ pumps 

SERCA by either ATP depletion or inhibitor thapsigargin (Tg) (260,261). The leakage was 

found to be unrelated to SERCA, IP3R or RyR (262-265). Several possible Ca2+ leak channel 

candidates have been proposed, including Bcl-2 (266), presenilins (267), translocon (Sec 61 

complex) (265) and PC2 (67). PC2 is characterized as a Ca2+ permeable cation channel mainly 

localized on the ER, but it is still controversial as to whether PC2 exhibits basal Ca2+ leakage 

or requires an increase in intracellular Ca2+ to confer permeability of Ca2+ from the ER, known 

as Ca2+ activiated Ca2+ release channel (59,66,67).  
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In Chapter 2, we reported that filamin inhibits the channel function of PC2 in the presence 

of high Ca2+ through direct interaction. In Chapter 3, we found that filamin increases the 

stability of PC2 by anchoring it to the actin filaments. With further discovery that the physical 

binding of PC2-FLNA is Ca2+-dependent, we proposed that filamin may efficiently control 

PC2 mediated Ca2+ permeability through a dynamic regulation of PC2 channel activity. In this 

chapter, we further tested the dynamic regulation (with and without Ca2+) of filamin on PC2 in 

the lipid bilayer system, and used GST pull-down to investigate the Ca2+ dependent binding of 

FLNA with PC2N-/C- fragments. In addition, we employed live cell Ca2+ imaging technique to 

explore the function of PC2, and the net effect of filamin on PC2 channel activity in intact 

cells. 
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Figure 4-1. Schematic overview of the major regulators in ER Ca2+ homeostasis.  

1. SERCA, sarco (endo) plasmic reticulum Ca2+ ATPase, allowing active Ca2+ uptake;  

2. Ca2+ binding proteins (CRT, PDI, BIP, CNX) allowing the storage of significant 

amounts of Ca2+ in the ER lumen. CRT, calreticulin. CNX, calnexin;  

3. Ca2+ channels allowing release of Ca2+ into the cytosol. IP3R and RyR are two 

well-known Ca2+ release channels. Several Ca2+ leak channels have been proposed as 

shown. IP3R, inositol trisphosphate receptor; RyR, rynodine receptor. Tg, thapsigargin, 

inreversible SERCA inhibitor to unmask passive Ca2+ leakage from the ER. 
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4.2 MATERIALS AND METHODS 

Lipid bilayer electrophysiology  

The experimental procedure is as described in Chapter 2.3 MATERIALS AND 

METHODS protein preparation and lipid bilayer electrophysiology. PC2-containing human 

syncytiotrophoblast (hST) apical membrane was reconstituted in the lipid bilayer. The cis 

(intracellular) chamber was bathed with a solution containing 150 mM KCl and 10 mM 

HEPES at pH 7.4. The trans side contained a similar solution with 15 mM KCl to create a KCl 

chemical gradient. ‘Ca2+ free condition’ was obtained by adding 1 mM EGTA. 10 µM ‘Ca2+ 

containing condition’ was obtained by adding 1 mM EGTA and 1.004 mM Ca2+ 

(http://web.stanford.edu/~cpatton/webmaxcS.htm). Commercial filamin (FLNA) was added to 

the cis chamber to a final concentration of 25 nM. PC2 from hST was identified by a large 

conductance K+-conducting channel in the presence of a KCl chemical gradient, which was 

inhibited by trans (extracellular) amiloride (100 mM) and cis (cytoplasmic) anti-PC2 antibody, 

properties that also ensured identification of its orientation in the reconstituted membrane.  

 

GST pull-down 

The experimental procedure is as described in Chapter 2.3 MATERIALS AND 

METHODS GST pull-down. The binding buffer contains 150 mM NaCl, 50 mM Tris, pH 7.5 

with 1.0 mM EGTA (Ca2+ free) or 1.0 mM CaCl2 (Ca2+ containing). The washing buffer 

contains 140 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.5 with 1.0 mM EGTA (Ca2+ 

free) or 1.0 mM CaCl2 (Ca2+ containing).  

 

Cell culture and gene silencing/overexpression  
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HeLa, HEK293, and MCD cells (ATCC no. CCL-2) were cultivated at 37°C in DMEM 

with 10% FBS and 1% penicillin/streptomycin in a humidified environment with 5% CO2. For 

live cell Ca2+ imaging, cells were grown on cover slips pre-treated with poly-L-lysine (1 mg/ml) 

for 1 hr. For gene silencing, cells were transfected with targeting siRNA or control scramble 

siRNA (with a final concentration of 20 nM) using HiPerFect Reagent (Qiagen) according to 

the manufacturer’s instructions. PC2 siRNA pairs are 1477 

(5’-GGAAAUUCGCAUUCACAAATT-3’ and 5’-UUUGUGAAUGCGAAUUUCCAA-3’) 

1565 (5’-GGAAUUAACAUAUACAGAATT-3’ and 

5’-UUCUGUAUAUGUUAAUUCCTA-3’) and 1888 

(5’-AGAGUGUAUCUUCACUCAATT-3’ and 5’-UUGAGUGAAGAUACACUCUTG-3’). 

FLNA siRNA pairs are 5601 (5’-CCCAUGGAGUAGUGAACAATT-3’ and 

5’-UUGUUCACUACUCCAUGGGTG-3’). After 24 hr, medium was changed and cells were 

transfected for a second time. Overexpression was conducted after 48 hr with Fugene HD 

(Promega). Silencing and overexpression efficiencies were evaluated by WB analysis. 

 

Live cell Ca2+ imaging 

Live cell Ca2+ imaging was carried out as described by Lang et al (268). Briefly, cells were 

loaded with ratio-metric dye Fura-2 AM and imaging of cytosolic Ca2+ was carried out in 

Ca2+-free buffer. Fura-2 signals were recorded as the changes of the F340/F380 ratio before 

and after the addition of Tg or Ca2+ ionophore ionomycin, with F340 and F380 corresponding 

to the background-subtracted fluorescence intensity at 340 and 380 nm, respectively. Cytosolic 

Ca2+ concentration in HeLa cells was estimated from ratio measurements using an established 

calibration method (269). Data were analyzed using Excel 2007. 
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4.3 RESULTS 

4.3.1 Roles of Ca2+ on the physical and functional interaction of PC2 and FLNA 

In Chapter 2, we reported that filamin reduces PC2 channel activity (in the presence of 

Ca2+) in the lipid bilayer system through direct binding with both the N- and C- termini of PC2. 

In Chapter 3, we found a Ca2+-dependent physical binding of PC2-FLNA. Here we further 

checked the binding of PC2 N-/C- fragments with FLNA under different Ca2+ conditions. GST 

pull-down revealed that both PC2N and PC2C bind FLNA in a Ca2+-dependent manner. 

However the two termini of PC2 respond to Ca2+ differently, i.e., presence of Ca2+ enhances 

the binding of FLNA with PC2N, but weakens the binding with PC2C (Figure 4-2 A), 

suggesting different roles of the two PC2 fragmentsin responding to Ca2+ regulation. In 

addition, in order to check if the Ca2+-dependent PC2-FLNA binding is for the purpose of 

channel functional regulation, we performed further lipid bilayer electrophysiology and 

showed that filamin inhibits hST PC2 channel activity only in the presence of 10 µM Ca2+ 

(Figure 4-2 B). Recently it was reported that 10 µM Ca2+ was without effect in regulating the 

channel activity of in vitro translated PC2 (270), suggesting that the Ca2+-dependent inhibitory 

effect of PC2 is filamin dependent. These data together suggest a dynamic regulation of PC2 

mediated Ca2+ flux by filamin, namely, increased intracellular Ca2+ concentration promotes the 

binding of filamin to PC2 to reduce Ca2+ flux from the channel to avoid further intracellular 

Ca2+ increase. 
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Figure 4-2. Ca2+ dependent physical binding and functional regulation of PC2-FLNA. A, 

GST pull-down with purified GST, GST-PC2N, GST-PC2C and His-FLNAC protein under 

the condition of none (Ctrl) and 1 mM Ca2+ (final concentrations). + lane a is positive control 

loaded with purified His-FLNAC protein (n = 3). B, upper panel, representative recordings at 

+40 mV showing hST PC2 channel activity in the absence and presence of 10 µM Ca2+ and 

commercial filamin (25 nM) added to the cis chamber. Lower panel, averaged mean current 

recorded at +40 mV after addition of filamin and Ca2+, normalized by control current (n = 4). 

Experiments were conducted by Dr. Horacio Cantiello from Universidad de Buenos Aires, 

Argentina. 
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4.3.2 Effect of PC2 silencing on ER Ca2+ leakage and ER Ca2+ content in intact cells 

In order to check the function of ER localized PC2 in intact cells, we performed live cell 

Ca2+ imaging experiment with PC2 silencing or overexpression. Using the Ca2+ indicator 

Fura-2 in the absence of extracellular Ca2+ enables the measuring of ER Ca2+ leakage in 

response to the irreversible SERCA inhibitor thapsigargin (Tg), and the ER luminal total Ca2+ 

content in response to the Ca2+ ionophere ionomycin, through visualization increased cytosolic 

Ca2+ concentration in intact cells. HeLa cells were treated with three different PC2 siRNA pairs 

for 72 hr and subjected to Ca2+ imaging experiments. In contract with the control siRNA, PC2 

siRNA silencing significantly increases the Tg-induced ER Ca2+ leakage (Figure 4-3 A) as well 

the steady-state ER total Ca2+ (Figure 4-3 B). WB analysis showed that the silencing efficiency 

is more than 85% off (Figure 4-3 A lower panel). HeLa cells with PC2 transient 

overexpression showed no significant difference in Tg-induced ER Ca2+ leakage and ER total 

Ca2+ content compared to the empty vector control (data not shown). These contrast with 

Wegierski’s report in which both the ER Ca2+ leakage and ER Ca2+ content decreased with 

PC2 stably expressed in HeLa cells (67). Thus, this controversy is possibly due to low 

efficiency of transient overexpression. 

In order to confirm the specificity of siRNA silencing, we performed a rescue experiment 

by silencing endogenous PC2 with siRNA targeting to its 3' untranslated region (UTR), and 

express cDNA containing the coding sequence of PC2 (Figure 4-4 A). We observed a rescue of 

PC2 silencing phenotype in the form of restoration of the basal Ca2+ leakage and the ER 

luminal Ca2+ content (Figure 4-4 B and C). 

In summary, PC2 silencing stimulates Tg-induced ER Ca2+ leakage. However, as the ER 

luminal Ca2+ content, which serves as a driving force of the leakage, also increased by PC2 
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silencing, it is hard to direct assess the function of PC2 in terms of its contribution to Ca2+ 

leakage. However, given the steady-state level of ER Ca2+ is increased, there must be a process 

of ER Ca2+ accumulation after PC2 level decreases, suggesting that PC2 may function as a ER 

Ca2+ leak channel. 
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A  Ca2+ leak assessed by Tg-induced cytosolic Ca2+ increase 

B  ER Ca2+ content assessed by ionomycin-induced depletion 
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Figure 4-3. Effect of PC2 silencing by siRNA on Tg-induced ER Ca2+ leakage and 

ER luminal Ca2+ content. HeLa cells were transfected with PC2 siRNA for 72 hr and 

Ca2+ imaging experiments were performed with Fura-2 AM cytosolic Ca2+ dye in a 

Ca2+-free EGTA buffer. Fluorescence was measured by 340/380 ratio and converted to 

Ca2+ concentration after calibration. A, left panel, Tg-induced changes in cytosolic Ca2+ 

was measured to assess ER Ca2+ leak. Right panel, statistical analysis of the changes in 

the cytosolic Ca2+ concentration after addition of Tg. Lower panel, WB analysis of PC2 

siRNA silencing efficiency. B, left panel, ER total Ca2+ was assessed by measuring 

cytosolic Ca2+ change following ionomycin (5 µM) treatment to deplete ER Ca2+. Right 

panel, statistical analysis of the changes in the cytosolic Ca2+ concentration after addition 

of ionomycin. Experiments are from 3 independent batches of cells and 9 measurements 

with analyzed cell numbers indicated. The error bars represent the standard error of the 

mean (SEM). Triple asterisk (***) indicate a p value of <0.001 from unpaired t-test.  
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A  

B   Tg-induced ER Ca2+ leakage     C   ER Ca2+ content  

 Ctrl siRNA   PC2 siRNA     PC2 siRNA 
+ pcDNA3.1  + pcDNA 3.1    + PC2 WT  Ctrl siRNA      PC2 siRNA     PC2 siRNA 

+ pcDNA3.1    + pcDNA 3.1    + PC2 WT 

Figure 4-4. Effect of 3'UTR siRNA resistant PC2 plasmid on recuing the phenotype of PC2 

silencing. A, diagram showing the strategy of PC2 siRNA targeting to the 3' untranslated region 

(3'UTR) and rescue with PC2 WT cDNA. B and C, statistical analysis of Tg-induced Ca2+ 

leakage (B) and ER luminal Ca2+ content (C) by PC2 3'UTR siRNA silencing with control 

plasmid or PC2 WT cDNA plasmid overexpression. HeLa cells were treated with PC2 3'UTR 

siRNA for 48 hr followed by over-expressing of UTR siRNA resistant plasmids for 36 hr, then 

subjected to Ca2+ imaging. Experiments are from 3 independent batches of cells and 9 

measurements. Double asterisk (**) indicate a p value of <0.01 from unpaired t-test. 
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4.3.3 Effect of PC2 knockout in ER Ca2+ leakage and ER Ca2+ content in intact cells 

After transient silencing of genes, cells undergo a series of changes and feedback 

regulation and finally reach an equilibration after a certain time period. At the time point when 

experiments are conducted, cells may not be in the equilibrated state and thus the results may 

not reflect a balanced situation. Given that it is hard to conclude from the transient silencing 

data (Figure 4-3), we next employed PC2 stable knockout mouse collecting duct (MCD) cell 

line B2 (Pkd2-/-) extracted from Pkd2-/- mouse embryonic kidneys and its control cell line D3 

(Pkd2+/+). We found that Tg-induced ER Ca2+ leakage significantly decreases in Pkd2-/- cells 

(Figure 4-5 A) even though the steady-state ER Ca2+ content, which serves as the driving force, 

is much higher than that in the control MCD Pkd2+/+ cells (Figure 4-5 B). This data strongly 

indicates that PC2 functions as an ER Ca2+ leak channel that the absence of PC2 decreased 

Ca2+ leakage thus resulting in an accumulation of ER luminal Ca2+ level. 
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*** 

*** 

A  Tg-induced ER Ca2+ leakage     

B  ER Ca2+ content  

Figure 4-5. Effects of PC2 on Tg-induced ER Ca2+ leakage and ER Ca2+
 content in MCD 

cells. A, left panel, Tg-induced ER Ca2+ leakage in D3 Pkd2+/+ (PC2+/+) and B2 Pkd2-/- 

(PC2-/-) MCD cells. B, left panel, ER total Ca2+ content in PC2+/+ and PC2-/- MCD cells. 

Right panel, statistical analysis. Experiments are from 3 independent batches of cells and 9 

measurements with analyzed cell numbers indicated. The error bars represent the SEM. Triple 

asterisk (***) indicate p value <0.001 from unpaired t-test.  
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4.3.4 The net effect of FLNA on PC2 channel function 

    In order to investigate the net effect of FLNA (a combination of expression and functional 

regulation) on PC2 channel function in intact cells, we performed PC2 and FLNA double 

siRNA silencing and checked Tg-induced ER Ca2+ leakage as a read out of PC2 channel 

function in live cell Ca2+ imaging with non-ratio metric cytosolic Ca2+ dye Fluo-8. Even 

though no direct conclusion was obtained on whether PC2 functions as an ER Ca2+ leak 

channel from PC2 transient silencing Ca2+ imaging, Tg-induced ER Ca2+ leakage can still serve 

as a read out of PC2 channel function, to study its regulation by other factors. We observed that 

FLNA siRNA silencing decreases Tg-induced ER Ca2+ leakage, which is in opposite of PC2 

siRNA silencing. Double silencing of PC2 and FLNA restores Ca2+ leak to the control level. 

This suggests that FLNA has a net inhibitory effect on PC2 channel function that KD of FLNA 

releases the inhibition and results in an effect in opposite to PC2 KD.            

 

 

Figure 4-6. Effect of FLNA on PC2 

silencing-induced ER Ca2+ leakage. HeLa 

cells transfected with the indicated siRNA(s) 

for 72 hr before Ca2+ imaging experiments with 

non-ratio metric cytosolic dye Fluo-8 

measuring Tg-induced ER Ca2+ leak. Shown 

are statistical analysis of the relative peak 

fluorescence change from the indicated 

numbers of cells. Experiments are from 1 batch 

of cells and 3 measurements.  
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4.4 DISCUSSION  

Ca2+-dependent physical interaction of PC2 and FLNA was reported in Chapter 3 that Ca2+ 

enhances the binding strength of PC2-FLNA. In this chapter, we further investigated the 

Ca2+-dependent binding of FLNA with PC2 N- and C- terminal fragments. GST pull-down 

revealed an enhanced PC2N-FLNA interaction but weakened PC2C-FLNA binding in the 

presence of Ca2+, indicating that PC2 N- and C- tails may play different roles in responding to 

Ca2+-dependent filamin regulation. Further lipid bilayer experiment showed that FLNA inhibits 

PC2 channel activity only in the presence of high Ca2+, which taken together supports a Ca2+ 

dependent filamin inhibitory role on the channel. In addition, by employing Ca2+ imaging 

technique, we found that ER-localized PC2 functions as an ER passive Ca2+ leak channel, and 

FLNA has a net inhibitory effect on PC2 channel function in intact cells (which means the 

stabilizing effect of FLNA as described in Chapter 3 is overwhelmed by its inhibitory effect on 

PC2 channel activity shown in Chapter 2). Thus, it is proposed that there is a dynamic 

regulation of PC2-mediated ER Ca2+ flux by filamin; namely, increased intracellular Ca2+ 

concentration promotes the binding of FLNA to PC2 to reduce Ca2+ leak from the ER thereby 

preventing further intracellular Ca2+ increase.  

To study the channel function of ER localized PC2 by live cell Ca2+ imaging, we have 

utilized three pairs of PC2 siRNA as well conducted the rescue experiment, which further 

confirmed the specificity of PC2 silencing. In addition, we employed MCD PC2 stable 

knockout kidney epithelial cell lines, which directly revealed the function of PC2 as an ER 

Ca2+ leak channel in intact cells. Previous study showed that in vitro, PC2 functions a 

non-selective cation channel and shows Ca2+-activated Ca2+ permeability (58). However, it 

remains controversial in terms of the function of ER resident PC2 in vivo, that whether PC2 
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exhibits basal Ca2+ leakage or functions as a Ca2+-activated Ca2+ release channel that requires 

an increase in cytosolic Ca2+ to confer permeability of Ca2+ of the ER. It appears that the 

function of ER resident PC2 is quite cell type dependent. Koulen et al found that PC2 functions 

as a Ca2+-activated Ca2+ release channel in LLC-PK1 cells (59). Whereas, Wegierski et al 

reported that PC2 functions as an ER Ca2+ leak channel which decreases ER Ca2+ content and 

results in decreased Ca2+ release in HEK293 and MDCK cells (67). Another group even 

reported that PC2 does not significantly contribute to the ER Ca2+ homeostasis in the proximal 

tubule epithelial cells extracted from human urine (271). Our results from HeLa and MCD cells 

are more in consistent with Wegierski’s study which supports PC2 as an ER Ca2+ leak channel. 

The discrepancy obtained from different cell lines is possibly due to distinguished environment 

where PC2 is residing. Due to different properties of each cell line, PC2 is in the protein 

complex with different binding partners, which confer different regulatory mechanism and 

entitle PC2 with either basal channel function or ligand stimulated channel activity.  

In terms of the regulation of PC2 by FLNA, though FLNA silencing shows an opposite 

effect in Tg-induced Ca2+ leakage compared to PC2 silencing, the use of FLNA siRNA is not 

sufficient to specifically target to the channel function of PC2 as FLNA has been shown as a 

regulator of a number of targeting proteins. Fortunately, no other ER Ca2+ channels have been 

reported as downstream targets of FLNA. However it is more convincing to use blocking 

peptides, which will specifically disrupt PC2-FLNA interaction and examine PC2 mediated ER 

Ca2+ leakage to reveal the importance of PC2-FLNA complex. 

The physiological importance of PC2-FLNA interaction was tested in zebrafish model as 

well by performing double silencing of PC2 and FLNA (Data not shown). Pkd2 MO KD in 

zebrafish causes tail-curling phenotype which is often used as a read out of PC2 activity (272). 
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With flna and Pkd2 double MO KD, we expected to see a rescue of PC2 channel function and 

alleviation of Pkd2 KD caused phenotype. However, KD of flna alone shows even severe 

defect/abnormality in zebrafish, which makes the double KD results un-interpretative. This is 

understandable as FLNA plays fundamental roles in the cell and has a number of downstream 

target proteins, in addition of PC2. Thus, in order to specifically study the significance of 

PC2-FLNA binding, a similar strategy as discussed in Ca2+ imaging experiment is to use 

blocking peptides to specifically break down their interaction and check the tail curling 

phenotype to estimate the net effect of FLNA on PC2 and the importance of their interaction. 
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CHAPTER 5 
 
 
 
 
 

RESULT #4 Filamin interacts with ENaC and 
inhibits its channel function 

 
 
 
 
 

A version of this chapter has been published in 2013 
Qian Wang, Xiao-Qing Dai, Qiang Li, Jagdeep Tuli, Genqing Liang, Shayla S.Li, and 

Xing-Zhen Chen. 
J Biol Chem. 2013 Jan 4; 288(1): 264–273 
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5.1 ABSTRACT 

Epithelial sodium channel (ENaC) in the kidneys is critical for Na+ balance, extracellular 

volume and blood pressure. Altered ENaC function is associated with respiratory disorders, 

pseudohypoaldosteronism type 1 and Liddle syndrome. ENaC is known to interact with 

components of the cytoskeleton, but the functional roles remain largely unclear. Here, we 

examined the interaction of ENaC and filamins, important actin filament components. We first 

discovered by yeast two-hybrid screening that the C termini of ENaC α and β subunits bind 

filamin A, B and C, and we then confirmed the binding by in vitro biochemical assays. We 

demonstrated by co-immunoprecipitation that ENaC, either overexpressed in HEK293, HeLa, 

and melanoma A7 cells or natively expressed in LLC-PK1 and IMCD cells, is in the same 

complex with native filamin. Furthermore, biotinylation and co-immunoprecipitation combined 

assays showed the ENaC-filamin interaction on the cell surface. Using Xenopus oocyte 

expression and two-electrode voltage clamp electrophysiology, we found that co-expression of 

an ENaC-binding domain of filamin substantially reduces ENaC channel function. Western 

blotting and immunohistochemistry experiments revealed that filamin A C terminus (FLNAC) 

modestly reduces the expression of ENaC α subunit in oocytes and A7 cells. After normalizing 

the current by plasma membrane expression, we found that FLNAC results in 50% 

reduction in ENaC channel activity. The inhibitory effect of FLNAC was confirmed by lipid 

bilayer electrophysiology using purified ENaC and FLNAC, which showed that FLNAC 

substantially reduces ENaC single channel open probability. Taken together, our study 

demonstrated that filamin reduces ENaC channel function through direct interaction on the cell 

surface. 
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5.2 INTRODUCTION 

The epithelial sodium channel (ENaC)/degenerin (DEG) family represents a class of ion 

channels discovered in the early 1990s (106). Members of this family are involved in Na+ and 

H2O reabsorption, taste, touch, acid-base homeostasis, and are divided into four main 

subfamilies as follows: ENaC, FMRF (Phe-Met-Arg-Phe)-amide-gated channels, acid-sensing 

ion channels, and mechanosensory channel proteins of nematode degenerins. This family 

includes more than 20 members that all possess two transmembrane domains plus intracellular 

N- and C- termini, and are Na+ selective and amiloride inhibitable (123,273-275). 

ENaC has small conductance (~5 pS) and is putatively composed of two α subunits 

(α-ENaC, 669 aa), one regulatory β subunit (β-ENaC, 640 aa) and one regulatory γ subunit 

(γ-ENaC, 649 aa) (2α1β1γ) arranged pseudosymmetrically around the channel pore. It is 

known that actin filament is an important regulator of ENaC channel and that ENaC directly 

binds α-spectrin, ankyrin and F-actin (148,276). ENaC is sensitive to membrane stretch, 

hydrostatic pressure and shear stress, as showed in Xenopus oocytes, mammalian cultured cells, 

artificial lipid bilayers, and native tissues (277,278). In the kidneys, ENaC plays a critical role 

in Na+ balance, extracellular volume and blood pressure. In the lung, ENaC has a distinct role 

in controlling the ionic content of the air-liquid interface thereby determining the rate of 

mucociliary transport. In human and animal models, abnormal ENaC activity leads to a number 

of pathologies, e.g. hypertension, altered mucociliary transport, respiratory distress, and 

high-altitude pulmonary edema. Loss-of-function mutations in α-ENaC cause salt-wasting 

syndrome in pseudohypoaldosteronism type 1, while gain-of-function mutations in β- and 

γ-ENaC cause Liddle’s syndrome, a form of salt-sensitive hypertension (123,273,279-281). 

Filamins are large cytoplasmic proteins that cross-link cortical actin into a dynamic 
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three-dimensional structure and were discovered as the first family of non-muscle 

actin-binding proteins. Mammalian filamins consist of three actin-binding homologs (A, B, and 

C), each of ~280 kDa and containing an N terminal actin-binding domain (~300 aa), followed 

by a long rod-like domain made of 24 repeats of anti-parallel β-sheets (~96 aa each) and two 

‘hinge’ regions. Two filamin molecules self-associate to form a homodimer through the last C 

terminal repeat, which allows the formation of a V-shaped flexible structure that is essential for 

the function (169,204). Current data suggest that filamins are involved in the organization of 

cytoskeleton, which is important for cell adhesion and motility, interacts with and regulates 

several membrane proteins (ion channels, receptors, β-integrins and glycoprotein Ibα) and 

cytoplasmic signaling proteins (Rho GTPases, TRAF2, Smads and SEK-1) 

(152,169,202,204,237,242,282,283). Nevertheless, a clear mechanistic explanation for their 

importance is still lacking. Genetic evidence indicates that filamins are essential for human 

development, and mutations in either filamin-A (FLNA) or -B (FLNB) are associated with 

abnormal development of brain, bone, cardiovascular system and many other organs. Although 

different filamin isoforms seem to have distinct roles in development, they may also be 

functionally similar and confer genetic redundancies that lead, upon mutations, to a wide 

degree of variances in the genetic syndromes. 

The C terminus of α-ENaC has been shown to be important for channel modulation by the 

actin cytoskeleton (284). However, whether and how the actin-binding protein influences the 

function of ENaC remains poorly understood. In the present study, we employed various 

approaches of molecular biology and electrophysiology to investigate physical and functional 

interactions between ENaC and filamins, with an emphasis on the pore-forming α-ENaC and 

the predominant FLNA isoform. 
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5.3 MATERIALS AND METHODS 

Antibodies 

Four rabbit polyclonal antibodies, anti-α-ENaC 324870 (Calbiochem), anti-α-ENaC 

ENACA11-A (Alpha Diagnostic Inc., San Antonio, TX), anti-α-ENaC PA1-920A (Peirce), and 

anti-α-ENaC C-20 (Santa Cruz Biotech, Santa Cruz, CA) were used in this study. Anti-β-ENaC 

H-190 and anti-γ-ENaC F-20 were purchased from Santa Cruz Biotechnology. Anti-FLNA 

antibodies were mouse monoclonal FIL2 antibodies raised using the filamin antigen purified 

from chicken gizzard (Sigma), mouse monoclonal anti-FLNA E-3 and rabbit polyclonal 

anti-FLNA H-300 (Santa Cruz Biotechnology). Anti-GST B-14 (Santa Cruz Biotechnology) 

and anti-His 27E8 (Cell Signaling, Danvers, MA) antibodies were used in the GST pull-down 

assay. Mouse anti-GFP B-2 (Santa Cruz Biotechnology) was used in immunoblotting (IB) of 

GFP-tagged proteins. Anti-β-actin antibody C-4 (Santa Cruz Biotechnology) was used in 

Western blotting (WB) for loading controls.  

 

Human melanoma cell lines 

Human melanoma M2 cells are deficient of filamins. Transfection of FLNA into M2 cells 

generated A7 cells. To generate M2 and A7 ENaC stable cell lines, 600 mg/ml of hygromycin 

and G418 (Invitrogen) were added to select viable clones one recovery day following 

transfection and then maintained using hygromycin (100 µg/ml) (M2) or hygromycin plus 

G418 (300 µg/ml) (A7).  

 

Cell culture and Transfection 

HEK293, HeLa, IMCD, MDCK, porcine kidney cells LLC-PK1, M2 and A7 cells were 
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cultured in DMEM supplemented with L-glutamine, penicillin-streptomycin, and 10% FBS. 

Transfection of ENaC was performed on HEK293, HeLa and MDCK cells cultured to 90% 

confluency using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.  

 

Plasmid construction 

The C termini of human FLNA (NM_001456, FLNAC, aa 2150-2647) and FLNB 

(NM_001457, FLNBC, aa 2105-2602) were isolated from either human kidney cDNA library 

or HEK293 cells. The C terminus of FLNC (NM_001458, FLNCC, aa 2144-2725) was cut 

from pACT2-FLNCC plasmid. cDNAs were subcloned into pGADT7 (Clontech) for yeast 

expression, pET28a (Novagen, EMD Chemicals, Gibbstown, NJ) for bacterial expression, 

pcDNA3.1 for mammalian expression, and pCHGF for Xenopus oocyte expression. cDNAs 

encoding Human α-ENaC N terminus (α-ENaCN, aa 1-82), α-ENaC C terminus (α-ENaCC, aa 

588-669), β-ENaC N terminus (β-ENaCN, aa 1-14), β-ENaC C terminus (β-ENaCC, aa 

559-640), γ-ENaC N terminus (γ-ENaCN, aa 1-76), and γ-ENaC C terminus (γ-ENaCC, aa 

568-649) were subcoloned into pGBKT7 (Clontech) for yeast expression. cDNAs encoding 

α-ENaCC and β-ENaCC were constructed into vector pGEX5X (Pharmacia, Piscataway, NJ) 

for GST pull-down assay. Human α-ENaC and β-ENaC were subcloned into vectors 

pcDNA3.1 and pEGFPC2, in which GFP is fused to the N terminus for mammalian expression. 

Rabbit α, β, and γ subunits of ENaC in pSD series vector for oocyte expression were generous 

gifts of Dr. L. Schild from University of Lausanne. All plasmid constructs were confirmed by 

sequencing.  

 

Yeast two-hybrid analysis 
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A yeast two-hybrid screen was performed in the yeast strain AH109 containing Ade2, His3 

and LacZ reporter genes under the control of the GAL4 upstream-activating sequences as 

described before (45)(22). Briefly, the cDNAs encoding ENaC fragments were subcloned in 

frame into the GAL4 DNA binding domain of vector pGBKT7 by a PCR-based approach. Both 

C- and N- termini of ENaC subunits were used as baits to screen human kidney and heart 

cDNA libraries (Clontech) constructed in vector pGADT7 containing the GAL4 activation 

domain. Transformants were grown on the minimal synthetic dropout medium lacking leucine, 

tryptophan, adenine and histidine. Colonies survived were further screened for activation of a 

LacZ reporter gene by a filter lift assay (Clontech). Plasmid cDNAs were isolated from the 

positive colonies and individually tested against the bait and empty vector.  

 

GST pull-down 

Pre-cleared bacterial protein extract (250 µl) containing GST-α-ENaCC, GST-β-ENaCC 

or GST alone was incubated with 2 µg of purified His-FLNAC in the binding buffer (50 mM 

Tris, 150 mM NaCl, and 1 mM CaCl2, pH 7.5). The mixture was incubated at RT for 1 hr with 

gentle shaking, followed by another hour of incubation after addition of 100 µl 

glutathione–agarose beads (Sigma). The beads were then washed 4-5 times with 140 mM NaCl, 

10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.5 and the remaining proteins were eluted using 

10 mM glutathione, and 50 mM Tris, pH 8.0. The protein samples were prepared for WB. 

  

Co-immunoprecipitation (Co-IP) 

Co-IP was performed using lysate of native IMCD and LLC-PK1, ENaC-transfected 

HEK293 and HeLa cells, and α-ENaC stably expressed A7 cell line. A cell monolayer in 100 
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mm dishes was washed twice with phosphate-buffered saline (PBS) and solubilized in ice-cold 

CellLytic-M lysis buffer and proteinase inhibitor mixture (Sigma). Supernatant was collected 

following centrifugation at 16,000 × g for 15 min. Equal amounts of total protein from 

postnuclear supernatants were pre-cleared for 1 hr with protein G-Sepharose (GE Healthcare) 

and then incubated for 4 hr in a cold room with antibody against ENaC or FLNA. After the 

addition of 100 µl of 50% protein G-Sepharose, the mixtures were incubated overnight with 

gentle shaking. The immune complexes absorbed to protein G-Sepharose were washed five 

times with the NP40 lysis buffer (50 mM Tris, 150 mM NaCl, and 1% Nonidet P-40, pH 7.5) 

with proteinase inhibitor. The precipitated proteins were analyzed by WB using antibodies 

against FLNA or ENaC. 

 

Preparation of mRNAs and microinjection into oocytes   

Capped synthetic rabbit α, β, and γ subunits of ENaC mRNAs were synthesized by in 

vitro transcription from a linearized template in the pSD series vector using the mMESSAGE 

mMACHINE1 kit (Ambion, Austin, TX). FLNAC and FLNBC in the pCHGF vector were 

used to synthesize their mRNAs in a similar way. α- and γ-ENaC were linearized by PvuII and 

β-ENaC by BgIII; FLNAC and FLNBC were linearized by MluI. Stage V–VI oocytes were 

prepared as previously described (240). Each oocyte was injected with 50 nl of water 

containing mRNA of ENaC subunits (10 ng each) alone or together with 20 ng of FLNAC 

mRNA 5 hr following defolliculation. An equal volume of RNase-free water was injected into 

each control oocyte. Injected oocytes were incubated at 16–18°C in the Barth solution 

supplemented with penicillin/streptomycin and 2 µm amiloride for 2–3 days (to reduce 

Na+ loading via ENaC) prior to experiments. 
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Two-electrode voltage clamp 

Two-electrode voltage clamp was performed as described previously (240). Briefly, the 

two electrodes (capillary pipettes, Warner Instruments, Hamden, CT) 

impaling Xenopus oocytes were filled with 3 M KCl to form a tip resistance of 0.3–2 megohms. 

Oocyte whole-cell currents were recorded using a Geneclamp 500B amplifier and Digidata 

1322A AD/DA converter (Molecular Devices, Union City, CA). Gap-free and voltage ramp 

protocols, as described previously (285), were used in experiments, with current/voltage 

signals sampled at intervals of 100 ms and 100 µs, respectively. The standard sodium solution 

contained 100 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH 

7.5. N-Methyl-D-glucamine (NMDG, Acros Organics, Monroeville, NJ) was used to replace 

Na+ to generate the NMDG-containing solution. 

 

Protein preparation and lipid bilayer electrophysiology 

Human α-, β-, and γ-ENaC proteins were purified from MDCK cell lines stably transfected 

with pGTAP3F-ENaCs. TAP-ENaC was prepared and reconstituted in a lipid bilayer system as 

described previously (217) to assess the channel activity. Briefly, PC-ONE amplifier (Dagan 

Corp., Minneapolis, MN) in combination with Clampex 9 program (Molecular Devices) was 

used in these experiments. The cis (or trans) compartment contained 150 (or 15) mM NaCl, 

and 15 µM Ca2+, pH 7.4 (adjusted by MOPS-KOH). TAP-α-ENaC protein was added to 

the cis chamber in proximity of the membrane or used to directly ‘paint’ the membrane. To 

examine the effect of Escherichia coli purified FLNAC on α-ENaC, single channel activity of 

α-ENaC was recorded for 20–40 min before and after the addition of FLNAC. 
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Biotinylation 

Xenopus oocytes and HeLa or M2 cells were washed three times with Barth solution/PBS 

before incubation with 5 or 1 mg/ml Sulfo-NHS-SS-Biotin (Pierce) for 30 min at RT. After 

adding 1 M NH4Cl to quench the nonreacted biotinylation reagent, oocytes/cells were washed 

with Barth solution/PBS and then harvested in ice-cold CellLytic-M lysis buffer and proteinase 

inhibitor mixture. Oocyte/cell lysates were incubated at RT for 3 hr with gentle shaking upon 

addition of 100 µl of streptavidin (Pierce). The surface protein absorbed by streptavidin was 

resuspended in SDS and subjected to SDS-PAGE. 

 

Immunohistochemistry 

Immunohistochemistry was used to determine the surface expression of ENaC with or 

without FLNAC co-expression in Xenopus oocytes. Oocytes were washed with PBS and then 

fixed in 3% paraformaldehyde for 15 min at RT. After washing three times with 50 mM NH4Cl 

in PBS, oocytes were permeabilized with 0.1% Triton X-100 for 4 min. After rinsing in PBS, 

oocytes were blocked in 2% bovine serum albumin for 30 min before incubating with 

anti-α-ENaC PA1–920A (1:100) in blocking buffer for 1 hr at RT. Oocytes were then washed 

three times with PBS and incubated with a secondary FITC-conjugated anti-rabbit antibody 

(1:200) for 30 min at RT. After washing, oocytes were mounted in VECTASHIELD (Vector 

Laboratories, Burlingame, CA) on slides with secure-seal spacers (Grace Bio-Labs, Inc., Bend, 

OR) for fluorescence detection with a Zeiss 510 confocal laser-scanning microscope. Signals 

were quantified by ImageJ (National Institutes of Health, Bethesda).   
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Data analysis and statistics 

Data were analyzed and plotted by Sigmaplot 11 or 12, and expressed as means ± S.E. (n), 

where n indicates the number of independent measurements. Comparisons between two sets of 

data were analyzed by t-test. A probability value (p) of less than 0.05 and 0.01 was considered 

significant and very significant, respectively.
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5.4 RESULTS 

5.4.1 Physical interaction between ENaC and filamins 

We employed a yeast two-hybrid system to screen proteins that associate with the C 

terminus of human α-ENaC (α-ENaCC, aa 588–669). α-ENaCC was constructed into the 

pGBKT7 vector, as a bait, to screen human kidney and heart cDNA libraries. We found that 

the C terminus of human filamin A (FLNAC, aa 2150–2647) from the heart library binds 

α-ENaCC. We then performed one-to-one yeast two-hybrid assays and found that the C termini 

of three human filamins (FLNAC, aa 2150–2647; FLNBC, aa 2105–2602; FLNCC, aa 

2144–2725) bind α-ENaCC and the C terminus of human β-ENaC (β-ENaCC, aa 559–640) 

(Figure 5-1 A), despite the fact that there is no significant sequence similarity among the C 

termini of α and β subunits of ENaC. To confirm the results obtained from our yeast 

two-hybrid experiments, we performed in vitro GST fusion protein affinity binding assays. For 

this, α- and β-ENaCC were constructed in the pGEX-5X vector in-frame with a GST epitope 

and expressed in the bacterial strain BL21, and then cell lysate was collected (Figure 5-1 B). 

His-tagged FLNAC was similarly expressed and purified. Both α- and β-ENaCC overexpressed 

in E. coli were able to interact with purified FLNAC (Figure 5-1 B). 
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A 

   
 

                      prey (PGADT7) 
bait (PGBKT7) 

FLNAC 
(2150-2647) 

FLNBC 
(2105-2602) 

FLNCC 
(2144-2725) 

Vector 
(Control) 

α-ENaCN (1-82) - - - - 
α-ENaCC (588-669) ++ ++ ++ - 
β-ENaCN (1-47) - - - - 
β-ENaCC (559-640) ++ ++ ++ - 
γ-ENaCN (1-76) - - - - 
γ-ENaCC (568-649) Self-activation, not tested for binding 
Vector (Control) - - - - 

Figure 5-1. Physical interaction between ENaC and filamins. A, yeast two-hybrid assays 

for the ENaC-filamin interaction. ++ and − indicate the presence of a strong interaction and 

the absence of the interaction, respectively. B, interaction between ENaC and FLNA C 

termini by in vitro GST pull-down assays. E.coli lysates containing GST-α-ENaCC, 

GST-β-ENaCC, or GST alone were incubated with purified His-FLNAC. The expression of 

GST-tagged α-/β-ENaCC and GST is shown as Input (lower panel) by IB with GST B-14 

antibody. Buffer served as a nonprotein control (n = 3). 
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To determine whether ENaC subunits bind FLNA in vivo, we overexpressed α-ENaC and 

β-ENaC in the HEK293 cell line and performed co-IP. Both α-ENaC and β-ENaC were found 

to interact with native FLNA (Figure 5-2 A). In HeLa cells transfected with GFP-α-ENaC, 

anti-FLNA E-3 antibody was able to precipitate GFP-α-ENaC (Figure 5-2 B), indicating that 

the two proteins are in the same complex. Moreover, in the A7 α-ENaC stably expressing cell 

line, FLNA was found to interact with GFP-α-ENaC (Figure 5-2 C). Furthermore, the presence 

of FLNAC through overexpression reduced the interaction of α-ENaC with full-length FLNA 

(Figure 5-2 C), presumably through competitive binding. 

The endogenous ENaC-FLNA interaction was confirmed using native IMCD and 

LLC-PK1 cell lines. FLNA protein was detected in the precipitates of LLC-PK1 and IMCD 

cells using an anti-α-ENaC antibody but not in the precipitates using nonimmune IgG (Figure 

5-3 A and B). Reciprocally, α-ENaC signal was observed in the precipitates of LLC-PK1 using 

an antibody against FLNA for IP. These data demonstrated that α-ENaC and FLNA are in the 

same complex in vivo. Thus, ENaC interacts with filamins in vitro and in vivo. 

Because ENaC channels mainly exhibit their channel function on the plasma membrane, 

we wondered whether surface ENaC interacts with filamins. For this we first isolated surface 

membrane proteins by biotinylation assays using HeLa cells with or without overexpression of 

HA-tagged α-ENaC. Both streptavidin-absorbed and flow-through lysates were immunoblotted 

with antibody against α-ENaC, FLNA, or Na+/K+-ATPase. We found that overexpression of 

ENaC results in increased biotinylated ENaC and FLNA but not Na+/K+-ATPase (Figure 5-3 

C), suggesting that more FLNA molecules are specifically recruited to complex with an 

increased population of the surface membrane ENaC. We then performed co-IP assays using 

biotinylated lysates to directly examine their interaction on the surface membrane. For this 
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purpose we utilized the monomeric avidin kit (Pierce) that allows biotinylated lysates to 

dissociate from streptavidin without disrupting protein complexing in the lysates. Indeed, our 

experiments using HeLa and M2 cells demonstrated that ENaC channels located on the plasma 

membrane interact with FLNA (Figure 5-3 D). 

Of note, when we employed both kidney and heart libraries in parallel for screening 

interacting partners of α-ENaCC, FLNAC came out as one of the interacting partners from the 

heart library but not the kidney library. The exact reasons for this outcome remain to be 

determined, but it may be due in part to the low reproducibility nature of this screen method. 

Nevertheless, it is important to note that filamin is widely distributed and that we confirmed its 

interaction with ENaC by one-to-one yeast two-hybrid (Figure 5-1 A), GST pull-down (Figure 

5-1 B), and by co-IP in renal and nonrenal cell lines (Figures 5-2 and 5-3). 
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 Figure 5-2. Interaction between ENaC and FLNA by co-IP. Data shown here are 

representative of those from three to five independent experiments. A, upper panels, 

HEK293 cells overexpressing α-ENaC. Cell lysates were used for reciprocal co-IP assays, 

using anti-FLNA E-3 or anti-α-ENaC (Calbiochem) antibody for IP or IB, as indicated. 

Non-immune serum mouse IgG (mIgG) and rabbit IgG (RIgG) were used as controls. 

Lower panels, cell lysates from HEK293 cells overexpressing GFP-α-ENaC were 

precipitated with anti-FLNA E-3 or mIgG (control). Immunoprecipitated proteins were 

analyzed by WB using anti-FLNA E-3 or anti-GFP (Santa Cruz Biotechnology) antibody. 

B, lysates from HeLa cells overexpressing GFP-α-ENaC were precipitated with anti-FLNA 

E-3 or mIgG (control). Immunoprecipitated proteins were analyzed by WB using 

anti-FLNA E-3 or anti-GFP. C, A7 cells stably expressing GFP-α-ENaC were used for IP 

using GFP or mIgG (control). Immunoprecipitated proteins were detected with anti-FLNA 

E-3 or anti-GFP (left panels). Right panels, A7 cells stably expressing GFP-α-ENaC were 

transiently transfected with empty vector (Ctrl) or the FLNAC fragment. GFP antibody was 

used for IP, and anti-FLNA E-3 and anti-GFP were used for IB. 
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Figure 5-3. Interaction between endogenous ENaC and FLNA by co-IP. Data 

shown here are representative of those from three to four independent 

experiments. A, LLC-PK1 cell lysates were used for reciprocal co-IP using 

anti-α-ENaC (Calbiochem) and anti-FLNA E-3 for IP and IB as indicated. Non-immune 

serum RIgG and mIgG were used as controls. B, cell lysates from IMCD cells were 

precipitated with anti-FLNA H-300 and RIgG as control. Immunoprecipitated proteins 

were analyzed by WB using anti-α-ENaC antibody (Calbiochem). C, biotinylation was 

performed on HeLa cells transfected with either human α-ENaC or empty pcDNA3.1 

plasmid (Ctrl). Biotinylated proteins were subjected to SDS-PAGE and detected by 

antibody against ENaC, FLNA, or Na+/K+-ATPase (as a control).D, biotinylation was 

performed on HeLa and M2 cells transfected with human α-ENaC or empty pcDNA3.1 

plasmid (HeLa only, Ctrl). Biotinylated proteins were collected using the monomeric 

avidin kit (Pierce) and proceeded to co-IP assays with α-ENaC antibody. Precipitated 

proteins were immunoblotted with FLNA H-300 or α-ENaC antibody.   
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5.4.2 Modulation of ENaC channel function by FLNA in Xenopus oocytes 

We co-injected α-, β-, and γ-ENaC mRNAs into oocytes with a concentration ratio of 2:1:1. 

The average Na+ current, equals to the total current in the presence of 100 mM Na+ minus the 

one when Na+ was replaced by the equimolar N-methyl-D-glucamine, was 2.7 ± 0.3 µA (n = 30) 

at −50 mV in oocytes expressing ENaC. This Na+ current was reversibly inhibited by 10 

µM amiloride present in the extracellular solution, with the amiloride-sensitive currents 

averaging 2.42 ± 0.39 µA (n = 17) (Figure 5-4), accounting for 90% of the Na+ current. 

Co-expression of FLNAC substantially reduced the Na+ current as well as the 

amiloride-sensitive current (Figure 5-4). In the presence of FLNAC, the amiloride-sensitive 

current was 0.47 ± 0.21 µA (n = 15), which represents only 19% of the corresponding currents 

in the absence of FLNAC. The inhibition effect of FLNBC was similar to that of FLNAC 

(Figure 5-4 B). FLNA also substantially reduced amiloride-sensitive currents in other 

membrane potentials ranging from −120 mV to +80 mV, as revealed by use of a voltage ramp 

protocol (Figure 5-4 C). Although it was reported that efficient trafficking of ENaC to the 

surface membrane requires assembly of all three subunits (286), individual ENaC subunits are 

still capable of trafficking to the surface membrane (287). We thus examined the effect of 

filamin on α-ENaC channel function. When only α-ENaC was expressed in oocytes, significant 

amiloride-inhibitable currents were observed, although they were much smaller (Figure 5-4 D) 

than those in the presence of α, β, and γ subunits (Figure 5-4). On average, the 

amiloride-sensitive currents were 181 ± 5 nA (n = 11). Similarly, the co-expression of FLNAC 

reduced the currents to 71 ± 6 nA (n = 21) (Figure 5-4 D), a 61% reduction. By using a voltage 

ramp protocol, we found that FLNAC is able to suppress the α-ENaC activity in the tested 

voltage range of −120 mV to +80 mV (Figure 5-4 E). 
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Figure 5-4. Effect of filamin on whole-cell transport mediated by overexpressed 

αβγ-ENaC or α-ENaC in Xenopus oocytes. A, representative ENaC-mediated 

whole-cell currents recorded at −50 mV with the two-microelectrode voltage clamp 

in the presence of the standard Na+- or NMDG-containing solution, ± amiloride (10 

µM), as indicated in an oocyte injected with αβγ-ENaC mRNA together with (lower 

panel) or without (upper panel) FLNAC mRNA. B, averaged amiloride-sensitive 

Na+ currents measured at −50 mV, from oocytes expressing αβγ-ENaC, 

αβγ-ENaC+FLNAC, or αβγ-ENaC+FLNBC. C, representative current-voltage (I-V) 

relationships obtained using a voltage ramp protocol with other conditions similar 

to A and B. D, effect of FLNAC on α-ENaC function, assessed by 

amiloride-sensitive Na+ currents. Shown are averages obtained from oocytes 

expressing α-ENaC with or without FLNAC (p < 0.001, between ± FLNAC, by 

unpaired t test), or water-injected oocytes. E, representative I-V curves obtained 

using a voltage ramp protocol with other conditions similar to C. 
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5.4.3 Modulation of ENaC expression and distribution by FLNA 

To determine whether the reduced whole-cell channel function of ENaC by filamins is due 

to reduced ENaC expression and surface membrane targeting or reduced single channel 

activity, we performed WB and biotinylation assays to examine the effect of filamins on the 

total and PM expression of α-ENaC. FLNAC modestly reduced α-ENaC total expression 

(Figure 5-5 A) as assessed by WB but had no significant effect on its plasma membrane 

targeting assessed by biotinylation (Figure 5-5 B). In average, the α-ENaC total expression was 

reduced to 83 ± 6% by FLNAC (n = 3; p = 0.005, by paired t-test). Furthermore, we performed 

immunohistochemistry (IHC) experiments to illustrate the effect of filamin on the subcellular 

distribution of α-ENaC on oocytes that were first tested for amiloride-inhibited currents. We 

found that, in the presence of FLNAC, the α-ENaC plasma membrane density assessed by IHC 

in average only reduced to 78% (Figure 5-5 C), which is similar to the reduction in the total 

ENaC expression. We next calculated the ratio of the α-ENaC amiloride-sensitive current to 

the plasma membrane density for each tested individual oocyte as a normalized current to 

assess the channel activity of each α-ENaC protein. We found that in the presence of FLNAC, 

α-ENaC activity dropped to 52% (n = 4; p = 0.01, by unpaired t-test) (Figure 5-5 D). Taken 

together, our data from using oocytes indicate that filamin inhibits α-ENaC channel activity, in 

addition to modestly reducing its overall expression. 

We also employed filamin-deficient M2 cells and FLNA-replete A7 cells stably expressing 

α-ENaC to examine the effect of FLNA on the α-ENaC expression. Our WB analysis revealed 

that the expression of α-ENaC is reduced with FLNAC co-transfection in M2 cells and is lower 

in A7 than in M2 cells (Figure 5-5 E), possibly because filamin down-regulates the ENaC 

expression. Interestingly, endogenous FLNA in A7 cells was significantly reduced by the 
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expression of FLNAC (Figure 5-5 E), suggesting a competitive expression between FLNAC 

and full-length FLNA. Because the process of selection of stably expressing M2 and A7 cells 

may have picked up this A7 cell line with lower ENaC expression than the M2 cell line, we 

next performed transient transfection of α-ENaC to eliminate this potential factor. Furthermore, 

to avoid/reduce the potential influence of limited protein synthesis capability of cells on the 

simultaneous expression of two exogenous proteins, we performed transient transfection with 

α-ENaC plasmid in M2 cells on day 1, followed by an equal split into two wells on day 2 for 

transient transfection with an empty or FLNAC plasmid. We found that FLNAC significantly 

reduces the expression of α-ENaC (Figure 5-5 F), in agreement with the results obtained using 

stable M2 cells (Figure 5-5 E). Averaging from three independent experiments found a 

reduction to 74 ± 8% (p = 0.003, by paired t-test). These data using mammalian melanoma M2 

and A7 cells are in agreement with our results obtained using Xenopus oocytes that filamin 

modestly reduces the ENaC expression. 

Taken together, we found that there is a modest reduction in the ENaC total (by WB) and 

PM (by IHC) expression, which is insufficient to account for the substantial decrease in the 

whole-cell current in the presence of filamin (Figure 5-4). Normalizing the amiloride-sensitive 

current by the surface membrane density, we found that ENaC channel activity drops to half in 

the presence of FLNA. 
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 Figure 5-5. Effect of FLNAC on the expression and subcellular distribution of 

α-ENaC. A, effect of FLNAC on the total expression of α-ENaC. Representative data 

showing the expression of α-ENaC in each individual oocyte assessed by WB. B, 

representative data showing the effect of FLNAC on the plasma membrane expression of 

α-ENaC by biotinylation assay (n = 3). Expressions of Na+/K+-ATPase, calreticulin, and 

β-actin serve as controls. C, representative IHC data, using anti-α-ENaC antibody 

PA1–920A, showing the staining of α-ENaC with or without FLNAC co-expression (n = 

3). D, effect of FLNAC on the amiloride-sensitive currents (at −50 mV) normalized by the 

surface membrane density of α-ENaC assessed by IHC (n = 4). E and F, regulation of 

α-ENaC expression by FLNAC in M2 and A7 cells. E, M2 and A7 cells stably expressing 

α-ENaC were transfected with FLNAC for 48 hr. WB was performed to check the 

expression level with anti-FLNA E-3, anti-α-ENaC 324870, anti-FLNA H-300, and β-actin 

C-4 for normalization. F, M2 cells were transiently transfected with α-ENaC, following by 

transfection the next day with FLNAC or an empty vector pcDNA3.1 (negative control 

(Ctrl). Cell lysates were collected after 48 hr. α-ENaC expression was detected by WB using 

anti-α-ENaC 324870 antibody and controlled by β-actin C-4.   
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5.4.4 Modulation of α-ENaC channel function by FLNAC in planar lipid bilayer 

Our data obtained from Xenopus oocytes indicated that FLNA inhibits ENaC single 

channel activity, in addition to modestly reducing its expression. To verify the inhibition of 

channel activity, we utilized planar lipid bilayer electrophysiology in combination with tandem 

affinity purification to purify full-length α-ENaC proteins from the MDCK stable cell line and 

with E. coli purification of FLNAC. We have previously modified and improved the vector 

construct and affinity purification protocol for use with TRPP2 and TRPP3 channels (217). 

Indeed, purified α, β, and γ subunits were detectable by Coomassie Blue staining and WB 

(Figure 5-6 A). After α-ENaC was reconstituted into lipid membrane, single channel openings 

were observed and showed single channel conductance value compatible with the activities of 

α-ENaC channels (Figure 5-6 B). In fact, in the presence of 150 mM cis-NaCl, single channel 

conductance was in the 18–21 picosiemens range, larger than when all α, β, and γ subunits are 

co-expressed, which is consistent with previous reports (288,289). We then introduced purified 

FLNAC proteins into the cis chamber of the lipid bilayer system to examine whether/how 

FLNAC affects ENaC single channel activity. We found that addition of FLNAC, but not of 

control solution containing denatured (boiled for 5–10 min) FLNAC, substantially inhibits the 

open probability (NPo) and mean current, but not the mean open time, of α-ENaC channels 

(Figure 5-7). The corresponding NPo and mean current values at +40 mV decreased from 2.0 ± 

0.4 to 0.5 ± 0.2 (n = 4; p = 0.005, by paired t-test) and from 4.1 ± 1.2 to 1.1 ± 0.4 pA (n = 

4; p = 0.01), respectively (Figure 5-7 C). These experiments demonstrate that FLNAC 

suppresses ENaC single channel activities, presumably through direct binding. Of note, based 

on our immunofluorescence experiments (Figure 5-5 C), co-expression of FLNA modestly 

decreased the plasma membrane expression of ENaC (to 78%), presumably through regulating 
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the half-life of ENaC on the plasma membrane. In contrast, because artificial lipid bilayer has 

no intracellular systems and FLNA proteins were present during experiments only for short 

time, we can presume that FLNA reduces the Po value and has no effect on the number of 

ENaC channels on the bilayer. 
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Figure 5-6. Tandem affinity purification of human α-, β-, and γ-ENaC from MDCK stable 

cell lines and channel function of α-ENaC reconstituted in lipid bilayer. A, purified human 

α-, β-, and γ-ENaC proteins visualized by Coomassie blue staining (left panel) and WB (right 

panel), as indicated by the arrow. All proteins were purified from MDCK cell lines stably 

transfected with α-, β- and γ-ENaC cDNAs in the pGTAP3F vector. Antibodies against α-, β- 

and γ-ENaC (Santa Cruz) were used for WB. B, representative tracings obtained using purified 

α-ENaC channels reconstituted in the lipid bilayer system (left panel) and current-voltage 

relationship (right panel). Single channel activities were recorded under an asymmetrical 

condition (150/15 mM NaCl on cis/trans). Dotted lines indicate closed states. 
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 Figure 5-7. Regulation of α-ENaC channels by FLNAC in a lipid bilayer 

system. A, representative tracings of reconstituted α-ENaC at +40 mV before and 

after adding FLNAC to the cis chamber. cis chamber, 150 mM NaCl; trans chamber, 

15 mM NaCl. B, representative tracings recorded at +0 mV before and after adding 

FLNAC to the cis chamber, and density plots. Dashed lines in A and B indicate closed 

states. C, open probability (NPo) was calculated and averaged from different patches 

recorded at +40 mV in the absence and presence of FLNAC (n = 4; p = 0.005, by 

paired t test). Mean current and mean open time (MOT) were also calculated from the 

same patches and similarly compared (p = 0.01 and 0.07, respectively). 
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5.5 DISCUSSION 

In this study, we firmly characterized the physical interaction between ENaC and filamin 

by various in vitro and in vivo protein-protein binding approaches. Yeast two-hybrid and E. 

coli GST pull-down assays showed interaction between soluble parts of an ENaC subunit and a 

filamin isoform, presumably through direct binding. In comparison, mammalian cells are 

more in vivo models, and co-IP assays allowed us to show that two full-length proteins interact 

with each other, although this technique does not tell whether they bind each other directly. 

Also, when a partner protein is overexpressed, the exhibited interaction may be nonspecific or 

of an artifactual nature. It was thus important to verify the interaction using native mammalian 

cells. The fact that the two proteins are in the same complex in vivo leads to the question as to 

what is the functional role of the physical interaction. 

Using Xenopus oocyte expression model for IHC assays, we showed that the presence of 

filamin C terminus modestly reduces the surface membrane targeting of α-ENaC. Because 

similar reductions in the ENaC total expression and surface membrane targeting are 

insufficient to account for substantially reduced ENaC currents, we concluded that filamin 

reduces the activity of each individual ENaC channel complex located on the plasma 

membrane. This was in fact directly demonstrated when comparing normalized 

amiloride-sensitive currents in the presence and absence of FLNA co-expression (Figure 5-5 

D). Of note, it is still possible that the inhibition of ENaC by filamin is indirect, e.g. by an 

intermediate protein. In a recent study, we utilized blocking peptides to disrupt the physical 

binding between the TRPP3 channel and the RACK1 protein, which abolished the inhibitory 

effect of RACK1 on TRPP3, demonstrating that the inhibition is mediated by direct physical 

binding (240). In the present study we performed lipid bilayer experiments using purified 
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ENaC and filamin C terminus for several purposes. First, it confirmed the inhibitory effect of 

filamin observed in oocytes. Second, it showed that channel inhibition is through direct binding 

between filamin and α-ENaC. Third, it allowed characterizing ENaC single channel parameters, 

including NPo, single channel conductance, and MOT. In particular, we found that NPo but not 

single channel conductance is inhibited by filamin, indicating that filamin gates channel 

opening through binding to a site in ENaC outside the channel pore. 

Given that ENaC is highly selective to Na+ and the specific effect of amiloride blockade in 

oocytes, the predicted reversal potential for an amiloride-sensitive I-V curve should be about 

70 mV in the presence of 100 mM extracellular Na+, assuming 6.2 or 6.6 mM intracellular Na+
 

(290,291). However, our observed a reversal potential averaged 1.0 ± 0.6 mV (n = 6) and 7.1 ± 

4.5 mV (n = 3) in the absence and presence of FLNAC, respectively (also see Figure 5-4 C). 

Our results are in agreement with previously reported shift in the reversal potential or resting 

potential (290,291). This should be, at least in part, due to loading of Na+ through 

overexpressed ENaC channels during incubation for which Na+/K+-ATPases are unable to 

counterbalance. Indeed, we observed that oocytes expressing αβγ-ENaC have depolarized 

resting membrane potentials averaging −2.1 ± 1.3 mV (n = 6). This indicates that Na+ 

permeability (via ENaC), in addition to K+ and Cl− permeabilities (via native K+ and 

Cl− channels), plays an important role in defining the oocyte resting potential and results in 

significant intracellular Na+
 accumulation. Of note, intracellular concentrations of K+ and Cl−, 

in addition to that of Na+, also significantly changed in oocytes overexpressing ENaC (291), 

indicating that K+ and Cl- permeabilities remain important for the resting potential. The resting 

potential became more negative and oocytes appeared healthier when 2 µM amiloride was 

added to the incubation medium, FLNAC was co-expressed (−10.2 ± 1.6 mV, n = 3), and/or 
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only the α subunit was expressed, presumably because intracellular Na+ concentration was 

much lower than extracellular Na+ concentration under these conditions, as a consequence of 

much reduced Na+ loading via ENaC. Consistently, under these conditions, the reversal 

potential for the amiloride-sensitive I-V became more positive (7.1 mV, with FLNA 

co-expression; also see e.g. Figure 5-4, C and E). 

The mammalian cytoskeleton is composed of three major protein families as follows: 

microfilaments, microtubules, and intermediate filaments, as well as numerous 

cytoskeleton-associated proteins (292). They are implicated in cell shape, motility, signal 

transduction, vesicular trafficking and function of ion channel/transporter/receptor. The 

actin-based cytoskeleton has been shown to interact indirectly and directly with ion channels 

and membrane transport proteins (293-295). The hypothesis that actin cytoskeleton is directly 

involved in regulation of ENaC was first supported by a immunocolocalization study showing 

ENaC channels always present in close proximity to actin filaments and further demonstrated 

by characterizing the modulatory role of actin filament organization on ENaC channel activity 

in A6 epithelial cells (152). In this study, Cantiello et al. also revealed a potential functional 

regulation of ENaC by full-length filamin protein in A6 cells. However, whether there is a 

physical interaction between ENaC and filamin, which domains are involved in the interaction, 

and whether the functional regulation is through the physical interaction remained unclear. 

This study specifically answered these questions by various in vitro and in vivo protein-protein 

interaction approaches and by electrophysiological analyses. 

It was reported that dimerization of filamin is mediated by a C terminal domain and that 

the majority of filamin interacting partners bind its C terminus as well (257). Filamin N 

terminus binds actin thereby cross-linking cortical actin into a dynamic three-dimensional 
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structure. Our data suggest that the binding of FLNAC to ENaC C terminus is enough to inhibit 

the channel function. Thus, it is possible that the filamin N terminus serves to stabilize ENaC 

via cross-linking with the actin network. Future studies would examine whether and how the 

filamin-ENaC interaction is critical to the physiological functions currently known to be 

associated with ENaC or filamins. 
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CHAPTER 6 
 
 
 
 
 

GENERAL DISCUSSION  
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6.1 Transient Receptor Potential Polycystins (TRPPs) and diseases 

6.1.1 Polycystins and ADPKD 

Polycystin-1 and Polycystin-2 

Transient Receptor Potential Polycystins (TRPPs) form a subfamily of the TRP 

superfamily of ion channels, which function in the sensory system and activated by a variety of 

stimuli such as heat/cold, light, sound, chemicals, hormones and mechanical forces (296). 

TRPPs have been found in association with autosomal dominant polycystic kidney disease 

(ADPKD), which is characterized by the formation of fluid-filled cysts in the kidney. About 

95% cases of ADPKD result from mutations of either PKD1 or PKD2 gene, which encode 

polycystin-1 (PC1, also called TRPP1) and polycystin-2 (PC2, also called TRPP2), 

respectively (297). However, the mechanism of how polycystins cause ADPKD remains 

unknown. It was reported in 2003 that PC1 and PC2 co-localize in the primary cilia of kidney 

epithelium and contribute to mechanosensation (25). And cilia dysfunction caused by either 

PC1 or PC2 deficiency results in abnormal kidney development and cyst formation (297). 

Whereas, another study showed that PC2 alone is targeted to the plasma membrane (PM) of 

renal epithelium (200) and functions as a Ca2+ permeable cation channel that contributes to the 

transport of cation entry in renal segments (57), suggesting a role of PM PC2 in the 

development and progression of ADPKD. In addition, ER resident PC2 is involved in the 

regulation of cellular Ca2+ homeostasis (59,67), which has been found to be  disrupted in 

ADPKD cases (298). Thus, it is controversial that which subcellular compartment/s of PC2 is 

involved in ADPKD pathogenesis. Cilia PC2 is more likely to mediate the kidney phenotype of 

ADPKD, as a number of cilia genes have been shown to be related to cysts formation (272). 

Even though, it is still valuable to study the roles of PC2 in different organs and compartments, 
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because 1) ADPKD is not limited to kidney phenotypes but with abnormalities in other organs 

such as the liver, pancreas, brain, heart and reproductive systems. Notably, cardiovascular 

abnormality is one of the two leading causes of death in patients with ADPKD (4). The 

cardiovascular phenotype caused by PC2 is possibly due to its function in regulating 

intracellular Ca2+ homeostasis in smooth muscle cells (299); 2) PC2 is also expressed in 

non-epithelial cells, such as muscle cells (smooth, skeletal and cardiac), endothelial cells, 

nucleated red cells, and neurons (207), where the function is largely unknown; 3) In addition of 

the cation channel property, PC2 has been shown to have other functions, e.g., to regulate other 

receptors and kinases such as IP3R (66), RyR (31), pancreatic ER-resident eIF2α kinase 

(PERK) (211), and to participate in handling cellular stress conditions (300). 

 

Polycystin-2-like-1 (TRPP3) 

Polycystin-2-like-1 (PCL), also called TRPP3, is another member of the TRPP subfamily 

and next to TRPP2 in the phylogenetic tree (296). However, it has not been found to be linked 

to ADPKD. This is interesting because PC2 and PCL (TRPP2 and TRPP3) share many 

similarities in terms of amino acid sequence, structural topology, tissue distribution, and 

channel properties. One of the possibilities that result in the physiological difference is their 

cell type specific localization in the tissues. E.g., in the kidney, PC2 is widely distributed in all 

renal segments including the proximal tubule, distal tubule, and collecting duct (72,301).   

And cysts have been found to be formed in all the renal tubules. Whereas, PCL is restricted in 

the apical membrane of the inner medullary collecting duct, but not in the proximal tubule, 

descending limb, ascending thick limb, or the distal convoluted tubule (302). Therefore PCL 

deficiency could be easily compensated by PC2, leading to no disease phenotype, but not verse 
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vice. Another possibility is their distinct Ca2+ regulatory properties though both can be 

activated by intracellular Ca2+ (38,285). PC2 is tightly regulated by intracellular Ca2+ that low 

range of Ca2+ permeation induces Ca2+ inactivation (self-inactivation) (26). However as to PCL, 

regardless of intracellular Ca2+, after each Ca2+ activation the channel undergoes 

desensitization which needs a recovery time of 5-10 min. This difference is probably due to the 

function of their EF hand domains, that the EF hand of PC2 enables channel activation (62), 

while of PCL prevents the channel from over activation (39). Physiologically, this 

Ca2+-regulated channel property enables PC2 to rapidly respond to Ca2+ oscillations while 

weakens the role of PCL in sensing fluctuated Ca2+, especially in the myocytes of heart, the 

defect of which is one of the major deaths causing reason of ADPKD (4). 
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6.1.2 Polycystins and cancer 

PKD cystic cells display characteristics of fetal, dividing, or cancerous cells, such as 

intense canonical (β-catenin) Wnt signaling activity and high expression of cellular factors 

such as c-Myc, TNFα, and TGF-β1 (303-305). Though cystic cells share many cellular features 

with cancer cells, the functional implication of polycystins in cancer is rarely reported and the 

current two reports seem to be controversial in terms of whether polycystins are ‘tumor 

suppressor’ or ‘oncoprotein’. 

Zhen et al firstly found in 2008 that PC1 induces apoptosis of cancer cells and arrests cells 

in the G0/G1 phase, which thus suppress tumor growth (306). However, in the non-cancerous 

MDCK cells, PC1 was found to induce resistance to apoptosis (80), indicating that the function 

of polycystins in cancer cells maybe different with non-cancerous kidney cells. In early 2015, 

Gargalionis et al reported that polycystins, especially PC1, increase cancer cell proliferation 

and migration and thus is proposed as an oncoprotein (307). This is in controversy with 

previous finding that PC1/PC2 overexpression inhibits cell proliferation in MDCK cells 

(80,211). Even though the function of polycystins in non-cancerous and cancer cell lines may 

be different, the use of PC1 anti-loop antibody to ‘knockdown’ PC1 in Gargalionis’ study is 

less convincing because of lacking of proper control. PBS, rather than the non-immune IgG 

containing solution, was used as a control treatment, which makes it hard to assess the 

specificity of anti-PC1 antibody.  

The implication of polycystins in cancer is a new notion and very exciting. However, 

clinical analysis of the samples from colorectal cancer (CRC) patients reveals that there is no 

regular expression pattern of polycystins in cancer tissues compared with the adjacent 
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non-cancerous tissues. However, the expression of polycystins was found to correlate with 

CRC severity and the patients’ survival rate. (307). 

Taken together, PKD gene/polycystins may not function to induce cancer as the 

well-known oncogenes/proteins such as c-myc, Ras and Wnt do. However, they may be 

downstream molecules of the cancer signaling pathways and function to regulate cancer 

development given polycystins are involved in cell proliferation and apoptosis pathways (235). 

Thus polycystins are possible to serve as potential biomarkers to indicate cancer stages. 
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6.2 Regulation of PC2 by FLNA 

The major part of this thesis is focusing on the regulation of PC2 by its binding partner, an 

actin-binding cytoskeleton protein FLNA, in terms of three aspects, expression, localization 

and channel function. We have found that FLNA regulates PC2 mRNA level that determines 

protein synthesis, protein degradation, PM stability and single channel activity. This is 

interesting but also puzzling that FLNA appears to affect several aspects of PC2. One of the 

controversies is that on one hand FLNA stabilizes PC2 total and plasma membrane expression 

(Chapter 3), however, on the other hand inhibits PC2 single channel activity (Chapter 2).  It 

remains hard to interpret the physiological significance until we discovered a Ca-dependent 

physical interaction and functional regulation of PC2 and FLNA, indicating that in live cells, 

PC2-filamin interaction and regulation is a dynamic process that responds to intracellular Ca2+ 

fluctuation. 

 

6.2.1 Expression 

The steady-state level of PC2 equals protein synthesis minus degradation. In this thesis, 

FLNA was found to be associated with lower mRNA level (data not shown), which results in 

decreased protein synthesis of PC2 (Chapter 3). The mechanism of how FLNA regulates the 

mRNA level of PKD2 remains to be determined in future studies. However, it was previously 

reported that cytoplasmic FLNA regulates gene transcription through binding with 

transcription factor PEBP2/CBF in the cytoplasm and preventing it from entering the nucleus 

where it would interact with transcription factor Runx1 to induce transcription of a number of 

genes (174,257), e.g., interleukin-3 (257,308). It was also known that FLNA sequesters 

transcription factor p73α in the cytoplasm, which results in transcriptional repression of 
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cell-cycle inhibitor p21Waf1/Cip1 (175). FLNA also represses the transcriptional regulatory 

activity of FOXC1 (309). Further, a recent report found that FLNA is present in the nucleolus 

where it associates with the RNA polymerase transcription machinery to suppress the 

transcription of ribosomal RNA (180). Therefore, it is possible that PKD2 gene is a 

downstream target of FLNA-regulated transcription factors. 

On the other hand, FLNA was found to slow down PC2 degradation by anchoring it to the 

actin filament and forming PC2-filamin-actin triplex. This is not a novel mechanism as 

previous reports have indicated that filamin links several membrane proteins to the actin 

cytoskeleton, such as dopamine receptors and platelet glycoprotein Ibα (244,251). However 

there has never been any direct and firm demonstration about how filamin mediates the link. In 

this thesis, I demonstrated for the first time the presence of the membrane protein-filamin-actin 

triplex in live cells and confirmed the central role of filamin in mediating an interaction of PC2 

with the actin network. 
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6.2.2 Localization 

We have found that FLNA stabilizes the PM localization of PC2, and this is through the 

same mechanism by anchoring to the actin filaments that prevents membrane protein 

retrieval/degradation. It was reported that FLNA stabilizes the surface membrane localization 

and/or inhibit retrieval/degradation of several PM localized proteins such as the calcitonin 

receptor (229), chloride channel CFTR (242), and Ca-sensing receptor (247). 

Previous studies have shown that endogenous PC2 is present on the PM and cilia of native 

tissues and some cell lines (25,57,301), while overexpressed form is localized almost entirely 

in the ER (60,310). In this thesis, we have demonstrated that hetero-expressed PC2 is targeted 

to the PM, though in small proportion, and is anchored to actin filaments by FLNA. Overall, 

our studies added PC2 to the list of protein targets of FLNA, in terms of PM localization and 

stabilization. 
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6.2.3 Functional regulation 

We have demonstrated that filamin regulates PC2 channel function in a Ca2+-dependent 

manner, i.e. filamin shows an inhibitory effect on PC2 single channel activity only in the 

presence of high Ca2+. A previous paper has shown that PC2 extracted from human placenta 

membranes, but not the in vitro translated PC2, can be regulated by intracellular Ca2+, 

suggesting that it is not PC2 but a partner protein/s which attaches to it, that is responsive to the 

regulation of Ca2+ (270). In this case, filamin is one of the possible partner proteins that are 

responsible for the Ca2+ regulated PC2 channel funtion. Of note, it is possible that other linker 

proteins such as α-actinin and tropomyosin are also involved in the Ca2+ sensation and 

activation of PC2. 

This Ca2+-dependent regulation of PC2 by filamin is likely achieved by Ca2+-dependent 

physical binding. High Ca2+ enhances the binding strength of PC2 and filamin. Thus, this 

physical binding is not only for the purpose of membrane protein stabilization as stated in 

Chapter 2.2, but also for the purpose of channel functional regulation. In the presence of low 

cytosolic Ca2+, filamin mainly functions to anchor PC2 on the membrane. While once the 

cytosolic Ca2+ increases, filamin inhibits PC2 channel activity by enhancing their physical 

binding. Both PC2 N- and C- termini bind  FLNA, but the binding strength changed 

oppositely in response to Ca2+. It is possible that the binding of FLNA with one terminus is for 

the purpose of stabilization and with another one for the purpose of functional regulation. 

Future study can be conducted to narrow down the domains on PC2 N- and C- tails that bind 

FLNA and to investigate their specific function. Briefly, cDNAs encoding PC2 N-/C- termini 

will be divided into several fragments, amplified by PCR, and then constructed into proper 

vector for expression. The expressed protein fragments will be used in co-IP experiemens to 
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narrow down the binding domain on PC2 N-/C- tails with FLNA and to identify the Ca2+ 

responding motifs. This will help better understand how FLNA regulates PC2 activity and its 

sensitivity to intracellular Ca2+.  
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6.2.4 Physiological importance of PC2-FLNA interaction 

The physiological relevance of PC2-FLNA interaction largely depends on the net effect of 

this complex. By live cell Ca2+ imaging, we observed disrupted Ca2+ homeostasis in intact cells 

with either component of the complex deficient. Although, no direct evidence has been found 

to indicate the significance of PC2-FLNA complex in animal models. In zebrafish, embryos 

with pkd2 morpholino (MO) KD or those with alterations in other genes that lead to decreased 

PC2 level develop renal cysts and tail dorsal curvature phenotype after 2-3 dpf (98,99). 

However, KD of flna results in more severe phenotype with developmental deficiency (311), 

possibly becasue FLNA affects a number of other significant protein partners other than PC2. 

Thus in order to study the role of PC2-FLNA complex, a strategy specifically targeting to their 

interaction is more reliable. In the mouse model, homozygous Pkd2-/- (101) and Flna-/- (192) 

mice are embryonic lethal due to severe cardiac structure defect but heterozygous mice show 

normal development. Pkd2+/- mice develop cysts in the kidney and liver from 3-4 months old 

(101) and Flna+/- mice die in the first 3-4 months with many anomalies including heart dilation 

(312). Thus, Pkd2+/-/Flna+/- mice are not a good model to study the physiological significance 

of PC2-FLNA complex in terms of the kidney phenotype. Tissue specific conditional knockout 

mice will probably help in this case. Additionally, the heart phenotype seems interesting to 

study PC2-FLNA complex given both have been linked to cardiovascular abnormalities. 
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6.3 Regulation of PC2 by the cytoskeleton 

A number of PC2 interacting partners have been identified so far, among which half are 

cytoskeletal proteins (213). Interaction with the cytoskeleton has been found to be important 

for the regulation of PC2 expression, localization and channel function (213). Actin filaments, 

one of the predominant form of the cytoskeleton, have been shown to be necessary for PC2 

channel activity and disruption of the actin filament totally abolishes PC2 channel activation 

caused by different simulators (214). This indicates that it is not PC2 alone, but the PC2-actin 

filament complex, that confers PC2 sensitivity to the stimuli. There is no evidence pointing to 

direct interaction between PC2 and actin, but an intermediate protein α-actinin (45) was 

previously suggested to mediate the effect of actin filament on PC2 regulation. In this thesis, 

we discovered that filamin, acts as another intermediate protein between PC2 and the actin 

filament and provided direct evidence that filamin mediates the interaction of PC2 and actin, 

and regulates PC2 channel function. Even though both filamin and α-actinin are actin-binding 

proteins, they have opposite effect in terms of regulating PC2 channel function, with filamin as 

an inhibitor (237) while alpha-actinin as a stimulator (45). Interestingly, in the absence of Ca2+, 

filamin losses its inhibitory effect on PC2 with weakened physical binding, while α-actinin 

enhances its binding strength. We reasoned that physical binding should be for the purpose of 

(channel) functional regulation. Thus, it is reasonable to predict that α-actinin should gain its 

stimulatory effect on PC2 channel function under the condition of no Ca2+ or low Ca2+. Taken 

together, a working model was proposed that these two actin-binding proteins (possibly more), 

may function synergistically and compensatorily to regulate the channel function of PC2. PC2 

functions as either PM non-selective cation channel or ER Ca2+ release/leak channel. Both 

filamin and α-actinin bind PC2 for structural purpose, but regulate PC2 channel activity 
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oppositely. In the presence of low cytosolic Ca2+, filamin binds PC2 weakly with no inhibitory 

effect, while α-actinin binds stronger with PC2 and activates the channel; In case that the 

cytosolic Ca2+ increased, filamin enhances its binding with PC2 to replace actinin, and inhibits 

PC2 channel activity to avoid Ca2+ overloading to the cytosol. The Ca2+-dependent binding of 

PC2-FLNA and PC2-α-actinin was previously stated, that Ca2+ enhances PC2-FLNA binding 

(313) while weakens PC2-α-actinin interaction (45), but from separate reports. Thus, it would 

be great if the two Ca2+-regulated Co-IP can be revealed in one competitive Co-IP experiment, 

to demonstrate that filamin and α-actinin compete for PC2 binding and different Ca2+ 

conditions favours the binding of PC2 with one cytoskeleton. As well, the functional effect of 

the two actin-binding proteins under different Ca2+ condition can be tested in one lipid bilayer 

system. 
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6.4 ENaC channel function and regulation by filamin 

The current known ENaC caused human disease such as Liddle Sydrome and 

pseudohypoaldosteronism type-1 are believed due to dysfunction of kidney ENaC. However a 

significant physiological role of ENaC in other organs has been clearly demonstrated. E.g., in 

the lung, ENaC-mediated Na+ transport is important to maintain the airway surface fluid. In 

fetal mouse lung, the ENaC expression was sharply increased in the late fetal and early 

postnatal life (314) and αENaC knock out mice die soon after birth from respiratory failure due 

to severe defect of lung liquid clearance (126). In contrast to the kidney, Na+ transport in the 

fetal lung can be maintained efficiently by only two functional subunits, i.e. the pairs of α-β 

(315) or α-γ (316). This heterogeneity of the subunit compositions in different organs could 

explain the phenotype of ENaC gene related disease. 

In addition, ENaC is indirectly involved in the autosomal recessive polycystic kidney 

disease (ARPKD), which is also characterized by cystogenesis in the renal collecting ducts, but 

mostly in infants and children (317). ENaC was found to be regulated by the ARPKD disease 

causing protein fibrocystin, and increased expression/function of ENaC is believed to 

contribute to the abnormal cystic fluid transport and ARPKD pathophysiology (318). 

In this thesis, we have reported a physical interaction and functional regulation of ENaC 

by actin binding protein filamin. As α-ENaC was found to co-localize with PC2 on the primary 

cilia of renal epithelial cells (319) and PC2 also directly binds filamin (Chapter 2), these results 

together suggest a link of ENaC with ADPKD through the cytoskeleton. It is possible that 

filamin mediates PC2-ENaC interaction through PC2-filamin-ENaC triplex, or PC2 and ENaC 

compete for the binding with filamin for channel stabilization and functional regulation 

purpose. In any case, ENaC is likely one of the downstream targets of PKD proteins. Thus, 
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mutations of ENaC are not cystogenesis but ENaC has been found to be modulated in                                                                                                                                                                                                                                                                                                                    

PKD cases.  
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