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ABSTRACT 

Autosomal dominant polycystic kidney disease (ADPKD) is an inherited 

genetic disorder, inducing cysts in kidney, liver and pancreas. It is caused by 

pathogenic mutations in the PKD1 or PKD2 gene encoding PKD1 or PKD2 

respectively. Cellular abnormalities in ADPKD include cell over-proliferation and 

apoptosis. PKD2 is a Ca2+-permeable non-selective cation channel and functions 

as an anti-apoptotic and anti-cell proliferation protein. Endoplasmic reticulum 

(ER) stress induces the phosphorylation of eukaryotic initiation factor 2α (eIF2α) 

by pancreatic ER-resident eIF2α kinase (PERK), which inhibits global protein 

synthesis and up-regulates the translation of selected target proteins.      

In Chapter 2, using cultured mammalian cell lines, we found that PKD2 

represses cell proliferation through promoting the eIF2α phosphorylation by 

PERK. PKD2 knock-down repressed ER stress-induced eIF2α phosphorylation, 

indicating that PKD2 facilitates the eIF2α phosphorylation by PERK. We also 

found that PKD2 interacts with PERK and eIF2α. Together, we demonstrate that 

PKD2 down-regulates cell proliferation by promoting PERK-mediated eIF2α 

phosphorylation, presumably through a physical interaction. 

In Chapter 3, using cultured mammalian cell lines, we showed that PKD2 

protein expression is up-regulated by cellular stresses which all increase P-eIF2α 

without increasing PKD2 mRNA. Increasing P-eIF2α by salubrinal or by over-

expression of eIF2α up-regulates the PKD2 level. Over-expression of Gadd34 or 

eIF2α knock-down suppressed ER stress-induced PKD2 up-regulation. We also 



 
 

found that ER stress increases binding of PKD2 mRNA molecules with ribosomes, 

and the regulation of PKD2 by P-eIF2α is mediated by the upstream open reading 

frame (uORF) in the PKD2 5’-untranslated region. Therefore, this study 

demonstrates that P-eIF2α translationally up-regulates PKD2 protein expression 

through the uORF of PKD2. 

 PKD2L1 is a Ca2+-modulated non-selective cation channel. In Chapter 4, 

we found, using Xenopus oocyte, that the receptor for activated C kinase 1 

(RACK1) binds with the PKD2L1 N-terminus and inhibits its channel activity. 

This was supported by our finding that over-expressed N-terminal fragment Met1–

Pro45 acts as a blocking peptide and abolishes the inhibitory effect of RACK1. 

Therefore, we demonstrate that RACK1 binds with Met1–Pro45 of PKD2L1 to 

inhibit its channel activity.  

 Therefore, our studies constitute valuable contributions to understanding 

the function and regulation of PKD2 and PKD2L1. 
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1.1. Transient Receptor Potential Channels 

 The transient receptor potential (TRP) channel proteins are divided into 

seven subfamilies that include TRPC (canonical) family, TRPV (vanilloid) family, 

TRPM (melastatin) family, TRPN (NOMP-C, from no mechanoreceptor 

potential-C) family, TRPA (ankyrin-like with transmembrane domains 1) family 

and TRPP (polycystin) family in which 56 related six-transmembrane domain 

cation channels are classified in seven subfamilies (6). The classification of TRPP 

subfamilies relies more on topology than homology. The TRPP subfamily is 

structurally divided into two groups. (1) The polycystic kidney disease 1 (PKD1 

known as TRPP1)-like proteins including PKD1 (TRPP1), PKDREJ, PKD1L1, 

PKD1L2, and PKD1L3, and (2) the polycystic kidney disease 2 (PKD2 known as 

TRPP2)-like proteins including  PKD2 (TRPP2 and PC2), PKD2L1 (TRPP3), and 

PKD2L2 (TRPP5) (7,8). PKD1-like proteins have 11 transmembrane domains, a 

more than 2500 amino acid extracellular N- terminal domain and an intracellular 

C-terminal domain (9). The N-terminal domain includes several protein-protein 

interaction domains such as the Receptor for Egg-Jelly (REJ) domain, a G protein 

coupled receptor proteolytic site, and many motifs for cell-cell/cell-matrix 

interactions (10,11). The function of these PKD1-like proteins is still unclear. 

PKD2-like proteins have 6 putative transmembrane domains which forms 

channels, and both N- and C- terminals are localized in intracellular region 

(11,12). PKD1 and PKD2 form a complex which functions as a mechanosensor.  

Gene mutations of these genes are strongly related to autosomal dominant 
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polycystic kidney disease (ADPKD) (13). Moreover, both PKD1L3 and PKD2L1 

are necessary to form a functional channel which is associated with the sour taste 

in the tongue (14,15). 

 

1.2. Polycystic Kidney Disease  

 Polycystic kidney disease (PKD) is a group of inherited disorders that 

result in the development of fluid-filled cysts in the kidney and/or tubular 

dilatation (16). Although there are a number of inherited cystic kidney disorders, 

PKD is most often caused by two types of inherited cystic kidney disorders.  

Autosomal Dominant Polycystic Kidney Disease (ADPKD), which is often 

diagnosed in adults (17) and Autosomal Recessive Polycystic Kidney Disease 

(ARPKD), which mainly affects infants (18). ADPKD is caused by mutations in 

PKD1 or PKD2 genes. PKD1 and PKD2 encode PKD1, a large receptor-like 

protein, and PKD2, a Ca2+ permeable cation channel respectively. ARPKD is 

caused by mutations in the PKHD1 gene encoding fibrocystin, which is a large 

receptor-like protein (19). Furthermore, there are numerous rare types of PKD 

which include nephronophthisis (NPHP) (20), Joubert syndrome and related 

disorder (JSRD) (21), Meckel syndrome (MKS) (22), orofacial digital syndrome 

(OFDS) (23). 

 

1.3. Autosomal Dominant Polycystic Kidney Disease   

1.3.1. Genes in ADPKD and genotype-phenotype correlations 
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 ADPKD is genetically heterogenous and is mainly caused by mutations in 

two genes: PKD1 (16p13.3) and PKD2 (4p21) that encode PKD1 (or PKD1; 

around 460 kDa) and PKD2 (or polycystin-2, around 110 kDa). Whether a third 

gene is associated with ADPKD is not clear. Pathogenic mutations in the PKD1 

and PKD2 genes account for ~85% and ~15% of the ADPKD cases, respectively 

(13,24-26). The PKD1 gene (46 exons; genomic extent, 50 kb) encodes a large 

transcript with an open reading frame (ORF) of 12,909 bp (25,26). The PKD2 

gene (15 exons; 68 kb) encodes an ORF of 2904 bp (13). Homozygous and 

compound heterozygous gene mutations in PKD1 or PKD2 are lethal in utero (27). 

Individuals with heterozygous mutations in PKD1 or PKD2 can survive to 

adulthood (28,29). In general, ADPKD caused by PKD1 mutations is more severe 

than that caused by PKD2 mutations; the average age at the onset of end stage 

renal disease (ESRD) in the PKD1 type is 54.3 years, on the other hand, the 

PKD2 type corresponds to 74.0 years (30). Furthermore, PKD2 females have a 

later age of ESRD onset at 76.0 years, whereas in males the age of onset is 68.1 

years. In disease severity of PKD1, there is almost no difference between males 

and females (31,32).  

 ADPKD has vast interfamilial and intrafamilial phenotypic variability.  

However, genic or allelic effects do not strongly influence ADPKD phenotypic 

variability. In reported 461 patients affected by PKD2 from 71 families, there was 

no clear correlation of the severity of kidney disease between mutation type and 

mutation position (32). In PKD1, no correlation was likewise shown between 

mutation type and disease severity (31). In monozygotic twins and siblings there 



5 
 

is a large variance in time to ESRD. One pair of dizygotic twins was seen with 

significantly divergent phenotypes, supporting the hypothesis that genetic 

modifying effects influence phenotype (33,34). In several reports, nongenetic 

factors like environmental factors were shown to have certain effects on the 

severity in ADPKD phenotypes. For examples, exposure of estrogen or pregnancy 

in women has more exacerbated polycystic liver disease (PLD; an extrarenal 

disease in ADPKD). Besides, in the PKD2 type, males have more progressive and 

faster cystic growth than women, supporting the potential influence of male 

hormones. This may mean that hormonal factors play pivotal roles in determining 

ADPKD phenotypes (32,35,36). Caffeine also has negative effects on PKD, 

presumably by increasing the production of cAMP in cyst-derived cells, which 

induces cell proliferation and fluid secretion (37). 

 Therefore, genetic modifier (environmental background) and 

environmental factors are particularly important factors to decide phenotypic 

variability. 

 

1.3.2. The structures of PKD1 and PKD2 

 PKD1 is a large integral membrane protein (4303 amino acids) with 11 

transmembrane domains, a very large extracellular region putatively involved in 

protein-protein and protein-carbohydrate interactions and a short cytoplasmic tail 

(25,38,39) (Fig. 1-1). The overall structure of PKD1 suggests a role in cell-cell 

and/or cell-matrix interactions, and receptor functions (40-42). PKD2 is a 968 
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amino-acid membrane protein and acts as a nonselective cation channel permeable 

to Ca2+ (43,44). PKD2 is predicted to have cytoplasmic N- and C-termini and 

putative six transmembrane domains (45) (Fig. 1-1). PKD2 shows homology with 

last six-transmembrane domain regions of PKD1, and it belongs to polycystin 

 

 

 

 

 

 

 

 

 

subfamily of TRPs (46). The polycystins localizes to various tissues and 

subcellular compartments. PKD1 is found in the plasma membrane (PM) at focal 

adhesions, desmosomes, and adherent junctions. PKD2 is found in the ER and PM 

(25,41,47-50). PKD1 and PKD2 are also located in the primary cilium, which is a 

single hair-like organelle projecting from the surface of cells (51-54). These 

polycystins are arranged in a complex and act as a flow sensor on the cilium 

(Nauli et al., 2003). Mechanical or flow-induced bending of cilia is associated 

Fig. 1-1. Diagram of the PKD1 and PKD2 proteins. PKD1 (left) and PKD2 
(right), and their interaction through coiled-coil domains in the C-terminal tails. The 
domains and regions of homology are shown. The arrows are indicated the cleavage 
site in the GPS region and potential cleavage sites in the C-terminal tail of PKD1 (1) 
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with a Ca2+ influx into the cell, which occurs through the PKD2 channel (55).  

Indeed, although PKD1-/- cells have normal cilia shape they do not exhibit the 

normal flow-induced Ca2+ response suggesting that PKD1 regulates PKD2 (53,56).  

 

1.3.3. Functions of PKD2 in different subcellular compartments 

Functions of PKD2 in the ER 

 PKD2+/- vascular smooth muscle cells has been shown to alter 

intracellular Ca2+ homeostasis, which may be associated with PKD2 channel 

function in the ER (57). PKD2 reconstituted in lipid bilayers was shown to be 

directly activated by Ca2+ (44). It was subsequently shown that PKD2 interacts 

with the IP3 receptor using a Ca2+ imaging system in Xenopus oocytes (50). This 

interaction significantly prolongs the half-decay time of IP3 induced Ca2+ 

transients. Further, a pathogenic mutant with defective channel activity (D511V) 

and a mutant with C-terminal truncation (R742X) were not shown to alter the 

half-decay time.  Thus, ADPKD might be induced by misregulation of 

intracellular Ca2+ concentration through pathogenic mutations of PKD2.  

 Cai et al reported that native and transfected PKD2 was likely expressed 

in the ER and that no significant amount of PKD2 is detected in the plasma 

membrane (48). It was also found that a cluster of acidic residues is essential for 

PKD2 retention in the ER through a deletion study. For example, a pathogenic 

mutant of R742X where part of the C-terminus including the ER retention domain 

is deleted is transported to the plasma membrane and show channel activity (5). 



8 
 

Possibly, accumulation of PKD2 in the ER may be a pathogenic factor in ADPKD, 

or the targeting of PKD2 to the plasma membrane may not be sufficient for its 

functions.    

 Afterward, it was reported that PKD2 functions as an intracellular Ca2+ 

channel in response to elevated intracellular, but not extracellular Ca2+ 

concentration. This suggests that an initial increase in the intracellular Ca2+ 

concentration activates intracellular PKD2, thereby increasing intracellular Ca2+ 

concentration (44). For example, overexpression of PKD2 increases the duration 

of the amplitude of Ca2+ release, but a mutant with defective channel activity 

(D511V) only showed transient amplitude of Ca2+ release, suggesting that PKD2 

functions as a Ca2+-induced Ca2+ release channel. 

 

Functions of PKD2 in the plasma membrane 

 Functional expression of PKD2 was first reported by Hanaoka et al in the 

plasma membrane (58). This report demonstrated that PKD2 alone is not capable 

of forming a functional channel. However, interaction with PKD1 allowed PKD2 

to have ion channel activity. This interaction between PKD1 and PKD2 take 

places in vivo and in vitro, suggesting that these two proteins may be a complex 

like a receptor-ion channel complex that senses extracellular signals and 

transduces them into intracellular Ca2+ signals. Interestingly, naturally occurring 

mutations in PKD1 or PKD2, which disrupt their interaction and lose PKD2 

channel activity (58).  
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1.3.4. Clinical manifestation in ADPKD 

 ADPKD is one of the most common monogenic disorders, with incidence 

of 1:400-1000. It is typically diagnosed in adults, though there are rare infantile 

cases. ADPKD occurs in all races. The disease is characterized by progressive 

cyst formation, bilateral cyst development and enlargement of focal cysts in both 

kidneys that typically result in end-stage renal disease (ESRD) by the fifth decade. 

Since ADPKD is a systemic disease (Pleiotropic), it has to a great extent 

extrarenal phenotypic variability with cysts formation also taking place in the 

liver (approximately 75% of patients develop liver cysts), pancreas, seminal 

vesicle, and arachnoid membrane. Other non-cystic phenotypes in ADPKD 

include intracranial aneurysms (around 5 times higher than the general 

population), dolichoectasias, aortic root dilatation, mitral valve prolapse, and 

abdominal wall hernias (59). The severity of the renal disease in ADPKD is 

greatly variable. Though massively enlarged cystic kidneys infrequently occur in 

utero, typically ESRD occurs in the sixth decade. The considerably high 

variability of ADPKD’s phenotypes indicates that other factors including gene 

modifiers, environmental conditions and hormonal influence play crucial roles in 

ADPKD (60). Estimates of ESRD caused by ADPKD in annual incidence rates in 

men and women are 8.7 and 6.9 per million (1998-2001, USA), 7.8 and 6.0 per 

million (1998-1999, Europe) (61), and 5.6 and 4.0 per million (1999-2000, Japan) 

(62), respectively. Thus, men are involved in more progressive disease in ADPKD 

than women. 
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Cyst development and growth 

 Various manifestations are connected with the development and 

enlargement of renal cysts. Total volumes of kidney and cysts are significantly 

increased in ADPKD. Interestingly, the proportion of volume change between 

total kidney and cysts and right and left kidney volumes, were appreciably 

correlated by investigation of the Consortium of Radiologic Imaging Studies to 

understand the progression of PKD. Furthermore, the increase in the total kidney 

volumes is strongly associated with the decline of glomerular filtration rate (GFR) 

in patients with higher than 1500 mL of baseline total kidney volume. In the 

absolute change, PKD1 kidneys have much higher volume (74.9 mL/year) and 

more cysts than PKD2 kidneys (32.2 mL/year). However, the rates of cyst growth 

were not significantly different (PKD1: 5.68%/year VS PKD2: 4.82% /year). This 

means that both the cyst initiation and the enlargement of cysts are regulated by 

PKD1 and PKD2 genes (36,63,64).  

 

Abnormalities of early renal function 

 In the early stages, the capacity of concentrating urine is usually impaired 

for 60% of children (65); Also, the concentration of vasopressin is increased in 

plasma. Interestingly, previous reports suggested that translocation of aquaporin-2, 

affected by vasopressin to the apical membrane is impaired in a mouse model but 

not in humans (66). This defect of urinary concentrating capacity frequently 

corresponds to a disorder of renal medullary architecture, which strongly 
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correlates with the severity of cystic disease (66). Recent studies suggest that the 

impaired urinary concentrating capacity and elevated vasopressin concentration in 

plasma can affect cystogenesis, glomerular hyperfiltration, development of  

hypertension, and chronic kidney disease progression (65-74). 

 

Hypertension 

 If blood pressure is higher than 140/90 mmHg, we call it hypertension. 

Around  50% in ADPKD patients aged 20-34 have normal renal function but 

almost 100% patient with ESRD have hypertension (75). Usually, hypertension 

develops with a reduction in renal blood flow, increased filtration fraction, 

abnormal control of Na+ in the kidneys and widespread modification of the renal 

vasculature (76,77). Some studies showed that stretching and compression of the 

vasculature by cyst initiation and growth can cause renal ischemia and stimulation 

of the rennin-angiotensin system, which elicits several cellular stresses and 

regulates blood pressure and fluid balance respectively (78). For example, 

administration of an angiotensin-converting enzyme (ACE) inhibitor increased 

renal vascular resistance, increased filtration fraction, reversed the reduced renal 

blood flow (75,76,79), stimulated ectopic synthesis of renin in the endothelium of 

dilated tubules and cysts (80,81), and caused ACE-independent generation of 

angiotensin ІІ by chymase-like enzyme (82). The level of expression of PKD1 and 

PKD2 in vascular smooth muscle (83-85) and endothelium accompanies enhanced 

vascular smooth muscle contractility (86) and impaired endothelial-dependent 
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vasorelaxation (87). It was suggested that functional defects of PKD1 and PKD2 

play a partial role in hypertension development and renal vascular remodeling 

(87-89).     

 

1.3.5. Extrarenal manifestations in ADPKD 

Cyst formation in multiple organs 

 In addition to hepatic cysts in ADPKD, several other organs such as the 

seminal vesicles, pancreas and arachnoid membrane also have cyst formation (90-

95). Seminal vesicle cysts are induced in around 40% of male patients, though 

they rarely cause infertility (96). However, ADPKD does result in defective sperm 

motility, which leads to male infertility (97). Most of the pancreatic cysts (5% in 

patients) are asymptomatic with recurrent pancreatitis and intraductal papillary 

mucinous tumor (97). Arachnoid membrane cysts (8% in patients) are also 

generally asymptomatic with very rare cases of cerebrospinal fluid leak (98), and 

subdural haematomas (92,99). 

 

Polycystic liver disease (PLD) 

 Polycystic liver disease (PLD) is one of the most common extrarenal 

manifestations in ADPKD. Mutations in either the PKD1 or PKD2 gene are 

strongly associated with PLD (100-102). The PLD also occurs as distinct from 

ADPKD with mutations in the PKCSH and SEC61 genes that lead to autosomal 
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polycystic liver disease (ADPLD). ADPLD accounts for a third of the PLD cases 

(103-105). Liver cysts begin by excessive proliferation and dilatation of biliary 

ductules and peribiliary glands. Interestingly, estrogen elicits hepatic-cyst-derived 

cell proliferation through binding with estrogen receptors which are expressed in 

the epithelium lining hepatic cysts (106). Secreted growth factors and cytokines in 

the cyst fluid also induce growth of liver cysts (107,108). Therefore, women have 

a higher volume and more prevalent hepatic cysts than men. For example, women 

who have experienced multiple pregnancies or estrogen replacement therapy have 

more severe hepatic disease (109,110).   

 

Vascular abnormalities 

 Intracranial aneurysms and dolichoectasias, thoracic aortic, 

cervicocephalic artery dissections, and coronary artery aneurysms are all 

associated with the vascular manifestations in ADPKD. These manifestations are 

directly affected by the changes of vasculature which are related to mutation of 

the PKD1 or PKD2 gene. Both PKD1 and PKD2 are localized in vascular smooth 

muscle cells (83-85). For example, vascular smooth muscle cells with PKD2+/- 

have a high rate of cell proliferation and apoptosis, and an increased susceptibility 

to vascular injuries (57,111).           

 Intracranial aneurysms occur in ~16% of ADPKD patients with a positive 

family history of intracranial aneurysms and ~6% of patient with no negative 
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family history (112). It is almost always asymptomatic, but rupture by intracranial 

aneurysms brings high risk (35~55%) of morbidity and mortality (113). 

 

1.3.6. Cellular abnormalities in ADPKD 

 Previous reports demonstrated that kidneys from PKD patients show high 

levels of apoptosis and cell proliferation (114-116). The c-myc and bcl-2 genes 

are significantly increased in the renal cysts in ADPKD. These genes are strongly 

associated with improper regulation of cell proliferation and apoptosis (115).   

      

Cell over-proliferation in ADPKD 

 A primary morphological feature of all of human PKD is tubular 

hyperplasia. In addition, the inappropriate cell proliferation of tubular epithelial 

cells is strongly associated with renal cystic cell growth and development (117). 

These cell proliferation indicators are highly elevated in non-cystic tubule 

segments in ADPKD, ARPKD and renal cystic kidneys as well (114). The 

elevated indicators are found in collecting duct in non-cystic regions of ARPKD 

kidneys, and the distal tubule and non-cystic regions in ADPKD. These indicators 

are believed to initiate in both proximal and distal tubules in renal cystic disease 

(114). This suggests that improper elevated proliferation has susceptibility to 

cystic formation. Moreover, a number of proto-oncogene molecules are increased 

in human and mouse models with polycystic kidneys, including the c-myc, c-jun, 
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c-fos, c-ha-ras and c-ki-ras (118-120), which suggests that inappropriate 

expression of proto-oncogenes may cause hyperplasia and cystic formation (121). 

In mouse model study of over-expression of transgenic oncogenes such as 

H-ras and c-myc, formation of cystic kidneys and tubular cysts have been shown 

to occur (121-123). In cultured epithelial cells from ADPKD cysts showed 

elevated proliferation with overexpressed c-myc (124,125). Fascinatingly, a study 

reported that haploinsufficiency of PKD2 can induce elevated tubular 

proliferation (126). The basal and epidermal growth factor (EGF)-induced rate of 

cell proliferation in PKD2 knock-out cells are higher compared to cells expressing 

PKD2. Furthermore, when comparing cell proliferation rate in cells expressing 

PKD2 wild-type and a channel dead mutant of PKD2 (D511V), the cells 

expressing D511V proliferated faster than the cells expressing wild-type. 

Presumably, PKD2 is strongly implicated in negatively controlling cell 

proliferation and its channel activity plays a crucial role in the process (127). In 

addition, PKD2 influences the anti-proliferative function of PKD1 by facilitating 

up-regulation of p21 which is cell cycle arrest protein (128).    

 

Elevated apoptosis in ADPKD 

 Interference in the balance between the rate of cell proliferation and 

apoptosis has been shown to cause cyst formation (129,130). Polycystic kidney 

disease also is strongly related to elevated apoptosis, which is a crucial cause of 

cyst formation (131). For example, tubular epithelial cells with ADPKD have 
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been reported to elicit increased apoptosis in human and most animal model of 

PKD (116,132), however, cystogenesis induced by elevated apoptosis is inhibited 

by over-expression of the protein Bcl-2, which is an anti-apoptotic factor (133). A 

previous study also reported that the inhibition of a caspase that leads to apoptosis 

attenuates cyst formation and kidney failure in PKD animal models as well as cell 

proliferation in renal epithelia (132). Although the correlation between PKD and 

apoptosis is well studied, it is still unclear how PKD2 is associated with the 

molecular mechanism of apoptosis. Recently, many reports studied with how Ca2+ 

regulates apoptosis (134,135). Usually, increased cytosolic Ca2+ is observed 

during cell death, which is promoted by Ca2+   release from the ER, hyper-

activation of cation channel and, damage of the extracellular membrane (134,136). 

For instance, thapsigargin and ceramide induce Ca2+ release from the ER, and this 

causes an increase in mitochondrial Ca2+ concentration, which leads to apoptosis 

(137). Very interestingly, PKD2, when acting as a Ca2+ -permeable non-selective 

cation channel (138), in the ER facilitates cell protection from apoptosis by 

decreasing the concentration of releasable Ca2+ in the ER (139).  Moreover, PKD1 

also has a protective effect on cells from apoptosis through controlling the 

phosphatidylinositol 3-kinase (PI3-kinase)/Akt signal pathway (130,140). 

However, the molecular mechanism by which PKD1 and -2 inhibit apoptosis is 

still unknown.   

 

1.4. Translational initiation 
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 Translation consists of three steps: initiation, elongation and termination 

(141). The translational initiation factor associated with introducing methionyl-

tRNA (Met-tRNAi) to the 40S ribosomal subunit is eukaryotic initiation factor 2 

(eIF2), which consists of α, β, γ subunits and mediates the binding between 40S 

ribosome and the initiator methionyl-tRNA (Met-tRNAi). Before binding with the 

40S ribosome, eIF2 needs to bind with Guanosine-5'-triphosphate (GTP), so 

called GTP-eIF2 (active state to initiate translation) and this GTP-eIF2 only can 

bind with Met-tRNAi. The eIF2·GTP·Met-tRNAi which is called a ternary 

complex subsequently can bind with the 40S ribosome, which leads to the 

formation of the 43S preinitiation complex (4). Another important factor, 

eukaryotic initiation factor-4F (eIF4F) is a cap-binding protein complex that 

interacts with the mRNA 5’end cap structure (m7GpppN: methylated guanosine at 

7 positions with nucleotide). The eIF4F complex is comprised of three subunits 

(eIF4E, eIF4G and eIF4A): eIF4E is a cap structure binding protein, eIF4A that is 

a RNA helicase unwinding secondary structure of the mRNA 5’ untranslated 

region (UTR), and eIF4G is a scaffolding binding protein interacting with eIF3 

that is involved in the 43S preinitiation complex (a 40S subunit, the eIF2–GTP–

Met-tRNAMeti ternary complex, eIF3, eIF1, eIF1A and probably eIF5). The 

eIF4F complex acts to connect the mRNA to 43S preinitiation complex as well as 

binding with Poly(A)-binding protein (PABP), which binds with poly(A) tail in 

3’UTR to make a circular form of mRNA (141). The anti-codon of Met-tRNA in 

43S preinitiation complex recognizes the initiation codon (AUG) of mRNA to 

initiate translation. The 43S preinitiation complex with eIF4F complex can start 
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scanning for 5’ to 3’UTR direction until it reaches the initiation codon (AUG) 

(142). After recognition of the initiation codon by Met-tRNA in 43S preinitiation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-2.  Model for eukaryotic translation initiation pathway This eukaryotic 
translation initiation that is comprised of 8 steps performs after the recycling of post-
termination complexes (post-TCs). (1) Formation of eIF2 ternary complex, (2) Formation 
of a 43S preinitiation complex involving a 40S subunit, eIF1, eIF1A, eIF3, eIF2-GTP-Met-
tRNAMet

i and eIF5, (3) mRNA activation (unwinding of cap-proximal region of mRNA) by 
an eIF4F complex; (4) Interaction of 43S complex and mRNA: (5) Scanning of 5’UTR in 
mRNA from 5’ to 3’by 43S complex: (6) Formation of 48S complex by start codon   
recognition of tRNAMet

i; (7) Joining of 60S subunit to 48S complex; (8) Formation of 80S 
complex by releasing eIF5B and eIF1A (4) 
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complex, GTP-eIF2 is hydrolyzed to GDP-eIF2 and Pi by eIF5 (a GTPase 

activation protein), then to GDP-eIF2 (the inactive state to initiate translation).  

 Finally, the 60S subunit ribosome is assembled with 40S ribosomal 

subunit catalyzed by eIF5B·GTP. It is GTP hydrolysis that forms the 80S 

ribosomal subunit to start the elongation step (143). At this point, the other eIFs 

(eIF1,eIF3, eIF4B, eIF4F and eIF5) are released from the ribosome by eIF5B 

(144,145). To restart translation initiation, GDP in eIF2 needs to be exchanged for 

GTP. This exchange from GDP to GTP is performed by eukaryotic initiation 

factor 2 B (eIF2B) (146) (Fig. 1-2). 

 

1.5. ER stress pathways 

 In eukaryotic cells, the ER is the main compartment responsible for the 

synthesis, modification and delivery of proteins to the proper target sites within 

the secretory pathway and the extracellular space (147). In the ER, proteins are 

folded into their native conformation with post-translational modifications, 

including asparagine-linked glycosylation (148,149), and the formation of intra 

and intermolecular disulfide bonds (150). The folded proteins undergo quality-

control, and then only properly folded proteins are exported to the Golgi-complex. 

Improperly folded proteins are retained in the ER to complete the folding process 

or to be targeted for degradation (151). Any kind of disruption in these processes 

cause accumulation of unfolded proteins and induce ER stress. There are several 

reasons why unfolded proteins accumulate. These are associated with the increase 

in translational processes exceeding the normal capacity of the ER, improper 
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processing of newly synthesized protein folding or accumulation of mutant 

proteins (152-154). Furthermore, amino acid deprivation and accumulation of 

lipid and cholesterol also induce ER stress by causing the accumulation of 

unfolded proteins (155,156). Artificially, several chemical agents result in ER 

stress. Thapsigargin, one of the most used ER stress inducers is an inhibitor of ER 

Ca2+ ATPase (SERCA). SERCA maintains a high Ca2+ concentration in the ER 

lumen by pumping cytosolic Ca2+ into the ER. Thapsigargin blocks SERCA Ca2+ 

transportation, and thus leads to increased cytosolic Ca2+ concentration while 

reducing Ca2+ in the ER lumen (157). Ca2+ homeostasis in the ER has particularly 

vital roles to maintain ER structure and proper folding of most of ER-localized 

chaperones that require Ca2+ binding. Ca2+ depletion in the ER causes misfolding 

of ER-localized chaperones, leading to the chaperones’ inability to function. This 

results in accumulation of unfolded protein causing ER stress (158,159). 

Tunicamycin is another most used ER stress inducer that inhibits enzyme GlcNAc 

phosphotransferase (GPT). GTP catalyzes the transfer of N-acetylglucosamine-1-

phosphate to dolichol phosphate in the first step of glycoprotein synthesis. 

Tunicamycin blocks the synthesis of all N-linked glycoproteins (N-glycans) and 

leads to accumulation of unfolded protein causing ER stress (160,161). Under 

conditions where unfolded proteins accumulate in the ER lumen, the cell responds 

by activating several down-stream signaling pathways, called the Unfolded 

Protein Response (UPR) (162). The UPR consists of three ER-localized 

transmembrane signal transducers, PERK (double stranded RNA-activated protein 

kinase-like ER kinase), IRE1 (inositol requiring kinase 1) and ATF6 (activating 

http://en.wikipedia.org/w/index.php?title=Dolichol_phosphate&action=edit&redlink=1�
http://en.wikipedia.org/wiki/Glycoprotein�
http://en.wikipedia.org/wiki/Glycosylation#N-linked_glycosylation�
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transcription factor 6) which are activated by ER stress (163-166). The UPR is an 

adaptive cellular response against misfolded or unfolded protein accumulation in 

the ER lumen and requires regulation at all levels of gene expression including 

transcription, translation, translocation and ER associated degradation (ERAD) 

(Fig. 1-3). Regulation of all of these processes by UPR leads to cell survival by 

restoring proper folded proteins and ER homeostasis.  

However, if accumulation of misfolded or unfolded proteins is not 

resolved during ER stress, chronic activation of UPR occurs and eventually 

apoptosis (programmed cell death) is induced (167-170). PERK is a type I 

transmembrane protein in the ER with a cytosolic serine/threonine kinase domain. 

The luminal domain of PERK is homologous with IRE1 (171). In ER stress, 

PERK senses the accumulation of unfolded proteins in the ER lumen. This causes 

PERK dimerization and trans-autophosphorylation to occur. This has an 

activation effect on Perk’s eIF2α kinase function which phosphorylates eIF2α at 

serine 51, resulting in the inhibition of global protein synthesis (162,163,172,173). 

The PERK/eIF2α signaling pathway during ER stress has two main purposes, first 

to inhibit newly synthesized protein loading to the ER. This alleviates 

accumulation of unfolded proteins in the ER. Second, to reprogram gene 

expressions via translational up-regulation of certain mRNAs for adapting to the 

new environment (153,173-175) (Fig. 1-3). One of the mRNAs is activating 

transcriptional factor 4 (ATF4), a 39 kDa bZIP transcription factor that induces 

transcription of many stress response genes encoding ER chaperones such as the 

78 kDa glucose-regulated protein  (GRP78) and the 94 kDa glucose-regulated  
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protein  (GRP94) UPR-associated transcription factors including X-box binding 

protein 1 (XBP1), growth arrest and DNA damage 34 (Gadd34), CAAT/Enhancer 

binding protein (C/EBP) homologous protein (CHOP) and intracellular trafficking 

machinery for ER-to-Golgi trafficking of activating transcriptional factor (ATF6) 

Fig. 1-3. Three signal transduction pathways by ER stress PERK/eIF2α pathway 
attenuates global protein synthesis and translationally up-regulates specific mRNAs. IRE1, 
endoribonuclease, activated by ER stress increases the expression of XBP-1 and various ER 
stress related proteins, and leads to pro-inflammatory pathways through NF-κB and pro-
apoptotic pathways through JNK. ATF6, a transcription factor,  translocates to Golgi, and is 
activated by site-1 and -2 protease (S1P/S2P) (2).    
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during ER stress (172-176). Especially, CHOP is a transcriptional factor which 

induces apoptosis by activating transcription of several genes, including Gadd34, 

ER oxidoreductin 1 (ERO1), death receptor 5 (DR5), Tribbles homolog 3 (TRB3), 

and carbonic anhydrase VI that may be related to apoptosis (162,177). Gadd34 

forms a complex with protein phosphatase 1 (PP1) to dephosphorylate eIF2α 

which leads to recovery of overall translation from global protein synthesis 

inhibition by eIF2α phosphorylation (178). This translational recovery is highly 

critical at certain times after ER stress because a lot of stress-induced genes in 

either transcriptional or translational pathways need to be synthesized to 

counteract the stress (177,179). 

 In murine and human cells, there are two homologues of yeast IRE1, 

which are IRE1 α and IRE1 β. IRE1 α is expressed in all tissues, however, IRE1 β 

expression is restricted to gut epithelial tissue (180,181).  IRE1 α is a type 1 ER-

resident transmembrane protein, which contains a luminal domain sensing the 

protein folding environment in the ER and cytoplasmic portion including a protein 

kinase domain (182,183). During accumulation of unfolded proteins, IRE1 α is 

oligomerized and trans-autophosphorylated. IRE1 α has only one substrate for 

IRE1 α itself. Unlike PERK, trans-autophosphorylation of IRE1 α kinase domain 

activates its endoribonuclease function that causes endonucleolytic cleavage of a 

mRNA of X-box binding protein 1 (XBP1) in metazoans (184). Therefore, IRE1 α 

is a bifunctional enzyme as both a protein kinase activity and a site-specific 

endoribonuclease that is regulated by its intrinsic kinase module (185). IRE1 α 

cuts an intron of the precursor XBP1 mRNA then 5’ and 3’ mRNA fragments are 
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ligated. The ligated mRNA encodes a transcription factor working as an UPR 

target gene activator, whereas the precursor of XBP1 mRNA encodes protein 

repressing UPR target gene (Fig. 1-3) (186). Moreover, IRE1 α is associated with 

signaling functions as well as nucleolytic activity by activating Jun N-terminal 

kinase (JNK) or interacting with caspase-12 which is related to ER stress-induced 

apoptosis (187,188). 

 ATF6 is an ER type 2 transmembrane protein which includes an N-

terminal cytoplasmic region containing a Basic Leucine Zipper Domain (bZIP), a 

DNA transcription activation domain, and a C-terminal luminal region that senses 

protein folding environment in the ER lumen and is normally tethered to the ER 

membrane as an inactive precursor (189). In activation of UPR by ER stress, 

ATF6 is transported from ER membrane to Golgi apparatus. ATF6 is cleaved by 

Golgi-resident proteases which are site 1 protease (S1P) and site-2 protease (S2P). 

The cleaved portion, which is called the ATF6 fragment (ATF6f) and contains the 

cytosolic bZIP and DNA transcription activation domain, is released.  The 

released ATF6f reaches the nucleus to activate UPR related gene expression such 

as chaperones and ERAD proteins (190) (Fig. 1-3).  

 

1.6. Effects of eIF2alpha phosphorylation in translation initiation 

The eIF2 that consists of α, β, γ subunits is phosphorylated at residue 

serine 51 of α subunit of eIF2 during many different types of stress such as ER 

stress, oxidative stress, hypoxia, viral infection, heat shock and amino acid 
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starvation. The exposure of cells to stress induces adaptive responses including 

stress-response gene expression which regulates cell survival, apoptosis, cell-

cycle progression and differentiation (191).  Primarily, these stress conditions 

result in inhibition of global protein synthesis via eIF2α phosphorylation to save 

cellular energy and prevent the synthesis of misfolded or unfolded proteins that 

may disrupt cellular response during stress conditions. Phosphorylated eIF2 

inhibit the activity of eIF2 by inhibiting eIF2B activity that exchanges of GDP-

eIF2 for GTP-eIF2. Usually, the binding affinity of phosphorylated eIF2 at serine 

51 with eIF2B is 150 times higher than non-phosphorylated eIF2 (192). Therefore, 

phosphorylated eIF2 preferably binds with eIF2B and functions as a competitive 

inhibitor of eIF2B by reducing the recycling chance of GDP-eIF2 to GTP-eIF2 

(192,193).  Thus, the formation of active ternary complex (eIF2·GTP·Met-tRNAi) 

is reduced by eIF2α phosphorylation (194,195). The eIF2α phosphorylation 

finally prevents the translation of most mRNAs. However, paradoxically, eIF2α 

phosphorylation increases translation of selective mRNAs related to adaptation to 

stress such as ATF4, CHOP, and Gadd34 (Fig. 1-5).  

 

1.7. The effect of upstream open reading frame during cellular stresses 

 During ER stress, global protein translation is reduced by P-eIF2α, but 

paradoxically, a subset of mRNAs is translationally up-regulated. The mechanism 

of how these mRNAs are up-regulated can be explained by upstream open reading 

frames (uORF) in the 5’ untranslated region (5’UTR) of mRNA. Most of the 



26 
 

mRNAs regulated by uORF are oncogenes, growth factors, and cellular receptors 

(196). Interestingly, around 50% of human and mouse transcripts include uORFs, 

which are evolutionarily conserved in different species (197-199). In general, 

uORFs function as barriers to the scanning ribosome that leads to inhibition of  

translational initiation of main coding region (200). For example, GCN4 mRNA 

in Saccharomyces cerevisiae, which encodes a transcription factor for activating 

amino acid biosynthetic genes for survival in times of amino acid starvation, is 

translationally up-regulated during amino acid starvation through an increase in P-

eIF2α. This translational up-regulation of GCN4 is regulated by four uORFs in its 

5’UTR. The uORF1, uORF2 and uORF3 in GCN4 can be scanned by the 

ribosome, but when ribosomes translated uORF4, it is dissociated from mRNA 

GCN4, thereby represses translation of mRNA of GCN4. Therefore, ribosomes 

are not successful in reaching the GCN4 start codon (201). By contrast, elevated 

P-eIF2α during amino-acid starvation results in the reduction of ternary 

complexes. This leads to a delay in the formation of 43S ribosomal complexes, 

and thereby the frequency of reinitiation at the uORF2, uORF3 and uORF4 is 

reduced. This facilitate the ribosome in reaching the GCN4 ORF (141) (Fig. 1-4). 

ATF4 that is a transcription factor is also translationally up-regulated by elevated 

P-eIF2α during ER stress. The mRNA of ATF4 includes two uORFs in 5’UTR. 

uORF1 allows ribosomes to reinitiate after scanning, but the uORF2 has an 

inhibitory effect on ribosome scanning, thus ribosomes are dissociated after 

scanning the uORF2. This leads to a repressed ATF4 translation during non-stress 

conditions (202). However, during ER stress, elevated P-eIF2α accompanied by 
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reduced GTP-eIF2 level delays ribosome scanning to reinitiate translation. This 

delayed reinitiation results in the ribosome skipping the inhibitory uORF2 region,  

 

 

 

 

 

 

 

 

 

 

 

 

 

thereby reinitiating at the ATF4 coding region. The translationally increased 

ATF4 plays crucial roles in repairing cellular stress (176) (Fig. 1-4). For CHOP, 

high levels of eIF2-GTP (low P-eIF2α) in non-stress condition results in binding 

Fig. 1-4. Translational regulation by upstream open reading frame in 5’UTR of mRNA 
Translation of GCN4 that includes four uORFs is regulated by the upstream open reading 
frame in 5’UTR of the mRNA. At high levels of ternary complexes caused by lower P-eIF2α 
during the non-stress condition, ribosomes initiate the scanning of uORF1 and reinitiate 
uORF2, uORF3 or uORF4. After scanning uORF4, the ribosome can resume the scanning of 
GCN4 ORF, which leads to reduction of translation of GCN4. Translation of the activating 
transcription factor-4 (ATF4) is regulated by two uORFs. Likewise, when the ternary 
complex is abundant during the non-stress condition, the ribosome initiates uORF1 and 
easily reinitiates uORF2. This has an inhibitory effect on ribosome scanning, whereby the 
ATF4 translation is suppressed. However, during the ER stress condition, the ternary 
complexes are reduced by elevated P-eIF2α, and the ribosome has a high likelihood of 
initiating at the ATF4 ORF, which leads to increase in translation of ATF4 (138).              
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of ribosomes to the 5’-end of the CHOP mRNA, which translates the uORF, 

leading to inhibition in translational elongation or termination of CHOP coding 

region. However, during stress condition, high levels of P-eIF2α leads to a 

reduction in translational initiation at the uORF, which causes the scanning 

ribosome to bypass the inhibitory uORF and instead translate the CHOP coding 

region (203).     

 

1.8. The kinases for eukaryotic initiation factor 2alpha 

 The phosphorylation of eIF2α at serine 51 during many cellular stresses is 

regulated by at least four kinases, which include PERK, protein kinase RNA 

(PKR), haem-regulated inhibitor kinase (HRI) and general control non-

dereperssible-2 (GCN2) which sense distinct cellular stresses (204). All of these 

kinases have a conserved eIF2α kinase domain that has 25-37% amino acid 

sequence identity.  During cellular stress, eIF2α kinases sense distinct stresses 

with their regulatory domain and dimerize to be auto-phosphorylated. This elicits 

their kinase activity (204). PERK is activated by ER stress induced by 

accumulation of unfolded proteins (175) as previously explained. The double-

stranded RNA (dsRNA)-activated protein kinase R (PKR) is activated by double-

stranded RNA and functions as an anti-viral component (Fig. 1-5). HRI is 

activated by several types of stress such as low heme concentration, arsenite 

treatment, heat shock and osmotic shock (translational control in stress and 

apoptosis 47). GCN2 is activated by amino-acid starvation and UV irradiation 
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(205). All these kinases, which are activated by several types of cellular stress, 

phosphorylate eIF2α. This causes a general reduction of translation but induction 

of selective mRNAs translation (Fig. 1-5). PKR plays very pivotal roles in anti-

viral action to limit viral replication (206). PKR includes two dsRNA binding 

motifs, which recognizes 30 to 85 bp of dsRNA (204,207). PKR has a low 

expression level in normal tissue, but during viral infection, the transcriptional 

level of PKR is increased by type I interferon (alpha/beta interferon [IFN-α/β]), 

which is produced from viral infected tissues  (208) and binds with dsRNA 

produced from viral replication. It induces conformational changes in PKR, 

leading to dimerization and autophosphorylation of the kinase. Finally, PKR has 

kinase activity for a substrate of eIF2α (204,209-211). eIF2α phosphorylation by 

PKR during viral infection leads to the inhibition of viral replication by shut-off 

o f  

 

 

 

 

 

 

 

 

Fig. 1-5. eIF2 kinases PERK, HRI, PKR and GCN2 are activated by different stresses 
and regulate the level of GTP-eIF2 through eIF2 phosphorylation. The eIF2B, guanine 
nucleotide-exchange factor, catalyzes GDP-bound eIF2 to GTP-bound eIF2. 
Phosphorylated eIF2 (P-eIF2) competitively inhibits eIF2B and increases the level of 
GDP-eIF2 (3). 
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protein synthesis. Therefore, PKR is required for resistance against a number of 

viruses (212). For example, the PKR knock-out mice are highly susceptible to 

vesicular stomatitis virus (VSV) (213).  

 The heme-regulated inhibitor (HRI) is found in reticulocytes, which are a 

precursor of erythrocyte under the conditions of heme and iron deficiencies. 

Generally, for erythroid differentiation and maturation, 3 components of 

hemoglobin such as α-globin, β-globin, and heme are essential with 2:2:4 ratio 

(α2β2 hemoglobin complexed with 4 heme molecules).  Proper balance of these 

three components is important because each component has cytotoxicity to mature 

red blood cells (RBCs) and their precursors (214). Therefore, the amount of heme 

must be balanced with the amount of globin in order to produce the proper 

amount of haemoglobin as well as protect the RBCs (215). During deprivation of 

heme in reticulocytes, HRI senses intracellular heme concentration and is 

activated by auto-phosphorylation of HRI, which elicits shutoff of protein 

synthesis by phosphorylating eIF2α and causing low production of globin (216-

220). In addition to the deficiency of heme, HRI is also activated by arsenite-

induced oxidative stress, osmotic shock and heat shock (221).   

 Another eIF2α kinase is general control nonderepressible 2 (GCN2), 

which is activated by amino acid deficiency, and UV irradiation, thus mediating  

slower growth (204). GCN2 kinase activity is regulated by its domain interactions 

such as that at its carboxyl-terminal domain (CTD), a domain similar to histidyl-

tRNA synthetase (HisRS), and a protein kinase domain. The physical interactions 

of these domains prevent GCN2 kinase activity during non-stress conditions (222), 
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but during amino acid depletion, uncharged tRNAs accumulate in the cell and 

binds with the CTD+HisRS domains, which cause inhibition of its domain 

interaction, eliciting GCN2 dimerization and autophosphorylation to obtain its 

kinase activity inducing eIF2α phosphorylation (204,223). 

 

1.9. PKD2L1 

 PKD2L1 is a novel member of the transient receptor potential (TRP) 

superfamily of cation channel that is cloned from human retina EST. PKD2L1 has 

two isoforms, PKD2 and Pkd2L2 (224,225). PKD2L1 functions as a Ca2+-induced, 

Ca2+ permeable non-selective cation channel, especially in Xenopus oocytes 

overexpressed with PKD2L1 (226). Unlike the PKD1 and PKD2, PKD2L1 has 

not been shown to be mutated in ADPKD, but its murine orthologue is deleted in 

krd (kidney and retinal defect) mice with renal and retinal defects. PKD2L1 has 

been mapped to 10q24 by radiation hybrid mapping and fluorescent in Situ 

hybridization (224). The loci of several other inherited diseases also have been 

assigned to this region such as urofacial syndrome (227), infantile-onset 

spinocerebellar ataxia (228) and partial epilepsy (229).  

 

1.9.1 Structure of PKD2L1 

 PKD2L1 is composed of 805 amino acids and has 50% sequence identity 

and 74% similarity to PKD2. In addition to amino acid sequence similarity, 
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PKD2L1 has similarity in domain organization and/or membrane topology with 

PKD2, other TRP channels as well as the α subunits of voltage-gated Ca2+, Na+ 

and K+ channels (1). PKD2L1 consists of six trans-membrane spanning domains 

and one pore region (Fig. 1-6). PKD2L1 has long extracellular loops in between 

the first and second putative trans-membrane segment. Likewise, PKD2 also has a 

long extracellular loop in the first and second trans-membrane segment, which 

shares a high homology with PKD2L1. PKD2L1 also has a putative Ca2+ binding  

 

 

 

 

 

 

 

 

 

EF-hand motif that involves two helices and a loop (Fig. 1-6). The helix region of 

EF-hand in PKD2L1 also partially overlaps with predicted coiled-coil region that 

potentially facilitates its interaction with a number of molecules. PKD2L1 has 

three positively charged residues in a transmembrane fourth segment, whereas a 

Fig. 1-6. Schematic representation of PKD2L1. Putative six transmembranes spans in 
the membrane. Circles represent N-glycosylation sites, triangles represent PKA-
phosphorylation sites and squares represent PKC-phosphorylation sites. Pore, EF-hand 
and coiled-coil are shown as indicated (5) 
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voltage-gated channel requires five or eight positive-charged residues to be a 

voltage sensor. However, it is still unclear whether the three positive charged 

residues functions as a voltage-sensor because PKD2L1 has very weak 

dependency on voltage. PKD2L1 has several putative phosphorylation sites in the 

N- and C-terminus. For example, the C-terminal region of PKD2L1 has one 

cAMP, two PKC, and four casein kinase ІІ phosphorylation sites, and the N-

terminus has two other putative PKC phosphorylation sites (230). It is possible 

that the phosphorylation sites in PKD2L1 play a crucial role in the process of 

PKD2L1 channel gating and functions.  

 

1.9.2. Kidney tissue and subcellular localization of PKD2L1 

 The expression of PKD2L1 is detectable at E16 in the inner medulla of 

mouse kidney, which simultaneously occurs with the maturation of the inner 

medullary collecting ducts. PKD2L1 is only expressed in one type of nephron 

segment which does not correspond to the wide spread of cystic lesions in 

ADPKD, whereas PKD1 and PKD2 are expressed in all round nephron segments. 

Interestingly, PKD2L1 has been shown to co-localize with PKD1 in the apical 

region of collecting ducts in adult mouse kidney.                                                                

 PKD2L1 is mostly expressed in the ER, and its distribution is commonly 

overlapped with PKD1. Thus, PKD2L1 is associated with PKD1 in primary cilia. 

A reciprocal co-IP study found that PKD2L1 interacts with PKD1 in the 

centrosome. Centrosomes have been known to function as microtubule organizing 
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structures, which leads to the control of cell cycle initiation/progression, 

regulation of gene transcription, and protein recycling. This allow us to 

investigate an involvement of PKD2L1 in cell proliferation (54,231). A previous 

report showed that PKD1 and PKD2 are coexist in the same complex and 

modulate intracellular Ca2+ levels in response to fluid flow in primary cilia (56). 

However, the influence of the PKD1-PKD2L1 complex in primary cilia is still 

unknown. Possibly, appropriate functions of PKD2L1 may require divergent 

contexts depending on different subcellular compartments, and the localization of 

channel proteins in non-membrane regions (eg, centrosome) of the cell provides a 

possibility that polycystins have unexpected functions. 

 

1.9.3. Physiological roles of PKD2L1       

 The murine orthologue of human PKD2L1 interacts with PKD1, therefore 

it co-localizes with PKD1. In the reciprocal co-IP experiments, it has been shown 

that PKD2L1 is associated with PKD1 in the same complex in both subconfluent 

and confluent inner medullary collecting duct (IMCD) cells (231). The co-

localization or coexpression of murine PKD2L1 with PKD1 facilitates 

transportation of PKD2L1 to the cell surface, whereas on the other hand, the 

expression of PKD2L1 alone is retained in the ER in cultured human embryonic 

kidney 293 cells (HEK293) (232). Therefore, the interaction of PKD2L1 and 

PKD1 plays a crucial role in trafficking of PKD2L1 to the cell surface. The 

coiled-coil domain of the C-terminus in PKD2L1 is essential for the trafficking of 
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PKD2L1 by PKD1 to the cell surface and the interaction of PKD1 and PKD2L1. 

Since PKD1 also interacts with PKD2 at their C-terminal cytoplasmic tails, which 

has high homology to PKD2L1, the C-terminal fragment of PKD1 can modulate 

Ca2+ permeable cation channels. It is likely that the interaction between PKD2L1 

and PKD1, and the trafficking of PKD2L1 by PKD1, may be critical procedures 

to form a functional channel. However, it is still unclear how the interaction of 

PKD1 with PKD2L1 influences PKD2L1 physiological functions.        

 Huang at al (2006) reported a new physiological role of PKD2L1 as a 

candidate mammalian sour taste sensor (233). It is shown that PKD2L1 is 

localized in a subset of taste receptor cells in the tongue, where it may have 

functions in sour taste, and sensing acids  however, PKD2L1 is not expressed in 

other taste receptor cells responsible for sweet, bitter and Umami taste 

(15,233,234). Moreover, PKD2L1 is also found in neurons surrounding the 

central canal of the spinal cord where it may play an important role in the long-

sought mechanism of proton-dependent regulation of action potential (233), 

suggesting that PKD2L1 may function to trigger initial cation influx by low pH at 

the taste pore. It may then lead to activate local voltage-gated cation channels 

through membrane depolarization, which induces an action potential. 

 In the tongue, PKD2L1 is localized in all of the taste parts, such as 

circumvallate, foliate, fungiform and palate, but PKD1L3 is only localized in 

circumvallate and foliate (233). Moreover, PKD2L1 is also concentrated on the 

apical membrane of bipolar cells in taste buds (15,233). PKD2L1 was reported to 

coexpress with PKD1L3 in a subset of the taste receptor cells in specific taste area 
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(15). The cells expressing PKD2L1 and PKD1L3 are distinguished from taste 

receptor cells for sweet, bitter and Umami. Very interestingly, PKD2L1 interacts 

with PKD1L3, which facilitate PKD2L1 targeting to cell space expression. Only 

various acids, but not other classes of tastants, are capable of activating cells 

expressing both PKD2L1 and PKD1L3. Therefore, it is suggested that a hetero-

complex of PKD2L1 and PKD1L3 may play a crucial role in acid sensing or sour 

tasting in the tongue.      

 It is particularly intriguing to note that PKD2L1 has been shown to be 

found in various cell types such as epithelial, neuronal and endothelial cells. The 

distribution of PKD2L1 in manifold subcellular compartments appears to depend 

on cell types. The reason for the varied distribution of PKD2L1 depending on cell 

type is still unclear but may be a result of alternative splicing of PKD2L1 in 

different cells. In turn,  this may play a crucial role in the diverse function and 

diverse targeting of PKD2L1 in several cell types (230).    

 

1.10. RACK1 

1.10.1 Gene, promoter and expression of RACK1 

 The Receptor for Activated C kinase 1 (RACK1) is encoded by the gene, 

GNB2L1 [guanine nucleotide binding protein (G-protein), β polypeptide 2-like 1]. 

The gene is comprised of 8 exons and 7 introns and encodes for a protein with 

317 amino acids known as a 36-kDa protein (235,236). The promoter region of 

GNB2L1 has two alternative start sites of transcription for cardiac/smooth muscle 
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specific NF-κB (235,237). Normally, RACK1 is ubiquitously expressed in most 

of the tissues of human and higher mammals such as the brain, liver, and spleen 

(238,239) and its expression is tightly regulated. For example, expression changes 

of RACK1 are significantly related to cancer and brain pathologies (240-242), 

supported by observations that RACK1 inhibits the growth of normal fibroblasts 

and can be up-regulated in the transformed cells and inhibition of insulin-like 

growth factor 1 receptor (IGF-1R), which plays an important role in the growth of, 

over-expressed cells (243-245). Furthermore, RACK1 has 80 binding partners and 

has effects on the function and subcellular distribution of numerous proteins 

which leads to the regulation of wide-spread signaling pathways (246,247). 

 

1.10.2. Subcellular localization and translocation of RACK1 

 RACK1 is localized in versatile cellular compartments including cytosol, 

endoplasmic reticulum and the nucleus. Especially, RACK1 is found in cell 

bodies and dendrites but not axons in the neurons (248,249). RACK1 also can be 

translocated to another subcellular location where it acts in response to a variety 

of cellular pathways induced by a stimulus. For example, active PKCβІІ induces 

the interaction with RACK1, which causes RACK1 to shuttle PKCβІІ to its active 

site (250).  In hypoxia or heat shock, RACK1 is concentrated into cytoplasmic 

stress granules, and then prevents the activation of a stress-responsive MAPK 

pathway, thereby leads to cell survival (251). Moreover, activation of the 

cAMP/PKA pathway in several cells leads to the translocation of RACK1 to the 
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nucleus even though RACK1 does not contain the sequence of specific organelle 

localization motifs for nucleus entry and nucleus export (251-254). There is no 

conclusive evidence of post-translational modification of RACK1 to be 

translocated. Therefore, the translocation of RACK1 may be influenced by a 

group of partner proteins interacting with RACK1.  

 

1.10.3. Roles of RACK1 as a multifunctional protein  

 RACK1 is a member of the tryptophan-aspartic acid repeat (WD-repeat) 

family of proteins which is found in prokaryotes and all eukaryotes and is highly 

conserved (255,256). The WD repeats of RACK1 forms a seven-bladed β-

propeller structure (WD40: The WD40 repeat is a structural motif of 

approximately 40 amino acids, often terminating in a WD dipeptide), with each 

blade comprised by β-sheets  and shares high homology to β subunit of G-proteins 

(Gβ). Generally, this WD-repeat family of proteins causes numerous molecular 

interactions  (257-260). Each WD40 repeats of RACK1 interacts with several 

other signaling proteins and therefore, regulates several signal pathways. 

 

Scaffold functions of RACK1 

 RACK1 functions as a scaffold protein and is well known to interact with 

multiple protein members of several signaling pathways by tethering them into 

complexes. Thereby it regulates a lot of signal transductions and properly 

http://en.wikipedia.org/wiki/Structural_motif�
http://en.wikipedia.org/wiki/Amino_acid�
http://en.wikipedia.org/wiki/Multiprotein_complex�
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organizes signal complexes in specific areas of the cell such as the plasma 

membrane, the cytoplasm, the nucleus, the Golgi, endosomes, and the 

mitochondria. Moreover, RACK1 induces positive or negative effects on the 

activity of many kinases and insulation of signal proteins from phosphatases (261). 

RACK1 representatively functions as a receptor for activated protein kinase Cβ 

(PKCβ), PKCδ, and PKCμ and increases the activity of these PKCs as well as 

shuttle the activated PKCs to proper cellular areas (250,262-264).  In contrast to 

the effect on PKCs, RACK1 inhibits Src kinase activity, which is involved in a 

family of non-receptor tyrosine kinases and regulates cell growth and adhesion 

(243). The cytoplasmic domain of the β-subunit of the integrin receptor (β1, β2, 

β3, and β5 subtypes), which is a membrane spanning receptor, interacts with 

RACK1 after activation of PKC. This receptor of integrin plays an important role 

in focal adhesions of the extracellular matrix (243,265,266). RACK1 also binds 

with another WD-repeat protein Gβ. The formation of RACK1-Gβ heterodimer 

facilitates cross-talk of signal transduction regulated by G Protein Coupled 

Receptors GPCRs (267-270). By virtue of RACK1 homodimerization, RACK1 

can spread out a range of its binding partners. For example, the formation of 

RACK1 homodimer allows Fyn, Proto-oncogene tyrosine-protein kinase, to 

interact with NR2B subunit of the N-methyl-D-aspartate receptor (NMDAR) 

which is a glutamate receptor and is formed as a heterotetramer with two NR1 and 

two NR2. Both Fyn and NR2B share an identical binding site on RACK1 

(252,268-274). 

http://en.wikipedia.org/wiki/Plasma_membrane�
http://en.wikipedia.org/wiki/Plasma_membrane�
http://en.wikipedia.org/wiki/Cytoplasm�
http://en.wikipedia.org/wiki/Cell_nucleus�
http://en.wikipedia.org/wiki/Golgi_apparatus�
http://en.wikipedia.org/wiki/Endosomes�
http://en.wikipedia.org/wiki/Mitochondria�
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 In addition to interacting with various binding partners, RACK1 also has 

crucial roles in modulating the enzyme activity of its binding partners. For 

example, RACK1 binds with tyrosine kinases such as Fyn and Src and inhibits 

their kinase activity before triggering dissociation of RACK1 complexes 

(252,269,271,273-276).  In contrast, RACK1 maintains steady-state condition of 

protein phosphatase 2A (PP2A) and active conformation of PKCβІІ. Therefore, 

RACK1 performs a lot of important roles by stabilizing the active and inactive 

condition of its binding partners (245,250,262,277,278).   

 

1.11. Objective, hypotheses and rationale  

Objectives  

The long-term objective of this study is to elucidate the molecular 

mechanism of ADPKD pathogenesis. For this, my specific objectives are 1) to 

investigate how PKD2 regulates cell proliferation through the PERK-eIF2α 

pathway, 2) to investigate molecular mechanisms underlying the regulation of 

PKD2 protein translation by cellular stress and its 5’UTR of mRNA, and 3) to 

study physical and functional interaction between PKD2L1 and scaffolding 

protein RACK1.  

 

Hypotheses 



41 
 

1) that PKD2 enhances the kinase efficiency of PERK in phospharylating 

eIF2α thereby repressing cell proliferation, 2) that cellular stresses and P-eIF2α 

translationally up-regulates PKD2 protein expression through acting on the 

5’UTR uORF sequence of its mRNA, and 3) that RACK1 inhibits PKD2L1 

channel function through physical binding to the N-terminus of the channel. 

 

Rationale 

 To elucidate the molecular mechanisms underlying ADPKD pathogenesis 

it is essential to understand how dysfunction of polycystins results in cellular 

abnormalities such as over-proliferation, apoptosis and de-differentiation. Thus, it 

is necessary to investigate how normal and dysfunctional PKD2 impact cellular 

pathways and components that regulate cell proliferation and apoptosis. In general, 

regulation of protein expression occurs transcriptionally and translationally. 

Human, monkey and mouse PKD2 has a uORF in the 5’UTR of its mRNA and its 

roles in regulating PKD2 expression remains unknown. And because too high or 

too low PKD2 expression is all pathogenic, it is thus important to determine the 

roles of the uORF. Cultured HEK293T cells, HeLa cells, MDCK and MEF cells 

with deficient PERK (PERK-/-) are very suitable models, in combination with 

gene over-expression/knock-down, chemical treatments. For this we employed 

several interdisciplinary techniques, including WB, in vitro and in vivo protein-

protein interaction methods, immunofluorescence, polysome analysis, and 

luciferase assays, among others. These techniques are particular-appropriate for 

cultured mammalian cells. We are aware of limitations of cultured cells, so 
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current studies in Dr. Chen’s laboratory include the use of more in vivo models 

such as PKD2 and PKD2L1 KO mice for future studies.  

PKD2L1 is a homolog of PKD2 but PKD2L1 is not related to ADPKD. 

PKD2L1 was reported as a Ca2+-modulated nonselective cation channel. However, 

it is still unclear how PKD2L1 is regulated by Ca2+ and interacting partners, 

which is critical for subsequently elucidating its cellular and physiological roles. 

PKD2L1 mainly targets to the intracellular ER membrane in common cultured 

mammalian cells such as HEK, HeLa and IMCD cells. However, in Xenopus 

oocytes it is substantially targeted to the PM. Oocyte is therefore a suitable model 

for studying its function and regulation through measuring channel activity by 

electrophysiology. We also use other techniques, suitable for oocytes, such as 

mutagenesis, WB, in vitro and in vivo protein-protein interaction, biotinylation, 

immunoflouroscene. 

 

   

 

 

 

 

 

 

 



43 
 

 

1.12. REFERENCES 

 

 1.  Torres,V.E., Harris,P.C. (2009) Autosomal dominant polycystic kidney 
disease: the last 3 years. Kidney Int., 76, 149-168. 

 2.  Cao,S.S., Kaufman,R.J. (2012) Unfolded protein response. Curr. Biol., 
22, R622-R626. 

 3.  Wek,R.C., Jiang,H.Y., Anthony,T.G. (2006) Coping with stress: eIF2 
kinases and translational control. Biochem. Soc. Trans., 34, 7-11. 

 4.  Jackson,R.J., Hellen,C.U., Pestova,T.V. (2010) The mechanism of 
eukaryotic translation initiation and principles of its regulation. Nat. Rev. 
Mol. Cell Biol., 11, 113-127. 

 5.  Chen,X.Z., Segal,Y., Basora,N., Guo,L., Peng,J.B., Babakhanlou,H., 
Vassilev,P.M., Brown,E.M., Hediger,M.A., Zhou,J. (2001) Transport 
function of the naturally occurring pathogenic polycystin-2 mutant, 
R742X. Biochem. Biophys. Res. Commun., 282, 1251-1256. 

 6.  Nilius,B., Owsianik,G. (2011) The transient receptor potential family of 
ion channels. Genome Biol., 12, 218. 

 7.  Delmas,P. (2004) Polycystins: from mechanosensation to gene 
regulation. Cell, 118, 145-148. 

 8.  Moran,M.M., Xu,H., Clapham,D.E. (2004) TRP ion channels in the 
nervous system. Curr. Opin. Neurobiol., 14, 362-369. 

 9.  Wu,G., Somlo,S. (2000) Molecular genetics and mechanism of 
autosomal dominant polycystic kidney disease. Mol. Genet. Metab, 69, 
1-15. 

 10.  Delmas,P., Padilla,F., Osorio,N., Coste,B., Raoux,M., Crest,M. (2004) 
Polycystins, calcium signaling, and human diseases. Biochem. Biophys. 
Res. Commun., 322, 1374-1383. 

 11.  Delmas,P. (2005) Polycystins: polymodal receptor/ion-channel cellular 
sensors. Pflugers Arch., 451, 264-276. 

 12.  Delmas,P. (2004) Polycystins: from mechanosensation to gene 
regulation. Cell, 118, 145-148. 



44 
 

 13.  Mochizuki,T., Wu,G., Hayashi,T., Xenophontos,S.L., Veldhuisen,B., 
Saris,J.J., Reynolds,D.M., Cai,Y., Gabow,P.A., Pierides,A., et al. (1996) 
PKD2, a gene for polycystic kidney disease that encodes an integral 
membrane protein. Science, 272, 1339-1342. 

 14.  Huang,A.L., Chen,X., Hoon,M.A., Chandrashekar,J., Guo,W., 
Trankner,D., Ryba,N.J., Zuker,C.S. (2006) The cells and logic for 
mammalian sour taste detection. Nature, 442, 934-938. 

 15.  Ishimaru,Y., Inada,H., Kubota,M., Zhuang,H., Tominaga,M., 
Matsunami,H. (2006) Transient receptor potential family members 
PKD1L3 and PKD2L1 form a candidate sour taste receptor. Proc. Natl. 
Acad. Sci. U. S. A, 103, 12569-12574. 

 16.  Harris,P.C., Torres,V.E. (2006) Understanding pathogenic mechanisms 
in polycystic kidney disease provides clues for therapy. Curr. Opin. 
Nephrol. Hypertens., 15, 456-463. 

 17.  Ong,A.C., Harris,P.C. (2005) Molecular pathogenesis of ADPKD: the 
polycystin complex gets complex. Kidney Int., 67, 1234-1247. 

 18.  Harris,P.C., Rossetti,S. (2004) Molecular genetics of autosomal 
recessive polycystic kidney disease. Mol. Genet. Metab, 81, 75-85. 

 19.  Harris,P.C., Torres,V.E. (2009) Polycystic kidney disease. Annu. Rev. 
Med., 60, 321-337. 

 20.  Hildebrandt,F., Zhou,W. (2007) Nephronophthisis-associated 
ciliopathies. J. Am. Soc. Nephrol., 18, 1855-1871. 

 21.  Harris,P.C. (2007) Genetic complexity in Joubert syndrome and related 
disorders. Kidney Int., 72, 1421-1423. 

 22.  Beales,P.L. (2005) Lifting the lid on Pandora's box: the Bardet-Biedl 
syndrome. Curr. Opin. Genet. Dev., 15, 315-323. 

 23.  Ferrante,M.I., Giorgio,G., Feather,S.A., Bulfone,A., Wright,V., 
Ghiani,M., Selicorni,A., Gammaro,L., Scolari,F., Woolf,A.S., et al. 
(2001) Identification of the gene for oral-facial-digital type I syndrome. 
Am. J. Hum. Genet., 68, 569-576. 

 24.   (1994) The polycystic kidney disease 1 gene encodes a 14 kb transcript 
and lies within a duplicated region on chromosome 16. The European 
Polycystic Kidney Disease Consortium. Cell, 78, 725. 

 25.  Hughes,J., Ward,C.J., Peral,B., Aspinwall,R., Clark,K., San Millan,J.L., 
Gamble,V., Harris,P.C. (1995) The polycystic kidney disease 1 (PKD1) 



45 
 

gene encodes a novel protein with multiple cell recognition domains. 
Nat. Genet., 10, 151-160. 

 26.   (1995) Polycystic kidney disease: the complete structure of the PKD1 
gene and its protein. The International Polycystic Kidney Disease 
Consortium. Cell, 81, 289-298. 

 27.  Paterson,A.D., Wang,K.R., Lupea,D., St George-Hyslop,P., Pei,Y. 
(2002) Recurrent fetal loss associated with bilineal inheritance of type 1 
autosomal dominant polycystic kidney disease. Am. J. Kidney Dis., 40, 
16-20. 

 28.  Pei,Y., Paterson,A.D., Wang,K.R., He,N., Hefferton,D., Watnick,T., 
Germino,G.G., Parfrey,P., Somlo,S., St George-Hyslop,P. (2001) 
Bilineal disease and trans-heterozygotes in autosomal dominant 
polycystic kidney disease. Am. J. Hum. Genet., 68, 355-363. 

 29.  Wu,G., Tian,X., Nishimura,S., Markowitz,G.S., D'Agati,V., Park,J.H., 
Yao,L., Li,L., Geng,L., Zhao,H., et al. (2002) Trans-heterozygous Pkd1 
and Pkd2 mutations modify expression of polycystic kidney disease. 
Hum. Mol. Genet., 11, 1845-1854. 

 30.  Hateboer,N., Dijk,M.A., Bogdanova,N., Coto,E., Saggar-Malik,A.K., 
San Millan,J.L., Torra,R., Breuning,M., Ravine,D. (1999) Comparison 
of phenotypes of polycystic kidney disease types 1 and 2. European 
PKD1-PKD2 Study Group. Lancet, 353, 103-107. 

 31.  Rossetti,S., Burton,S., Strmecki,L., Pond,G.R., San Millan,J.L., 
Zerres,K., Barratt,T.M., Ozen,S., Torres,V.E., Bergstralh,E.J., et al. 
(2002) The position of the polycystic kidney disease 1 (PKD1) gene 
mutation correlates with the severity of renal disease. J. Am. Soc. 
Nephrol., 13, 1230-1237. 

 32.  Magistroni,R., He,N., Wang,K., Andrew,R., Johnson,A., Gabow,P., 
Dicks,E., Parfrey,P., Torra,R., San-Millan,J.L., et al. (2003) Genotype-
renal function correlation in type 2 autosomal dominant polycystic 
kidney disease. J. Am. Soc. Nephrol., 14, 1164-1174. 

 33.  Peral,B., Gamble,V., San Millan,J.L., Strong,C., Sloane-Stanley,J., 
Moreno,F., Harris,P.C. (1995) Splicing mutations of the polycystic 
kidney disease 1 (PKD1) gene induced by intronic deletion. Hum. Mol. 
Genet., 4, 569-574. 

 34.  Peral,B., Ong,A.C., San Millan,J.L., Gamble,V., Rees,L., Harris,P.C. 
(1996) A stable, nonsense mutation associated with a case of infantile 
onset polycystic kidney disease 1 (PKD1). Hum. Mol. Genet., 5, 539-542. 



46 
 

 35.  Sherstha,R., McKinley,C., Russ,P., Scherzinger,A., Bronner,T., 
Showalter,R., Everson,G.T. (1997) Postmenopausal estrogen therapy 
selectively stimulates hepatic enlargement in women with autosomal 
dominant polycystic kidney disease. Hepatology, 26, 1282-1286. 

 36.  Harris,P.C., Bae,K.T., Rossetti,S., Torres,V.E., Grantham,J.J., 
Chapman,A.B., Guay-Woodford,L.M., King,B.F., Wetzel,L.H., 
Baumgarten,D.A., et al. (2006) Cyst number but not the rate of cystic 
growth is associated with the mutated gene in autosomal dominant 
polycystic kidney disease. J. Am. Soc. Nephrol., 17, 3013-3019. 

 37.  Belibi,F.A., Wallace,D.P., Yamaguchi,T., Christensen,M., Reif,G., 
Grantham,J.J. (2002) The effect of caffeine on renal epithelial cells from 
patients with autosomal dominant polycystic kidney disease. J. Am. Soc. 
Nephrol., 13, 2723-2729. 

 38.  Ponting,C.P., Hofmann,K., Bork,P. (1999) A latrophilin/CL-1-like GPS 
domain in polycystin-1. Curr. Biol., 9, R585-R588. 

 39.  Sandford,R., Sgotto,B., Aparicio,S., Brenner,S., Vaudin,M., 
Wilson,R.K., Chissoe,S., Pepin,K., Bateman,A., Chothia,C., et al. (1997) 
Comparative analysis of the polycystic kidney disease 1 (PKD1) gene 
reveals an integral membrane glycoprotein with multiple evolutionary 
conserved domains. Hum. Mol. Genet., 6, 1483-1489. 

 40.  Huan,Y., van,A.J. (1999) Polycystin-1, the PKD1 gene product, is in a 
complex containing E-cadherin and the catenins. J. Clin. Invest, 104, 
1459-1468. 

 41.  Wilson,P.D., Geng,L., Li,X., Burrow,C.R. (1999) The PKD1 gene 
product, "polycystin-1," is a tyrosine-phosphorylated protein that 
colocalizes with alpha2beta1-integrin in focal clusters in adherent renal 
epithelia. Lab Invest, 79, 1311-1323. 

 42.  Ibraghimov-Beskrovnaya,O., Bukanov,N.O., Donohue,L.C., 
Dackowski,W.R., Klinger,K.W., Landes,G.M. (2000) Strong homophilic 
interactions of the Ig-like domains of polycystin-1, the protein product 
of an autosomal dominant polycystic kidney disease gene, PKD1. Hum. 
Mol. Genet., 9, 1641-1649. 

 43.  Gonzalez-Perrett,S., Kim,K., Ibarra,C., Damiano,A.E., Zotta,E., 
Batelli,M., Harris,P.C., Reisin,I.L., Arnaout,M.A., Cantiello,H.F. (2001) 
Polycystin-2, the protein mutated in autosomal dominant polycystic 
kidney disease (ADPKD), is a Ca2+-permeable nonselective cation 
channel. Proc. Natl. Acad. Sci. U. S. A, 98, 1182-1187. 



47 
 

 44.  Koulen,P., Cai,Y., Geng,L., Maeda,Y., Nishimura,S., Witzgall,R., 
Ehrlich,B.E., Somlo,S. (2002) Polycystin-2 is an intracellular calcium 
release channel. Nat. Cell Biol., 4, 191-197. 

 45.  Mochizuki,T., Wu,G., Hayashi,T., Xenophontos,S.L., Veldhuisen,B., 
Saris,J.J., Reynolds,D.M., Cai,Y., Gabow,P.A., Pierides,A., et al. (1996) 
PKD2, a gene for polycystic kidney disease that encodes an integral 
membrane protein. Science, 272, 1339-1342. 

 46.  Clapham,D.E., Runnels,L.W., Strubing,C. (2001) The TRP ion channel 
family. Nat. Rev. Neurosci., 2, 387-396. 

 47.  Silberberg,M., Charron,A.J., Bacallao,R., Wandinger-Ness,A. (2005) 
Mispolarization of desmosomal proteins and altered intercellular 
adhesion in autosomal dominant polycystic kidney disease. Am. J. 
Physiol Renal Physiol, 288, F1153-F1163. 

 48.  Cai,Y., Maeda,Y., Cedzich,A., Torres,V.E., Wu,G., Hayashi,T., 
Mochizuki,T., Park,J.H., Witzgall,R., Somlo,S. (1999) Identification and 
characterization of polycystin-2, the PKD2 gene product. J. Biol. Chem., 
274, 28557-28565. 

 49.  Foggensteiner,L., Bevan,A.P., Thomas,R., Coleman,N., Boulter,C., 
Bradley,J., Ibraghimov-Beskrovnaya,O., Klinger,K., Sandford,R. (2000) 
Cellular and subcellular distribution of polycystin-2, the protein product 
of the PKD2 gene. J. Am. Soc. Nephrol., 11, 814-827. 

 50.  Li,Y., Wright,J.M., Qian,F., Germino,G.G., Guggino,W.B. (2005) 
Polycystin 2 interacts with type I inositol 1,4,5-trisphosphate receptor to 
modulate intracellular Ca2+ signaling. J. Biol. Chem., 280, 41298-41306. 

 51.  Pazour,G.J., San Agustin,J.T., Follit,J.A., Rosenbaum,J.L., Witman,G.B. 
(2002) Polycystin-2 localizes to kidney cilia and the ciliary level is 
elevated in orpk mice with polycystic kidney disease. Curr. Biol., 12, 
R378-R380. 

 52.  Yoder,B.K., Hou,X., Guay-Woodford,L.M. (2002) The polycystic 
kidney disease proteins, polycystin-1, polycystin-2, polaris, and cystin, 
are co-localized in renal cilia. J. Am. Soc. Nephrol., 13, 2508-2516. 

 53.  Praetorius,H.A., Spring,K.R. (2005) A physiological view of the primary 
cilium. Annu. Rev. Physiol, 67, 515-529. 

 54.  Badano,J.L., Teslovich,T.M., Katsanis,N. (2005) The centrosome in 
human genetic disease. Nat. Rev. Genet., 6, 194-205. 

 55.  Praetorius,H.A., Spring,K.R. (2001) Bending the MDCK cell primary 
cilium increases intracellular calcium. J. Membr. Biol., 184, 71-79. 



48 
 

 56.  Nauli,S.M., Alenghat,F.J., Luo,Y., Williams,E., Vassilev,P., Li,X., 
Elia,A.E., Lu,W., Brown,E.M., Quinn,S.J., et al. (2003) Polycystins 1 
and 2 mediate mechanosensation in the primary cilium of kidney cells. 
Nat. Genet., 33, 129-137. 

 57.  Qian,Q., Hunter,L.W., Li,M., Marin-Padilla,M., Prakash,Y.S., Somlo,S., 
Harris,P.C., Torres,V.E., Sieck,G.C. (2003) Pkd2 haploinsufficiency 
alters intracellular calcium regulation in vascular smooth muscle cells. 
Hum. Mol. Genet., 12, 1875-1880. 

 58.  Hanaoka,K., Qian,F., Boletta,A., Bhunia,A.K., Piontek,K., Tsiokas,L., 
Sukhatme,V.P., Guggino,W.B., Germino,G.G. (2000) Co-assembly of 
polycystin-1 and -2 produces unique cation-permeable currents. Nature, 
408, 990-994. 

 59.  Torres,V.E., Harris,P.C., Pirson,Y. (2007) Autosomal dominant 
polycystic kidney disease. Lancet, 369, 1287-1301. 

 60.  Rossetti,S., Harris,P.C. (2007) Genotype-phenotype correlations in 
autosomal dominant and autosomal recessive polycystic kidney disease. 
J. Am. Soc. Nephrol., 18, 1374-1380. 

 61.  Stengel,B., Billon,S., Van Dijk,P.C., Jager,K.J., Dekker,F.W., 
Simpson,K., Briggs,J.D. (2003) Trends in the incidence of renal 
replacement therapy for end-stage renal disease in Europe, 1990-1999. 
Nephrol. Dial. Transplant., 18, 1824-1833. 

 62.  Wakai,K., Nakai,S., Kikuchi,K., Iseki,K., Miwa,N., Masakane,I., 
Wada,A., Shinzato,T., Nagura,Y., Akiba,T. (2004) Trends in incidence 
of end-stage renal disease in Japan, 1983-2000: age-adjusted and age-
specific rates by gender and cause. Nephrol. Dial. Transplant., 19, 2044-
2052. 

 63.  Grantham,J.J., Torres,V.E., Chapman,A.B., Guay-Woodford,L.M., 
Bae,K.T., King,B.F., Jr., Wetzel,L.H., Baumgarten,D.A., Kenney,P.J., 
Harris,P.C., et al. (2006) Volume progression in polycystic kidney 
disease. N. Engl. J. Med., 354, 2122-2130. 

 64.  Chapman,A.B., Guay-Woodford,L.M., Grantham,J.J., Torres,V.E., 
Bae,K.T., Baumgarten,D.A., Kenney,P.J., King,B.F., Jr., Glockner,J.F., 
Wetzel,L.H., et al. (2003) Renal structure in early autosomal-dominant 
polycystic kidney disease (ADPKD): The Consortium for Radiologic 
Imaging Studies of Polycystic Kidney Disease (CRISP) cohort. Kidney 
Int., 64, 1035-1045. 

 65.  Torres,V.E. (2006) Water for ADPKD? Probably, yes. J. Am. Soc. 
Nephrol., 17, 2089-2091. 



49 
 

 66.  Gattone,V.H., Maser,R.L., Tian,C., Rosenberg,J.M., Branden,M.G. 
(1999) Developmental expression of urine concentration-associated 
genes and their altered expression in murine infantile-type polycystic 
kidney disease. Dev. Genet., 24, 309-318. 

 67.  Gattone,V.H., Wang,X., Harris,P.C., Torres,V.E. (2003) Inhibition of 
renal cystic disease development and progression by a vasopressin V2 
receptor antagonist. Nat. Med., 9, 1323-1326. 

 68.  Torres,V.E., Wang,X., Qian,Q., Somlo,S., Harris,P.C., Gattone,V.H. 
(2004) Effective treatment of an orthologous model of autosomal 
dominant polycystic kidney disease. Nat. Med., 10, 363-364. 

 69.  Nagao,S., Nishii,K., Katsuyama,M., Kurahashi,H., Marunouchi,T., 
Takahashi,H., Wallace,D.P. (2006) Increased water intake decreases 
progression of polycystic kidney disease in the PCK rat. J. Am. Soc. 
Nephrol., 17, 2220-2227. 

 70.  Wong,H., Vivian,L., Weiler,G., Filler,G. (2004) Patients with autosomal 
dominant polycystic kidney disease hyperfiltrate early in their disease. 
Am. J. Kidney Dis., 43, 624-628. 

 71.  Bankir,L., Ahloulay,M., Bouby,N., Trinh-Trang-Tan,M.M., Machet,F., 
Lacour,B., Jungers,P. (1993) Is the process of urinary urea concentration 
responsible for a high glomerular filtration rate? J. Am. Soc. Nephrol., 4, 
1091-1103. 

 72.  Sauter,D., Fernandes,S., Goncalves-Mendes,N., Boulkroun,S., Bankir,L., 
Loffing,J., Bouby,N. (2006) Long-term effects of vasopressin on the 
subcellular localization of ENaC in the renal collecting system. Kidney 
Int., 69, 1024-1032. 

 73.  Bouby,N., Bachmann,S., Bichet,D., Bankir,L. (1990) Effect of water 
intake on the progression of chronic renal failure in the 5/6 
nephrectomized rat. Am. J. Physiol, 258, F973-F979. 

 74.  Bouby,N., Hassler,C., Bankir,L. (1999) Contribution of vasopressin to 
progression of chronic renal failure: study in Brattleboro rats. Life Sci., 
65, 991-1004. 

 75.  Kelleher,C.L., McFann,K.K., Johnson,A.M., Schrier,R.W. (2004) 
Characteristics of hypertension in young adults with autosomal dominant 
polycystic kidney disease compared with the general U.S. population. 
Am. J. Hypertens., 17, 1029-1034. 

 76.  Torres,V.E., Wilson,D.M., Burnett,J.C., Jr., Johnson,C.M., Offord,K.P. 
(1991) Effect of inhibition of converting enzyme on renal 



50 
 

hemodynamics and sodium management in polycystic kidney disease. 
Mayo Clin. Proc., 66, 1010-1017. 

 77.  Torres,V.E., Wilson,D.M., Offord,K.P., Burnett,J.C., Jr., Romero,J.C. 
(1989) Natriuretic response to volume expansion in polycystic kidney 
disease. Mayo Clin. Proc., 64, 509-515. 

 78.  Gabow,P.A., Chapman,A.B., Johnson,A.M., Tangel,D.J., Duley,I.T., 
Kaehny,W.D., Manco-Johnson,M., Schrier,R.W. (1990) Renal structure 
and hypertension in autosomal dominant polycystic kidney disease. 
Kidney Int., 38, 1177-1180. 

 79.  Chapman,A.B., Johnson,A., Gabow,P.A., Schrier,R.W. (1990) The 
renin-angiotensin-aldosterone system and autosomal dominant 
polycystic kidney disease. N. Engl. J. Med., 323, 1091-1096. 

 80.  Torres,V.E., Donovan,K.A., Scicli,G., Holley,K.E., Thibodeau,S.N., 
Carretero,O.A., Inagami,T., McAteer,J.A., Johnson,C.M. (1992) 
Synthesis of renin by tubulocystic epithelium in autosomal-dominant 
polycystic kidney disease. Kidney Int., 42, 364-373. 

 81.  Loghman-Adham,M., Soto,C.E., Inagami,T., Cassis,L. (2004) The 
intrarenal renin-angiotensin system in autosomal dominant polycystic 
kidney disease. Am. J. Physiol Renal Physiol, 287, F775-F788. 

 82.  McPherson,E.A., Luo,Z., Brown,R.A., LeBard,L.S., Corless,C.C., 
Speth,R.C., Bagby,S.P. (2004) Chymase-like angiotensin II-generating 
activity in end-stage human autosomal dominant polycystic kidney 
disease. J. Am. Soc. Nephrol., 15, 493-500. 

 83.  Griffin,M.D., Torres,V.E., Grande,J.P., Kumar,R. (1997) Vascular 
expression of polycystin. J. Am. Soc. Nephrol., 8, 616-626. 

 84.  Torres,V.E., Cai,Y., Chen,X., Wu,G.Q., Geng,L., Cleghorn,K.A., 
Johnson,C.M., Somlo,S. (2001) Vascular expression of polycystin-2. J. 
Am. Soc. Nephrol., 12, 1-9. 

 85.  Qian,Q., Li,M., Cai,Y., Ward,C.J., Somlo,S., Harris,P.C., Torres,V.E. 
(2003) Analysis of the polycystins in aortic vascular smooth muscle cells. 
J. Am. Soc. Nephrol., 14, 2280-2287. 

 86.  Qian,Q., Hunter,L.W., Du,H., Ren,Q., Han,Y., Sieck,G.C. (2007) 
Pkd2+/- vascular smooth muscles develop exaggerated vasocontraction 
in response to phenylephrine stimulation. J. Am. Soc. Nephrol., 18, 485-
493. 



51 
 

 87.  Wang,D., Iversen,J., Wilcox,C.S., Strandgaard,S. (2003) Endothelial 
dysfunction and reduced nitric oxide in resistance arteries in autosomal-
dominant polycystic kidney disease. Kidney Int., 64, 1381-1388. 

 88.  Clausen,P., Feldt-Rasmussen,B., Iversen,J., Lange,M., Eidemak,I., 
Strandgaard,S. (2006) Flow-associated dilatory capacity of the brachial 
artery is intact in early autosomal dominant polycystic kidney disease. 
Am. J. Nephrol., 26, 335-339. 

 89.  Kocaman,O., Oflaz,H., Yekeler,E., Dursun,M., Erdogan,D., Demirel,S., 
Alisir,S., Turgut,F., Mercanoglu,F., Ecder,T. (2004) Endothelial 
dysfunction and increased carotid intima-media thickness in patients 
with autosomal dominant polycystic kidney disease. Am. J. Kidney Dis., 
43, 854-860. 

 90.  Danaci,M., Akpolat,T., Bastemir,M., Sarikaya,S., Akan,H., Selcuk,M.B., 
Cengiz,K. (1998) The prevalence of seminal vesicle cysts in autosomal 
dominant polycystic kidney disease. Nephrol. Dial. Transplant., 13, 
2825-2828. 

 91.  Alpern,M.B., Dorfman,R.E., Gross,B.H., Gottlieb,C.A., Sandler,M.A. 
(1991) Seminal vesicle cysts: association with adult polycystic kidney 
disease. Radiology, 180, 79-80. 

 92.  Wijdicks,E.F., Torres,V.E., Schievink,W.I. (2000) Chronic subdural 
hematoma in autosomal dominant polycystic kidney disease. Am. J. 
Kidney Dis., 35, 40-43. 

 93.  Schievink,W.I., Huston,J., III, Torres,V.E., Marsh,W.R. (1995) 
Intracranial cysts in autosomal dominant polycystic kidney disease. J. 
Neurosurg., 83, 1004-1007. 

 94.  Alehan,F.K., Gurakan,B., Agildere,M. (2002) Familial arachnoid cysts 
in association with autosomal dominant polycystic kidney disease. 
Pediatrics, 110, e13. 

 95.  Nicolau,C., Torra,R., Bianchi,L., Vilana,R., Gilabert,R., Darnell,A., 
Bru,C. (2000) Abdominal sonographic study of autosomal dominant 
polycystic kidney disease. J. Clin. Ultrasound, 28, 277-282. 

 96.  Li,V.M., Cianfrone,P., Damiano,R., Fuiano,G. (2003) Infertility in 
adults with polycystic kidney disease. Nephrol. Dial. Transplant., 18, 
190-191. 

 97.  Okada,H., Fujioka,H., Tatsumi,N., Fujisawa,M., Gohji,K., Arakawa,S., 
Kato,H., Kobayashi,S., Isojima,S., Kamidono,S. (1999) Assisted 
reproduction for infertile patients with 9 + 0 immotile spermatozoa 



52 
 

associated with autosomal dominant polycystic kidney disease. Hum. 
Reprod., 14, 110-113. 

 98.  Schievink,W.I., Torres,V.E. (1997) Spinal meningeal diverticula in 
autosomal dominant polycystic kidney disease. Lancet, 349, 1223-1224. 

 99.  Abderrahim,E., Hedri,H., Laabidi,J., Raies,L., Kheder,A., Abdallah,T.B., 
Moussa,F.B., Maiz,H.B. (2004) Chronic subdural haematoma and 
autosomal polycystic kidney disease: report of two new cases. 
Nephrology. (Carlton. ), 9, 331-333. 

 100.  Reynolds,D.M., Falk,C.T., Li,A., King,B.F., Kamath,P.S., Huston,J., III, 
Shub,C., Iglesias,D.M., Martin,R.S., Pirson,Y., et al. (2000) 
Identification of a locus for autosomal dominant polycystic liver disease, 
on chromosome 19p13.2-13.1. Am. J. Hum. Genet., 67, 1598-1604. 

 101.  Tahvanainen,P., Tahvanainen,E., Reijonen,H., Halme,L., Kaariainen,H., 
Hockerstedt,K. (2003) Polycystic liver disease is genetically 
heterogeneous: clinical and linkage studies in eight Finnish families. J. 
Hepatol., 38, 39-43. 

 102.  Qian,Q., Li,A., King,B.F., Kamath,P.S., Lager,D.J., Huston,J., III, 
Shub,C., Davila,S., Somlo,S., Torres,V.E. (2003) Clinical profile of 
autosomal dominant polycystic liver disease. Hepatology, 37, 164-171. 

 103.  Li,A., Davila,S., Furu,L., Qian,Q., Tian,X., Kamath,P.S., King,B.F., 
Torres,V.E., Somlo,S. (2003) Mutations in PRKCSH cause isolated 
autosomal dominant polycystic liver disease. Am. J. Hum. Genet., 72, 
691-703. 

 104.  Davila,S., Furu,L., Gharavi,A.G., Tian,X., Onoe,T., Qian,Q., Li,A., 
Cai,Y., Kamath,P.S., King,B.F., et al. (2004) Mutations in SEC63 cause 
autosomal dominant polycystic liver disease. Nat. Genet., 36, 575-577. 

 105.  Drenth,J.P., te Morsche,R.H., Smink,R., Bonifacino,J.S., Jansen,J.B. 
(2003) Germline mutations in PRKCSH are associated with autosomal 
dominant polycystic liver disease. Nat. Genet., 33, 345-347. 

 106.  Alvaro,D., Mancino,M.G., Onori,P., Franchitto,A., Alpini,G., Francis,H., 
Glaser,S., Gaudio,E. (2006) Estrogens and the pathophysiology of the 
biliary tree. World J. Gastroenterol., 12, 3537-3545. 

 107.  Fabris,L., Cadamuro,M., Fiorotto,R., Roskams,T., Spirli,C., Melero,S., 
Sonzogni,A., Joplin,R.E., Okolicsanyi,L., Strazzabosco,M. (2006) 
Effects of angiogenic factor overexpression by human and rodent 
cholangiocytes in polycystic liver diseases. Hepatology, 43, 1001-1012. 



53 
 

 108.  Nichols,M.T., Gidey,E., Matzakos,T., Dahl,R., Stiegmann,G., Shah,R.J., 
Grantham,J.J., Fitz,J.G., Doctor,R.B. (2004) Secretion of cytokines and 
growth factors into autosomal dominant polycystic kidney disease liver 
cyst fluid. Hepatology, 40, 836-846. 

 109.  Gabow,P.A., Johnson,A.M., Kaehny,W.D., Manco-Johnson,M.L., 
Duley,I.T., Everson,G.T. (1990) Risk factors for the development of 
hepatic cysts in autosomal dominant polycystic kidney disease. 
Hepatology, 11, 1033-1037. 

 110.  Sherstha,R., McKinley,C., Russ,P., Scherzinger,A., Bronner,T., 
Showalter,R., Everson,G.T. (1997) Postmenopausal estrogen therapy 
selectively stimulates hepatic enlargement in women with autosomal 
dominant polycystic kidney disease. Hepatology, 26, 1282-1286. 

 111.  Kip,S.N., Hunter,L.W., Ren,Q., Harris,P.C., Somlo,S., Torres,V.E., 
Sieck,G.C., Qian,Q. (2005) [Ca2+]i reduction increases cellular 
proliferation and apoptosis in vascular smooth muscle cells: relevance to 
the ADPKD phenotype. Circ. Res., 96, 873-880. 

 112.  Pirson,Y., Chauveau,D., Torres,V. (2002) Management of cerebral 
aneurysms in autosomal dominant polycystic kidney disease. J. Am. Soc. 
Nephrol., 13, 269-276. 

 113.  Inagawa,T. (2001) Trends in incidence and case fatality rates of 
aneurysmal subarachnoid hemorrhage in Izumo City, Japan, between 
1980-1989 and 1990-1998. Stroke, 32, 1499-1507. 

 114.  Nadasdy,T., Laszik,Z., Lajoie,G., Blick,K.E., Wheeler,D.E., Silva,F.G. 
(1995) Proliferative activity of cyst epithelium in human renal cystic 
diseases. J. Am. Soc. Nephrol., 5, 1462-1468. 

 115.  Lanoix,J., D'Agati,V., Szabolcs,M., Trudel,M. (1996) Dysregulation of 
cellular proliferation and apoptosis mediates human autosomal dominant 
polycystic kidney disease (ADPKD). Oncogene, 13, 1153-1160. 

 116.  Woo,D. (1995) Apoptosis and loss of renal tissue in polycystic kidney 
diseases. N. Engl. J. Med., 333, 18-25. 

 117.  Gabow,P.A. (1991) Polycystic kidney disease: clues to pathogenesis. 
Kidney Int., 40, 989-996. 

 118.  Cowley,B.D., Jr., Smardo,F.L., Jr., Grantham,J.J., Calvet,J.P. (1987) 
Elevated c-myc protooncogene expression in autosomal recessive 
polycystic kidney disease. Proc. Natl. Acad. Sci. U. S. A, 84, 8394-8398. 



54 
 

 119.  Cowley,B.D., Jr., Chadwick,L.J., Grantham,J.J., Calvet,J.P. (1991) 
Elevated proto-oncogene expression in polycystic kidneys of the 
C57BL/6J (cpk) mouse. J. Am. Soc. Nephrol., 1, 1048-1053. 

 120.  Klingel,R., Dippold,W., Storkel,S., Meyer zum Buschenfelde,K.H., 
Kohler,H. (1992) Expression of differentiation antigens and growth-
related genes in normal kidney, autosomal dominant polycystic kidney 
disease, and renal cell carcinoma. Am. J. Kidney Dis., 19, 22-30. 

 121.  Trudel,M., Barisoni,L., Lanoix,J., D'Agati,V. (1998) Polycystic kidney 
disease in SBM transgenic mice: role of c-myc in disease induction and 
progression. Am. J. Pathol., 152, 219-229. 

 122.  Tremblay,P.J., Pothier,F., Hoang,T., Tremblay,G., Brownstein,S., 
Liszauer,A., Jolicoeur,P. (1989) Transgenic mice carrying the mouse 
mammary tumor virus ras fusion gene: distinct effects in various tissues. 
Mol. Cell Biol., 9, 854-859. 

 123.  Gilbert,E., Morel,A., Tulliez,M., Maunoury,R., Terzi,F., Miquerol,L., 
Kahn,A. (1997) In vivo effects of activated H-ras oncogene expressed in 
the liver and in urogenital tissues. Int. J. Cancer, 73, 749-756. 

 124.  Du,J., Wilson,P.D. (1995) Abnormal polarization of EGF receptors and 
autocrine stimulation of cyst epithelial growth in human ADPKD. Am. J. 
Physiol, 269, C487-C495. 

 125.  Lanoix,J., D'Agati,V., Szabolcs,M., Trudel,M. (1996) Dysregulation of 
cellular proliferation and apoptosis mediates human autosomal dominant 
polycystic kidney disease (ADPKD). Oncogene, 13, 1153-1160. 

 126.  Chang,M.Y., Parker,E., Ibrahim,S., Shortland,J.R., Nahas,M.E., 
Haylor,J.L., Ong,A.C. (2006) Haploinsufficiency of Pkd2 is associated 
with increased tubular cell proliferation and interstitial fibrosis in two 
murine Pkd2 models. Nephrol. Dial. Transplant., 21, 2078-2084. 

 127.  Grimm,D.H., Karihaloo,A., Cai,Y., Somlo,S., Cantley,L.G., Caplan,M.J. 
(2006) Polycystin-2 regulates proliferation and branching 
morphogenesis in kidney epithelial cells. J. Biol. Chem., 281, 137-144. 

 128.  Bhunia,A.K., Piontek,K., Boletta,A., Liu,L., Qian,F., Xu,P.N., 
Germino,F.J., Germino,G.G. (2002) PKD1 induces p21(waf1) and 
regulation of the cell cycle via direct activation of the JAK-STAT 
signaling pathway in a process requiring PKD2. Cell, 109, 157-168. 

 129.  Murcia,N.S., Sweeney,W.E., Jr., Avner,E.D. (1999) New insights into 
the molecular pathophysiology of polycystic kidney disease. Kidney Int., 
55, 1187-1197. 



55 
 

 130.  Boletta,A., Qian,F., Onuchic,L.F., Bhunia,A.K., Phakdeekitcharoen,B., 
Hanaoka,K., Guggino,W., Monaco,L., Germino,G.G. (2000) Polycystin-
1, the gene product of PKD1, induces resistance to apoptosis and 
spontaneous tubulogenesis in MDCK cells. Mol. Cell, 6, 1267-1273. 

 131.  Edelstein,C.L. (2005) What is the role of tubular epithelial cell apoptosis 
in polycystic kidney disease (PKD)? Cell Cycle, 4, 1550-1554. 

 132.  Tao,Y., Kim,J., Faubel,S., Wu,J.C., Falk,S.A., Schrier,R.W., 
Edelstein,C.L. (2005) Caspase inhibition reduces tubular apoptosis and 
proliferation and slows disease progression in polycystic kidney disease. 
Proc. Natl. Acad. Sci. U. S. A, 102, 6954-6959. 

 133.  Lin,H.H., Yang,T.P., Jiang,S.T., Yang,H.Y., Tang,M.J. (1999) Bcl-2 
overexpression prevents apoptosis-induced Madin-Darby canine kidney 
simple epithelial cyst formation. Kidney Int., 55, 168-178. 

 134.  Orrenius,S., Zhivotovsky,B., Nicotera,P. (2003) Regulation of cell 
death: the calcium-apoptosis link. Nat. Rev. Mol. Cell Biol., 4, 552-565. 

 135.  Rizzuto,R., Pinton,P., Ferrari,D., Chami,M., Szabadkai,G., 
Magalhaes,P.J., Di,V.F., Pozzan,T. (2003) Calcium and apoptosis: facts 
and hypotheses. Oncogene, 22, 8619-8627. 

 136.  Szalai,G., Krishnamurthy,R., Hajnoczky,G. (1999) Apoptosis driven by 
IP(3)-linked mitochondrial calcium signals. EMBO J., 18, 6349-6361. 

 137.  Pinton,P., Ferrari,D., Rapizzi,E., Di,V.F., Pozzan,T., Rizzuto,R. (2001) 
The Ca2+ concentration of the endoplasmic reticulum is a key 
determinant of ceramide-induced apoptosis: significance for the 
molecular mechanism of Bcl-2 action. EMBO J., 20, 2690-2701. 

 138.  Delmas,P., Nauli,S.M., Li,X., Coste,B., Osorio,N., Crest,M., 
Brown,D.A., Zhou,J. (2004) Gating of the polycystin ion channel 
signaling complex in neurons and kidney cells. FASEB J., 18, 740-742. 

 139.  Wegierski,T., Steffl,D., Kopp,C., Tauber,R., Buchholz,B., Nitschke,R., 
Kuehn,E.W., Walz,G., Kottgen,M. (2009) TRPP2 channels regulate 
apoptosis through the Ca2+ concentration in the endoplasmic reticulum. 
EMBO J., 28, 490-499. 

 140.  Boca,M., Distefano,G., Qian,F., Bhunia,A.K., Germino,G.G., Boletta,A. 
(2006) Polycystin-1 induces resistance to apoptosis through the 
phosphatidylinositol 3-kinase/Akt signaling pathway. J. Am. Soc. 
Nephrol., 17, 637-647. 

 141.  Holcik,M., Sonenberg,N. (2005) Translational control in stress and 
apoptosis. Nat. Rev. Mol. Cell Biol., 6, 318-327. 



56 
 

 142.  Gebauer,F., Hentze,M.W. (2004) Molecular mechanisms of translational 
control. Nat. Rev. Mol. Cell Biol., 5, 827-835. 

 143.  Pestova,T.V., Lomakin,I.B., Lee,J.H., Choi,S.K., Dever,T.E., 
Hellen,C.U. (2000) The joining of ribosomal subunits in eukaryotes 
requires eIF5B. Nature, 403, 332-335. 

 144.  Das,S., Ghosh,R., Maitra,U. (2001) Eukaryotic translation initiation 
factor 5 functions as a GTPase-activating protein. J. Biol. Chem., 276, 
6720-6726. 

 145.  Paulin,F.E., Campbell,L.E., O'Brien,K., Loughlin,J., Proud,C.G. (2001) 
Eukaryotic translation initiation factor 5 (eIF5) acts as a classical 
GTPase-activator protein. Curr. Biol., 11, 55-59. 

 146.  Williams,D.D., Price,N.T., Loughlin,A.J., Proud,C.G. (2001) 
Characterization of the mammalian initiation factor eIF2B complex as a 
GDP dissociation stimulator protein. J. Biol. Chem., 276, 24697-24703. 

 147.  Schroder,M., Kaufman,R.J. (2005) ER stress and the unfolded protein 
response. Mutat. Res., 569, 29-63. 

 148.  Kornfeld,R., Kornfeld,S. (1985) Assembly of asparagine-linked 
oligosaccharides. Annu. Rev. Biochem., 54, 631-664. 

 149.  Hubbard,S.C., Ivatt,R.J. (1981) Synthesis and processing of asparagine-
linked oligosaccharides. Annu. Rev. Biochem., 50, 555-583. 

 150.  Fewell,S.W., Travers,K.J., Weissman,J.S., Brodsky,J.L. (2001) The 
action of molecular chaperones in the early secretory pathway. Annu. 
Rev. Genet., 35, 149-191. 

 151.  Ellgaard,L., Molinari,M., Helenius,A. (1999) Setting the standards: 
quality control in the secretory pathway. Science, 286, 1882-1888. 

 152.  Ermonval,M., Cacan,R., Gorgas,K., Haas,I.G., Verbert,A., Buttin,G. 
(1997) Differential fate of glycoproteins carrying a monoglucosylated 
form of truncated N-glycan in a new CHO line, MadIA214214, selected 
for a thermosensitive secretory defect. J. Cell Sci., 110 ( Pt 3), 323-336. 

 153.  Scheuner,D., Vander,M.D., Song,B., Flamez,D., Creemers,J.W., 
Tsukamoto,K., Ribick,M., Schuit,F.C., Kaufman,R.J. (2005) Control of 
mRNA translation preserves endoplasmic reticulum function in beta 
cells and maintains glucose homeostasis. Nat. Med., 11, 757-764. 

 154.  Umebayashi,K., Hirata,A., Fukuda,R., Horiuchi,H., Ohta,A., Takagi,M. 
(1997) Accumulation of misfolded protein aggregates leads to the 



57 
 

formation of russell body-like dilated endoplasmic reticulum in yeast. 
Yeast, 13, 1009-1020. 

 155.  Abcouwer,S.F., Marjon,P.L., Loper,R.K., Vander Jagt,D.L. (2002) 
Response of VEGF expression to amino acid deprivation and inducers of 
endoplasmic reticulum stress. Invest Ophthalmol. Vis. Sci., 43, 2791-
2798. 

 156.  Pineau,L., Colas,J., Dupont,S., Beney,L., Fleurat-Lessard,P., 
Berjeaud,J.M., Berges,T., Ferreira,T. (2009) Lipid-induced ER stress: 
synergistic effects of sterols and saturated fatty acids. Traffic., 10, 673-
690. 

 157.  Michelangeli,F., Liprandi,F., Chemello,M.E., Ciarlet,M., Ruiz,M.C. 
(1995) Selective depletion of stored calcium by thapsigargin blocks 
rotavirus maturation but not the cytopathic effect. J. Virol., 69, 3838-
3847. 

 158.  Stevens,F.J., Argon,Y. (1999) Protein folding in the ER. Semin. Cell Dev. 
Biol., 10, 443-454. 

 159.  Terasaki,M., Jaffe,L.A., Hunnicutt,G.R., Hammer,J.A., III (1996) 
Structural change of the endoplasmic reticulum during fertilization: 
evidence for loss of membrane continuity using the green fluorescent 
protein. Dev. Biol., 179, 320-328. 

 160.  Lehle,L., Tanner,W. (1976) The specific site of tunicamycin inhibition 
in the formation of dolichol-bound N-acetylglucosamine derivatives. 
FEBS Lett., 72, 167-170. 

 161.  Schroder,M., Kaufman,R.J. (2005) ER stress and the unfolded protein 
response. Mutat. Res., 569, 29-63. 

 162.  Scheuner,D., Kaufman,R.J. (2008) The unfolded protein response: a 
pathway that links insulin demand with beta-cell failure and diabetes. 
Endocr. Rev., 29, 317-333. 

 163.  Harding,H.P., Zhang,Y., Bertolotti,A., Zeng,H., Ron,D. (2000) Perk is 
essential for translational regulation and cell survival during the 
unfolded protein response. Mol. Cell, 5, 897-904. 

 164.  Sidrauski,C., Walter,P. (1997) The transmembrane kinase Ire1p is a site-
specific endonuclease that initiates mRNA splicing in the unfolded 
protein response. Cell, 90, 1031-1039. 

 165.  Yoshida,H., Matsui,T., Yamamoto,A., Okada,T., Mori,K. (2001) XBP1 
mRNA is induced by ATF6 and spliced by IRE1 in response to ER 
stress to produce a highly active transcription factor. Cell, 107, 881-891. 



58 
 

 166.  Yoshida,H., Okada,T., Haze,K., Yanagi,H., Yura,T., Negishi,M., Mori,K. 
(2000) ATF6 activated by proteolysis binds in the presence of NF-Y 
(CBF) directly to the cis-acting element responsible for the mammalian 
unfolded protein response. Mol. Cell Biol., 20, 6755-6767. 

 167.  Kaufman,R.J. (2002) Orchestrating the unfolded protein response in 
health and disease. J. Clin. Invest, 110, 1389-1398. 

 168.  Harding,H.P., Calfon,M., Urano,F., Novoa,I., Ron,D. (2002) 
Transcriptional and translational control in the Mammalian unfolded 
protein response. Annu. Rev. Cell Dev. Biol., 18, 575-599. 

 169.  Schroder,M., Kaufman,R.J. (2005) The mammalian unfolded protein 
response. Annu. Rev. Biochem., 74, 739-789. 

 170.  Wu,J., Kaufman,R.J. (2006) From acute ER stress to physiological roles 
of the Unfolded Protein Response. Cell Death. Differ., 13, 374-384. 

 171.  Harding,H.P., Ron,D. (2002) Endoplasmic reticulum stress and the 
development of diabetes: a review. Diabetes, 51 Suppl 3, S455-S461. 

 172.  Harding,H.P., Novoa,I., Zhang,Y., Zeng,H., Wek,R., Schapira,M., 
Ron,D. (2000) Regulated translation initiation controls stress-induced 
gene expression in mammalian cells. Mol. Cell, 6, 1099-1108. 

 173.  Harding,H.P., Zhang,Y., Ron,D. (1999) Protein translation and folding 
are coupled by an endoplasmic-reticulum-resident kinase. Nature, 397, 
271-274. 

 174.  Harding,H.P., Zhang,Y., Zeng,H., Novoa,I., Lu,P.D., Calfon,M., 
Sadri,N., Yun,C., Popko,B., Paules,R., et al. (2003) An integrated stress 
response regulates amino acid metabolism and resistance to oxidative 
stress. Mol. Cell, 11, 619-633. 

 175.  Ron,D. (2002) Translational control in the endoplasmic reticulum stress 
response. J. Clin. Invest, 110, 1383-1388. 

 176.  Vattem,K.M., Wek,R.C. (2004) Reinitiation involving upstream ORFs 
regulates ATF4 mRNA translation in mammalian cells. Proc. Natl. Acad. 
Sci. U. S. A, 101, 11269-11274. 

 177.  Novoa,I., Zeng,H., Harding,H.P., Ron,D. (2001) Feedback inhibition of 
the unfolded protein response by GADD34-mediated dephosphorylation 
of eIF2alpha. J. Cell Biol., 153, 1011-1022. 

 178.  He,B., Gross,M., Roizman,B. (1997) The gamma(1)34.5 protein of 
herpes simplex virus 1 complexes with protein phosphatase 1alpha to 
dephosphorylate the alpha subunit of the eukaryotic translation initiation 



59 
 

factor 2 and preclude the shutoff of protein synthesis by double-stranded 
RNA-activated protein kinase. Proc. Natl. Acad. Sci. U. S. A, 94, 843-
848. 

 179.  Novoa,I., Zhang,Y., Zeng,H., Jungreis,R., Harding,H.P., Ron,D. (2003) 
Stress-induced gene expression requires programmed recovery from 
translational repression. EMBO J., 22, 1180-1187. 

 180.  Tirasophon,W., Welihinda,A.A., Kaufman,R.J. (1998) A stress response 
pathway from the endoplasmic reticulum to the nucleus requires a novel 
bifunctional protein kinase/endoribonuclease (Ire1p) in mammalian cells. 
Genes Dev., 12, 1812-1824. 

 181.  Wang,X.Z., Harding,H.P., Zhang,Y., Jolicoeur,E.M., Kuroda,M., Ron,D. 
(1998) Cloning of mammalian Ire1 reveals diversity in the ER stress 
responses. EMBO J., 17, 5708-5717. 

 182.  Cox,J.S., Shamu,C.E., Walter,P. (1993) Transcriptional induction of 
genes encoding endoplasmic reticulum resident proteins requires a 
transmembrane protein kinase. Cell, 73, 1197-1206. 

 183.  Mori,K., Ma,W., Gething,M.J., Sambrook,J. (1993) A transmembrane 
protein with a cdc2+/CDC28-related kinase activity is required for 
signaling from the ER to the nucleus. Cell, 74, 743-756. 

 184.  Credle,J.J., Finer-Moore,J.S., Papa,F.R., Stroud,R.M., Walter,P. (2005) 
On the mechanism of sensing unfolded protein in the endoplasmic 
reticulum. Proc. Natl. Acad. Sci. U. S. A, 102, 18773-18784. 

 185.  Ron,D., Walter,P. (2007) Signal integration in the endoplasmic 
reticulum unfolded protein response. Nat. Rev. Mol. Cell Biol., 8, 519-
529. 

 186.  Yoshida,H., Matsui,T., Yamamoto,A., Okada,T., Mori,K. (2001) XBP1 
mRNA is induced by ATF6 and spliced by IRE1 in response to ER 
stress to produce a highly active transcription factor. Cell, 107, 881-891. 

 187.  Urano,F., Wang,X., Bertolotti,A., Zhang,Y., Chung,P., Harding,H.P., 
Ron,D. (2000) Coupling of stress in the ER to activation of JNK protein 
kinases by transmembrane protein kinase IRE1. Science, 287, 664-666. 

 188.  Yoneda,T., Imaizumi,K., Oono,K., Yui,D., Gomi,F., Katayama,T., 
Tohyama,M. (2001) Activation of caspase-12, an endoplastic reticulum 
(ER) resident caspase, through tumor necrosis factor receptor-associated 
factor 2-dependent mechanism in response to the ER stress. J. Biol. 
Chem., 276, 13935-13940. 



60 
 

 189.  Shen,X., Zhang,K., Kaufman,R.J. (2004) The unfolded protein response-
-a stress signaling pathway of the endoplasmic reticulum. J. Chem. 
Neuroanat., 28, 79-92. 

 190.  Haze,K., Yoshida,H., Yanagi,H., Yura,T., Mori,K. (1999) Mammalian 
transcription factor ATF6 is synthesized as a transmembrane protein and 
activated by proteolysis in response to endoplasmic reticulum stress. Mol. 
Biol. Cell, 10, 3787-3799. 

 191.  Pearce,A.K., Humphrey,T.C. (2001) Integrating stress-response and cell-
cycle checkpoint pathways. Trends Cell Biol., 11, 426-433. 

 192.  Rowlands,A.G., Panniers,R., Henshaw,E.C. (1988) The catalytic 
mechanism of guanine nucleotide exchange factor action and 
competitive inhibition by phosphorylated eukaryotic initiation factor 2. J. 
Biol. Chem., 263, 5526-5533. 

 193.  Dever,T.E., Yang,W., Astrom,S., Bystrom,A.S., Hinnebusch,A.G. 
(1995) Modulation of tRNA(iMet), eIF-2, and eIF-2B expression shows 
that GCN4 translation is inversely coupled to the level of eIF-
2.GTP.Met-tRNA(iMet) ternary complexes. Mol. Cell Biol., 15, 6351-
6363. 

 194.  Dever,T.E., Feng,L., Wek,R.C., Cigan,A.M., Donahue,T.F., 
Hinnebusch,A.G. (1992) Phosphorylation of initiation factor 2 alpha by 
protein kinase GCN2 mediates gene-specific translational control of 
GCN4 in yeast. Cell, 68, 585-596. 

 195.  Clemens,M.J. (2004) Targets and mechanisms for the regulation of 
translation in malignant transformation. Oncogene, 23, 3180-3188. 

 196.  Kozak,M. (1987) An analysis of 5'-noncoding sequences from 699 
vertebrate messenger RNAs. Nucleic Acids Res., 15, 8125-8148. 

 197.  Zhang,Z., Dietrich,F.S. (2005) Identification and characterization of 
upstream open reading frames (uORF) in the 5' untranslated regions 
(UTR) of genes in Saccharomyces cerevisiae. Curr. Genet., 48, 77-87. 

 198.  Iacono,M., Mignone,F., Pesole,G. (2005) uAUG and uORFs in human 
and rodent 5'untranslated mRNAs. Gene, 349, 97-105. 

 199.  Calvo,S.E., Pagliarini,D.J., Mootha,V.K. (2009) Upstream open reading 
frames cause widespread reduction of protein expression and are 
polymorphic among humans. Proc. Natl. Acad. Sci. U. S. A, 106, 7507-
7512. 

 200.  Sachs,M.S., Geballe,A.P. (2006) Downstream control of upstream open 
reading frames. Genes Dev., 20, 915-921. 



61 
 

 201.  Hinnebusch,A.G. (2005) Translational regulation of GCN4 and the 
general amino acid control of yeast. Annu. Rev. Microbiol., 59, 407-450. 

 202.  Lu,P.D., Harding,H.P., Ron,D. (2004) Translation reinitiation at 
alternative open reading frames regulates gene expression in an 
integrated stress response. J. Cell Biol., 167, 27-33. 

 203.  Palam,L.R., Baird,T.D., Wek,R.C. (2011) Phosphorylation of eIF2 
facilitates ribosomal bypass of an inhibitory upstream ORF to enhance 
CHOP translation. J. Biol. Chem., 286, 10939-10949. 

 204.  Dever,T.E., A.C.Dar., F.Sicheri (2007) In Sonenberg,N., Hershey,J.W.B. 
(eds.), Translational Control in Biology and Medicine. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 319-344. 

 205.  Jiang,H.Y., Wek,R.C. (2005) GCN2 phosphorylation of eIF2alpha 
activates NF-kappaB in response to UV irradiation. Biochem. J., 385, 
371-380. 

 206.  Gale,M., Jr., Katze,M.G. (1998) Molecular mechanisms of interferon 
resistance mediated by viral-directed inhibition of PKR, the interferon-
induced protein kinase. Pharmacol. Ther., 78, 29-46. 

 207.  Nicholson,A.W. (1996) Structure, reactivity, and biology of double-
stranded RNA. Prog. Nucleic Acid Res. Mol. Biol., 52, 1-65. 

 208.  Stark,G.R., Kerr,I.M., Williams,B.R., Silverman,R.H., Schreiber,R.D. 
(1998) How cells respond to interferons. Annu. Rev. Biochem., 67, 227-
264. 

 209.  Green,S.R., Mathews,M.B. (1992) Two RNA-binding motifs in the 
double-stranded RNA-activated protein kinase, DAI. Genes Dev., 6, 
2478-2490. 

 210.  Wu,S., Kaufman,R.J. (1997) A model for the double-stranded RNA 
(dsRNA)-dependent dimerization and activation of the dsRNA-activated 
protein kinase PKR. J. Biol. Chem., 272, 1291-1296. 

 211.  Zhang,F., Romano,P.R., Nagamura-Inoue,T., Tian,B., Dever,T.E., 
Mathews,M.B., Ozato,K., Hinnebusch,A.G. (2001) Binding of double-
stranded RNA to protein kinase PKR is required for dimerization and 
promotes critical autophosphorylation events in the activation loop. J. 
Biol. Chem., 276, 24946-24958. 

 212.  Kaufman,R.J. (1999) Double-stranded RNA-activated protein kinase 
mediates virus-induced apoptosis: a new role for an old actor. Proc. Natl. 
Acad. Sci. U. S. A, 96, 11693-11695. 



62 
 

 213.  Balachandran,S., Roberts,P.C., Brown,L.E., Truong,H., Pattnaik,A.K., 
Archer,D.R., Barber,G.N. (2000) Essential role for the dsRNA-
dependent protein kinase PKR in innate immunity to viral infection. 
Immunity., 13, 129-141. 

 214.  Chen,J.J. (2007) Regulation of protein synthesis by the heme-regulated 
eIF2alpha kinase: relevance to anemias. Blood, 109, 2693-2699. 

 215.  Mathews,M.B., Sonenberg,N., Hershey,J.W.B. (2007) In Ron,D., 
Harding,H.P. (eds.), eIF2alpha Phosphorylation in Cellular Stress 
Responses and Disease. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY, pp. 345-368. 

 216.  Fagard,R., London,I.M. (1981) Relationship between phosphorylation 
and activity of heme-regulated eukaryotic initiation factor 2 alpha kinase. 
Proc. Natl. Acad. Sci. U. S. A, 78, 866-870. 

 217.  Levin,D., Ranu,R.S., Ernst,V., London,I.M. (1976) Regulation of protein 
synthesis in reticulocyte lysates: phosphorylation of methionyl-tRNAf 
binding factor by protein kinase activity of translational inhibitor 
isolated from hemedeficient lysates. Proc. Natl. Acad. Sci. U. S. A, 73, 
3112-3116. 

 218.  Kramer,G., Cimadevilla,J.M., Hardesty,B. (1976) Specificity of the 
protein kinase activity associated with the hemin-controlled repressor of 
rabbit reticulocyte. Proc. Natl. Acad. Sci. U. S. A, 73, 3078-3082. 

 219.  Chefalo,P.J., Yang,J.M., Ramaiah,K.V., Gehrke,L., Chen,J.J. (1994) 
Inhibition of protein synthesis in insect cells by baculovirus-expressed 
heme-regulated eIF-2 alpha kinase. J. Biol. Chem., 269, 25788-25794. 

 220.  Bauer,B.N., Rafie-Kolpin,M., Lu,L., Han,A., Chen,J.J. (2001) Multiple 
autophosphorylation is essential for the formation of the active and 
stable homodimer of heme-regulated eIF2alpha kinase. Biochemistry, 40, 
11543-11551. 

 221.  Lu,L., Han,A.P., Chen,J.J. (2001) Translation initiation control by heme-
regulated eukaryotic initiation factor 2alpha kinase in erythroid cells 
under cytoplasmic stresses. Mol. Cell Biol., 21, 7971-7980. 

 222.  Qiu,H., Dong,J., Hu,C., Francklyn,C.S., Hinnebusch,A.G. (2001) The 
tRNA-binding moiety in GCN2 contains a dimerization domain that 
interacts with the kinase domain and is required for tRNA binding and 
kinase activation. EMBO J., 20, 1425-1438. 

 223.  Dong,J., Qiu,H., Garcia-Barrio,M., Anderson,J., Hinnebusch,A.G. 
(2000) Uncharged tRNA activates GCN2 by displacing the protein 



63 
 

kinase moiety from a bipartite tRNA-binding domain. Mol. Cell, 6, 269-
279. 

 224.  Nomura,H., Turco,A.E., Pei,Y., Kalaydjieva,L., Schiavello,T., 
Weremowicz,S., Ji,W., Morton,C.C., Meisler,M., Reeders,S.T., Zhou,J. 
(1998) Identification of PKDL, a novel polycystic kidney disease 2-like 
gene whose murine homologue is deleted in mice with kidney and 
retinal defects. J. Biol. Chem., 273, 25967-25973. 

 225.  Wu,G., Hayashi,T., Park,J.H., Dixit,M., Reynolds,D.M., Li,L., Maeda,Y., 
Cai,Y., Coca-Prados,M., Somlo,S. (1998) Identification of PKD2L, a 
human PKD2-related gene: tissue-specific expression and mapping to 
chromosome 10q25. Genomics, 54, 564-568. 

 226.  Chen,X.Z., Vassilev,P.M., Basora,N., Peng,J.B., Nomura,H., Segal,Y., 
Brown,E.M., Reeders,S.T., Hediger,M.A., Zhou,J. (1999) Polycystin-L 
is a calcium-regulated cation channel permeable to calcium ions. Nature, 
401, 383-386. 

 227.  Wang,D., Strandgaard,S. (1997) The pathogenesis of hypertension in 
autosomal dominant polycystic kidney disease. J. Hypertens., 15, 925-
933. 

 228.  Nikali,K., Isosomppi,J., Lonnqvist,T., Mao,J.I., Suomalainen,A., 
Peltonen,L. (1997) Toward cloning of a novel ataxia gene: refined 
assignment and physical map of the IOSCA locus (SCA8) on 10q24. 
Genomics, 39, 185-191. 

 229.  Ottman,R., Risch,N., Hauser,W.A., Pedley,T.A., Lee,J.H., Barker-
Cummings,C., Lustenberger,A., Nagle,K.J., Lee,K.S., Scheuer,M.L., . 
(1995) Localization of a gene for partial epilepsy to chromosome 10q. 
Nat. Genet., 10, 56-60. 

 230.  Guo,L., Chen,M., Basora,N., Zhou,J. (2000) The human polycystic 
kidney disease 2-like (PKDL) gene: exon/intron structure and evidence 
for a novel splicing mechanism. Mamm. Genome, 11, 46-50. 

 231.  Bui-Xuan,E.F., Li,Q., Chen,X.Z., Boucher,C.A., Sandford,R., Zhou,J., 
Basora,N. (2006) More than colocalizing with polycystin-1, polycystin-
L is in the centrosome. Am. J. Physiol Renal Physiol, 291, F395-F406. 

 232.  Murakami,M., Ohba,T., Xu,F., Shida,S., Satoh,E., Ono,K., Miyoshi,I., 
Watanabe,H., Ito,H., Iijima,T. (2005) Genomic organization and 
functional analysis of murine PKD2L1. J. Biol. Chem., 280, 5626-5635. 

 233.  Huang,A.L., Chen,X., Hoon,M.A., Chandrashekar,J., Guo,W., 
Trankner,D., Ryba,N.J., Zuker,C.S. (2006) The cells and logic for 
mammalian sour taste detection. Nature, 442, 934-938. 



64 
 

 234.  LopezJimenez,N.D., Cavenagh,M.M., Sainz,E., Cruz-Ithier,M.A., 
Battey,J.F., Sullivan,S.L. (2006) Two members of the TRPP family of 
ion channels, Pkd1l3 and Pkd2l1, are co-expressed in a subset of taste 
receptor cells. J. Neurochem., 98, 68-77. 

 235.  Del,V., I, Zuccotti,A., Pisano,F., Canneva,F., Lenzken,S.C., Rousset,F., 
Corsini,E., Govoni,S., Racchi,M. (2009) Functional mapping of the 
promoter region of the GNB2L1 human gene coding for RACK1 
scaffold protein. Gene, 430, 17-29. 

 236.  Wang,S., Chen,J.Z., Zhang,Z., Gu,S., Ji,C., Tang,R., Ying,K., Xie,Y., 
Mao,Y. (2003) Cloning, expression and genomic structure of a novel 
human GNB2L1 gene, which encodes a receptor of activated protein 
kinase C (RACK). Mol. Biol. Rep., 30, 53-60. 

 237.  Choi,D.S., Young,H., McMahon,T., Wang,D., Messing,R.O. (2003) The 
mouse RACK1 gene is regulated by nuclear factor-kappa B and 
contributes to cell survival. Mol. Pharmacol., 64, 1541-1548. 

 238.  Guillemot,F., Billault,A., Auffray,C. (1989) Physical linkage of a 
guanine nucleotide-binding protein-related gene to the chicken major 
histocompatibility complex. Proc. Natl. Acad. Sci. U. S. A, 86, 4594-
4598. 

 239.  Chou,Y.C., Chou,C.C., Chen,Y.K., Tsai,S., Hsieh,F.M., Liu,H.J., 
Hseu,T.H. (1999) Structure and genomic organization of porcine 
RACK1 gene. Biochim. Biophys. Acta, 1489, 315-322. 

 240.  Battaini,F., Pascale,A. (2005) Protein kinase C signal transduction 
regulation in physiological and pathological aging. Ann. N. Y. Acad. Sci., 
1057, 177-192. 

 241.  Peyrl,A., Weitzdoerfer,R., Gulesserian,T., Fountoulakis,M., Lubec,G. 
(2002) Aberrant expression of signaling-related proteins 14-3-3 gamma 
and RACK1 in fetal Down syndrome brain (trisomy 21). Electrophoresis, 
23, 152-157. 

 242.  Battaini,F., Pascale,A., Lucchi,L., Pasinetti,G.M., Govoni,S. (1999) 
Protein kinase C anchoring deficit in postmortem brains of Alzheimer's 
disease patients. Exp. Neurol., 159, 559-564. 

 243.  Chang,B.Y., Conroy,K.B., Machleder,E.M., Cartwright,C.A. (1998) 
RACK1, a receptor for activated C kinase and a homolog of the beta 
subunit of G proteins, inhibits activity of src tyrosine kinases and growth 
of NIH 3T3 cells. Mol. Cell Biol., 18, 3245-3256. 

 244.  Hermanto,U., Zong,C.S., Li,W., Wang,L.H. (2002) RACK1, an insulin-
like growth factor I (IGF-I) receptor-interacting protein, modulates IGF-



65 
 

I-dependent integrin signaling and promotes cell spreading and contact 
with extracellular matrix. Mol. Cell Biol., 22, 2345-2365. 

 245.  Kiely,P.A., Sant,A., O'Connor,R. (2002) RACK1 is an insulin-like 
growth factor 1 (IGF-1) receptor-interacting protein that can regulate 
IGF-1-mediated Akt activation and protection from cell death. J. Biol. 
Chem., 277, 22581-22589. 

 246.  McCahill,A., Warwicker,J., Bolger,G.B., Houslay,M.D., Yarwood,S.J. 
(2002) The RACK1 scaffold protein: a dynamic cog in cell response 
mechanisms. Mol. Pharmacol., 62, 1261-1273. 

 247.  Sklan,E.H., Podoly,E., Soreq,H. (2006) RACK1 has the nerve to act: 
structure meets function in the nervous system. Prog. Neurobiol., 78, 
117-134. 

 248.  Ashique,A.M., Kharazia,V., Yaka,R., Phamluong,K., Peterson,A.S., 
Ron,D. (2006) Localization of the scaffolding protein RACK1 in the 
developing and adult mouse brain. Brain Res., 1069, 31-38. 

 249.  Angenstein,F., Evans,A.M., Settlage,R.E., Moran,S.T., Ling,S.C., 
Klintsova,A.Y., Shabanowitz,J., Hunt,D.F., Greenough,W.T. (2002) A 
receptor for activated C kinase is part of messenger ribonucleoprotein 
complexes associated with polyA-mRNAs in neurons. J. Neurosci., 22, 
8827-8837. 

 250.  Ron,D., Jiang,Z., Yao,L., Vagts,A., Diamond,I., Gordon,A. (1999) 
Coordinated movement of RACK1 with activated betaIIPKC. J. Biol. 
Chem., 274, 27039-27046. 

 251.  Arimoto,K., Fukuda,H., Imajoh-Ohmi,S., Saito,H., Takekawa,M. (2008) 
Formation of stress granules inhibits apoptosis by suppressing stress-
responsive MAPK pathways. Nat. Cell Biol., 10, 1324-1332. 

 252.  Yaka,R., He,D.Y., Phamluong,K., Ron,D. (2003) Pituitary adenylate 
cyclase-activating polypeptide (PACAP(1-38)) enhances N-methyl-D-
aspartate receptor function and brain-derived neurotrophic factor 
expression via RACK1. J. Biol. Chem., 278, 9630-9638. 

 253.  He,D.Y., Vagts,A.J., Yaka,R., Ron,D. (2002) Ethanol induces gene 
expression via nuclear compartmentalization of receptor for activated C 
kinase 1. Mol. Pharmacol., 62, 272-280. 

 254.  Ron,D., Vagts,A.J., Dohrman,D.P., Yaka,R., Jiang,Z., Yao,L., Crabbe,J., 
Grisel,J.E., Diamond,I. (2000) Uncoupling of betaIIPKC from its 
targeting protein RACK1 in response to ethanol in cultured cells and 
mouse brain. FASEB J., 14, 2303-2314. 



66 
 

 255.  Adams,D.R., Ron,D., Kiely,P.A. (2011) RACK1, A multifaceted 
scaffolding protein: Structure and function. Cell Commun. Signal., 9, 22. 

 256.  Li,D., Roberts,R. (2001) WD-repeat proteins: structure characteristics, 
biological function, and their involvement in human diseases. Cell Mol. 
Life Sci., 58, 2085-2097. 

 257.  Sondek,J., Bohm,A., Lambright,D.G., Hamm,H.E., Sigler,P.B. (1996) 
Crystal structure of a G-protein beta gamma dimer at 2.1A resolution. 
Nature, 379, 369-374. 

 258.  Wall,M.A., Coleman,D.E., Lee,E., Iniguez-Lluhi,J.A., Posner,B.A., 
Gilman,A.G., Sprang,S.R. (1995) The structure of the G protein 
heterotrimer Gi alpha 1 beta 1 gamma 2. Cell, 83, 1047-1058. 

 259.  Stirnimann,C.U., Petsalaki,E., Russell,R.B., Muller,C.W. (2010) WD40 
proteins propel cellular networks. Trends Biochem. Sci., 35, 565-574. 

 260.  Neer,E.J., Schmidt,C.J., Nambudripad,R., Smith,T.F. (1994) The ancient 
regulatory-protein family of WD-repeat proteins. Nature, 371, 297-300. 

 261.  Shaw,A.S., Filbert,E.L. (2009) Scaffold proteins and immune-cell 
signalling. Nat. Rev. Immunol., 9, 47-56. 

 262.  Ron,D., Chen,C.H., Caldwell,J., Jamieson,L., Orr,E., Mochly-Rosen,D. 
(1994) Cloning of an intracellular receptor for protein kinase C: a 
homolog of the beta subunit of G proteins. Proc. Natl. Acad. Sci. U. S. A, 
91, 839-843. 

 263.  Rosdahl,J.A., Mourton,T.L., Brady-Kalnay,S.M. (2002) Protein kinase C 
delta (PKCdelta) is required for protein tyrosine phosphatase mu 
(PTPmu)-dependent neurite outgrowth. Mol. Cell Neurosci., 19, 292-306. 

 264.  Hermanto,U., Zong,C.S., Li,W., Wang,L.H. (2002) RACK1, an insulin-
like growth factor I (IGF-I) receptor-interacting protein, modulates IGF-
I-dependent integrin signaling and promotes cell spreading and contact 
with extracellular matrix. Mol. Cell Biol., 22, 2345-2365. 

 265.  Liliental,J., Chang,D.D. (1998) Rack1, a receptor for activated protein 
kinase C, interacts with integrin beta subunit. J. Biol. Chem., 273, 2379-
2383. 

 266.  Buensuceso,C.S., Woodside,D., Huff,J.L., Plopper,G.E., O'Toole,T.E. 
(2001) The WD protein Rack1 mediates protein kinase C and integrin-
dependent cell migration. J. Cell Sci., 114, 1691-1698. 

 267.  Chen,S., Dell,E.J., Lin,F., Sai,J., Hamm,H.E. (2004) RACK1 regulates 
specific functions of Gbetagamma. J. Biol. Chem., 279, 17861-17868. 



67 
 

 268.  Chen,S., Lin,F., Hamm,H.E. (2005) RACK1 binds to a signal transfer 
region of G betagamma and inhibits phospholipase C beta2 activation. J. 
Biol. Chem., 280, 33445-33452. 

 269.  Thornton,C., Tang,K.C., Phamluong,K., Luong,K., Vagts,A., 
Nikanjam,D., Yaka,R., Ron,D. (2004) Spatial and temporal regulation of 
RACK1 function and N-methyl-D-aspartate receptor activity through 
WD40 motif-mediated dimerization. J. Biol. Chem., 279, 31357-31364. 

 270.  Dell,E.J., Connor,J., Chen,S., Stebbins,E.G., Skiba,N.P., Mochly-
Rosen,D., Hamm,H.E. (2002) The betagamma subunit of heterotrimeric 
G proteins interacts with RACK1 and two other WD repeat proteins. J. 
Biol. Chem., 277, 49888-49895. 

 271.  Yaka,R., Thornton,C., Vagts,A.J., Phamluong,K., Bonci,A., Ron,D. 
(2002) NMDA receptor function is regulated by the inhibitory 
scaffolding protein, RACK1. Proc. Natl. Acad. Sci. U. S. A, 99, 5710-
5715. 

 272.  Liu,Y.V., Semenza,G.L. (2007) RACK1 vs. HSP90: competition for 
HIF-1 alpha degradation vs. stabilization. Cell Cycle, 6, 656-659. 

 273.  Wang,J., Carnicella,S., Phamluong,K., Jeanblanc,J., Ronesi,J.A., 
Chaudhri,N., Janak,P.H., Lovinger,D.M., Ron,D. (2007) Ethanol induces 
long-term facilitation of NR2B-NMDA receptor activity in the dorsal 
striatum: implications for alcohol drinking behavior. J. Neurosci., 27, 
3593-3602. 

 274.  Yaka,R., Phamluong,K., Ron,D. (2003) Scaffolding of Fyn kinase to the 
NMDA receptor determines brain region sensitivity to ethanol. J. 
Neurosci., 23, 3623-3632. 

 275.  Mamidipudi,V., Chang,B.Y., Harte,R.A., Lee,K.C., Cartwright,C.A. 
(2004) RACK1 inhibits the serum- and anchorage-independent growth 
of v-Src transformed cells. FEBS Lett., 567, 321-326. 

 276.  Mamidipudi,V., Zhang,J., Lee,K.C., Cartwright,C.A. (2004) RACK1 
regulates G1/S progression by suppressing Src kinase activity. Mol. Cell 
Biol., 24, 6788-6798. 

 277.  Kiely,P.A., Baillie,G.S., Lynch,M.J., Houslay,M.D., O'Connor,R. (2008) 
Tyrosine 302 in RACK1 is essential for insulin-like growth factor-I-
mediated competitive binding of PP2A and beta1 integrin and for tumor 
cell proliferation and migration. J. Biol. Chem., 283, 22952-22961. 

 278.  Stebbins,E.G., Mochly-Rosen,D. (2001) Binding specificity for RACK1 
resides in the V5 region of beta II protein kinase C. J. Biol. Chem., 276, 
29644-29650. 



68 
 

 

 

CHAPTER 2 

RESULT #1 

Polycystin-2 down-regulates cell proliferation 

via promoting PERK dependent 

phosphorylation of eIF2α 
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2.1 ABSTRACT 

ADPKD is characterized by the formation of renal, hepatic and pancreatic 

cysts and by non-cystic manifestations such as abnormal vasculature and embryo 

left–right asymmetry development. Polycystin-2 (PC2), in which mutations 

account for 10–15% in ADPKD, was previously shown to down-regulate cell 

proliferation, but the underlying mechanism was not elucidated. Here, we 

demonstrate that PC2, but not pathogenic mutants E837X and R872X, represses 

cell proliferation through promoting the phosphorylation of eukaryotic translation 

initiation factor eIF2α by PERK. ER stress is known to enhance eIF2α 

phosphorylation through up-regulating PERK kinase activity (assessed by 

phosphorylated PERK). During ER stress, PC2 knock-down also repressed eIF2α 

phosphorylation but did not alter PERK phosphorylation, indicating that PC2 

facilitates the eIF2α phosphorylation by PERK. PC2 was found to be in the same 

complex as PERK and eIF2α.  

Together, we demonstrate that PC2 negatively controls cell growth by 

promoting PERK-mediated eIF2α phosphorylation, presumably through physical 

interaction, which may underlie a pathogenesis mechanism in ADPKD and 

indicates that PC2 is an important regulator of the translation machinery. 
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2.2. INTRODUCTION 

 
 ADPKD is the most common form in PKD and occurs in 0.1–0.2% of 

adults (1-3). Renal pathogenic polycysts in ADPKD are fluid-filled epithelial-

lined cavities arising from glomeruli, nephron tubules and collecting ducts (4,5). 

ADPKD can also result in cerebral and intracranial aneurysms, cardiovascular 

abnormalities (e.g. cardiac valve disorders), aberrant embryonic left–right 

asymmetry development and hypertension (6,7). The majority (95%) of the 

ADPKD cases are caused by mutations in the PKD1 or PKD2 gene that encodes 

polycystic kidney disease 1 (PKD1 or PC1) or PKD2 (PC2) (8,9). PKD1 is an 

integral membrane glycoprotein and acts as a G-protein-coupled receptor. PC2 is 

a non-selective cation channel and is mainly localized on the ER membrane as a 

Ca2+ release channel (10,11). 

The mechanisms of how ADPKD results in overproliferation of renal 

epithelial cells are not clearly understood, and different pathways have been 

reported to be implicated (12-15). PKD1 regulates cell growth of renal tubular 

epithelial cells through p53 induction and JNK activation (15). PC2 was also 

reported to suppress cell growth and branching morphogenesis in kidney 

epithelial cells, but the underlying mechanism remains unknown (13). Bhunia et 

al. (12) showed that PKD1 and PC2 together regulate cell cycle through inducing 

p21 and activating the JAK-STAT signaling pathway. On the other hand, Li et al. 

(14) demonstrated that PC2 undergoes PKD1-dependent phosphorylation, which 
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enhances its interaction with the helix–loop-helix inhibitor ld2, to regulate cell 

growth and differentiation.  

 The ER is critical to the synthesis, modification, folding and quality 

control of both secretory and membrane protein (16). Conditions disrupting ER 

homeostasis can cause unfolded protein accumulation that constitutes a 

fundamental threat to all living cells and triggers unfolded protein response (UPR), 

which is currently termed ER stress (17). During the ER stress response or UPR, 

ER-resident molecular chaperones and foldases are induced to enhance the 

folding capacity of the ER, and translation is attenuated to reduce the biosynthetic 

load of ER (17,18). Current studies of the UPR mechanism in mammalian cells 

have identified three branches of the signaling pathway, represented by three 

types of ER-transmembrane proteins: pancreatic ER eIF2α kinase (PERK) leading 

to phosphorylation of eIF2α that causes translational repression, activating 

transcription factor 6 (ATF6) which induces the expression of chaperones such as 

GRP78, and inositol requiring 1 (IRE1) which initiates spliceosome-independent 

splicing of XBP1 mRNA, leading to the activation of ER chaperone genes.  

 Type I ER membrane protein PERK was recently reported to be involved 

in controlling cell growth (19,20). PERK contains a luminal ER stress-sensing N-

terminal domain and a large C-terminal cytoplasmic kinase domain (18,21). 

During ER stress, PERK is activated by autophosphorylation via 

homodimerization. The phosphorylated (or activated) PERK (P-PERK) 

subsequently binds and phosphorylates its subunit eIF2α (21,22), which inhibits 

global protein synthesis and cell-cycle factors such as cyclin D1, and results in the 



72 
 

repression of cell proliferation (19,20,23). We demonstrate here that PC2 

negatively regulates cell proliferation through enhancing PERK-dependent eIF2α 

phosphorylation. Our study suggests that PC2 associated ADPKD pathogenesis is 

due at least in part to dysregulation of PERK-dependent cell growth. 
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2.3. MATERIALS AND METHODS 
 
Cell culture, DNA constructs and gene transfection  

IMCD, MDCK and HEK293T cells were cultured in Dulbecco’s modified 

Eagle’s medium (high glucose; Invitrogen) containing 10% (v/v) fetal bovine 

serum, 1% penicillin and streptomycin at 37 ℃ and 5% CO2. PERK+/+ and PERK-

/- MEF cells were maintained as described previously (24). Plasmids pEGFP-PC2, 

pEGFP-R872X, pEGFP-E837X, pEGFP-PC2∆C, pEGFP-PC2∆N and pEGFP-

PC2∆NC were described previously (25,26). HEK293T cells were grown to ~70% 

confluency prior to transfection using Lipofectamine 2000 (Invitrogen). MDCK 

cells stably expressing GFP-PC2 or GFP were selected as previously described 

(27) and maintained using G418 (300 mg/ml). 

 

Immunoprecipitation and immunoblotting 

 Protein extraction, immunoblotting and immunoprecipitation (IP) were 

performed, as described earlier (26). Typically, 20 and 200 μg of total cellular 

protein were used for immunoblotting and IP, respectively. HEK293T cells were 

transiently transfected with pEGFP, pEGFP-PC2, pcDNA3.1 (Invitrogen) or 

pcDNA3.1-PERK (20,21) for IP. At 40 h post transfection, cells were used for 

protein extraction and precipitation. To examine the effect of PC2 mutants on 

eIF2α phosphorylation, we transfected HEK293T cells with pEGFP-PC2, pEGFP-

R872X, pEGFP-E837X, pEGFP-PC2∆C, pEGFP-PC2∆N, pEGFP-PC2∆NC or 

vector pEGFP. At 40 h post-transfection, cell extraction was prepared for 

immunoblotting. 
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Immunofluorescence microscopy and quantitative analysis 

Immunofluorescence microscopy was performed as described earlier (26). 

Briefly, HEK293T cells were transiently transfected with Myc-PC2 or siRNA, 

mixed at the 20:80 ratio after 24 h of transfection, and then grown on cover slips. 

At 48 h post-transfection, cells were subject to Tg treatment for 1 h before 

fixation. P-eIF2α and PC2 antibodies were used for double staining. Fluorescence 

images were captured on a motorized Olympus IX81 microscope with a CCD 

cooling RT SE6 monochrome camera (Diagnostic Instruments). Final composite 

images were made using Image-Pro Plus 5.0 (Media Cybernetics). The 

quantification of expression density was performed using Image J. The area of 

each cell was manually defined for the analysis of both green and red signal 

densities. A cluster of confluent cells was defined as one cell for density 

calculation. For each image that contains multiple cells, the average density for 

red or green color was normalized to 100 after background subtraction. The 

correlation coefficient was obtained from linear regression using Sigmaplot 10 

(Systat Software Inc.). 

 

Antibodies 

 Rabbit antibodies against eIF2α and P-eIF2α (S51), and mouse anti-Myc 

antibody were purchased from Cell Signaling Technology. Human anti-PERK and 

anti-P-PERK antibodies were from R&D Systems and Biolegend, respectively. β-

actin antibody was from Sigma-Aldrich, Canada. Goat anti-GRP78, rabbit anti-
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ATF6α/ATF4 and mouse anti-PERK were purchased from Santa Cruz. GFP 

antibodies were a gift of Dr Luc Berthiaume (University of Alberta; also available 

at www.eusera.com). Mouse monoclonal anti-PKD antibody (1A11) was 

described as before (26,28). Secondary antibodies were from Amersham or 

Promega.  

 

PERK and PC2 knock-down by small interfering RNA (siRNA) 

 PERK Stealth siRNA (Invitrogen, EIF2AK3-HSS114058, -059 and -060) 

and control siRNA (Invitrogen, Cat# 46-2002) were used to transfect HEK293T 

cells using Lipofectamine 2000 reagent following the manufacturer’s instructions. 

PC2 knockdown was described previously (28). The efficiency of the siRNA 

knockdown was assessed by immunoblotting. 

 

Cell proliferation assays 

 HEK293T cells were transfected with plasmid pEGFP-PC2 or PC2 

siRNA in 35 mm dishes (Fig. 2-6B and C). At 24 h post-transfection, cells were 

split and seeded into eight separate wells of a 96-well plate. After incubation for 

another 30 h, luminescence activity was measured using a cell viability assay kit 

(Promega, Cat# G7571) and an illuminometer (Fluoroskan Ascent FL, Thermo 

Labsystems). The remaining cells in the 35 mm dishes were further cultured for 

immunoblotting. For testing the effect of PERK knock-down on PC2-regulated 

cell proliferation (Fig. 2-6D), HEK293T cells were transfected with pEGFP- PC2 

or vector pEGFP using 35 mm dishes. At 6 h post-transfection, cells were split 
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into two equal fractions for subsequent transfection with PERK or control siRNA 

at 24 h post-transfection. Forty-eight hours after pEGFP- PC2 transfection, cells 

were cultured in a 96-well plate for the cell growth assay described above. MDCK 

stable cell lines were serum-starved overnight and then grown in the presence of 

serum for 48 h in a 96-well plate before measuring luminescence activity. The 

efficiency of siRNA knock-down and PC2 expression were assessed by 

immunoblotting and/or immunofluorescence microscopy. 

 

Metabolic labeling 

 To measure protein translational rates, HEK293T cells were transfected 

with plasmid pEGFP- PC2 or vector pEGFP. At 40 h post-transfection, cells were 

starved for 1h in the prelabeling medium (L-methionine and L-cystin-depleted 

DMEM with 10% FBS and penicillin/streptomycin) (Invitrogen), followed by 

pulse-labeling with 50 μCi of [35S] methionine/cystine (35S-Protein Labeling 

Mix, Perkin Elmer) for 10 min. Cell extracts were applied for sodium dodecyl 

sulfate (SDS)–polyacrylamide gel electrophoresis (PAGE) and autoradiography. 

 

Data analysis 

 Student’s t-test was used for statistical significance analyses. Data were 

expressed in the form of mean+SE (N), where SE is the standard error and N is 

the number of experiment repeats. Probability values (P) of less than 0.05 and 

0.01 were considered significant and very significant, respectively. 
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2.4. RESULTS 

PC2 facilitates the eIF2α phosphorylation by PERK  

 We recently reported that Herp, a regulator of ER-associated degradation 

(ERAD) (29-32), interacts with PC2 and regulates its expression (26). Here, we 

started to test whether PC2 is involved in the regulation of UPR activated during 

ER stress (17,18). Immunoblotting experiments revealed that PC2 over-

expression increases the phosphorylated eIF2α (P-eIF2α) level by 227 ± 7% (P < 

0.001, N = 3) in human embryonic kidney (HEK) 293T cells (Fig. 2-1A), with 

quantitative analysis performed using the program Image J (v1.41c, NIH, 

http://rsb.info.nih.gov/ij/). Similar results were also shown in human melanoma 

A7 and Madin–Darby canine kidney (MDCK) cells (Fig. 2-1B and Fig. 2-2A). In 

the presence of ER stress induced by thapsigargin (Tg) through ER Ca2+ depletion, 

P-eIF2α substantially augmented, as expected. The combination of PC2 over-

expression and Tg treatment, compared with Tg treatment alone, did not 

significantly further increase the P-eIF2α level (103% ± 5%, P = 0.29, N = 3), 

possibly because of a saturated P-eIF2α level induced by Tg. Of important note, 

PC2 over-expression had no effect on immunoglobulin heavy-chain binding 

protein (BiP, an ER chaperone protein) (Fig. 2-1A and B) and splicing of XBP-1 

mRNA (Fig. 2-2B), both of which are activated during UPR (17,21), indicating 

that high levels of PC2 do not cause ER stress leading to UPR. This suggests that 

the effect of PC2 over-expression is not through triggering ER stress. It is known 

that increased P-eIF2α attenuates protein  synthesis and selectively up-regulates 

http://rsb.info.nih.gov/ij/�
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the translation of the activating transcription factor 4 (ATF4) (33). We next tested 

the effects of PC2 on these down-stream signals of P-eIF2α. Compared with 

control, GFP-expressing cells, GFP-PC2-expressing cells exhibited profound  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-1. Effects of over-expressed PC2 on eIF2α phosphorylation. (A) and (B) Effect of 
PC2 on eIF2α phosphorylation. Extracts of HEK293T cells transiently transfected with GFP-
PC2 for 40 h (A), and A7 cells with a stable expression of GFP-PC2 (B) were used for 
immunoblotting with an antibody against P-eIF2α, eIF2α, GRP78 or GFP. Treatment with 
Tg (0.5 μM for 1 hour (h)) was used as a positive control. β-actin was used as a loading 
control. (C) Effect of PC2 on global protein synthesis. HEK293T cells expressing GFP-PC2 
or GFP were labeled with [35S] methionine/cystine for 10 min. Whole-cell extracts were 
resolved by SDS–PAGE and viewed by autoradiography (upper panel). P-eIF2α and eIF2α, 
in the same cell extracts, were revealed by Western blotting. (D) Effect of PC2 on ATF4 
translation. Extracts of HEK293T cells transiently transfected with GFP-PC2 for 40 h were 
used for immunoblotting with an antibody against ATF4, P-eIF2α or GFP. (E) Effect of AE1 
on eIF2α phosphorylation. Extracts of HEK293T cells transfected with plasmid pEGFP, 
pEGFP-PC2, pRBG4 or pRBG4-AE1 were subjected to immunoblotting with a P-eIF2α, 
eIF2α, GFP, AE1 or β-actin antibody. Tg treatment was a positive control. 
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attenuation of global translation rates, as demonstrated using [35S] 

methionine/cystine incorporation (Fig. 2-1C). Consistently, the protein synthesis 

rate negatively correlated with the level of P-eIF2α (Fig. 2-1C). In addition, 

Western blotting showed that ATF4 expression is increased in cells expressing 

GFP-PC2, compared with control cells (Fig. 2-1D). Thus, these effects of PC2 are 

consistent with the reported down-stream signaling of eIF2α phosphorylation. 

Also, we found that over-expressed human anion exchanger AE1 (Gift of Dr Joe 

Casey, University of Alberta) in HEK293T cells has no effect on the P-eIF2 level 

(Fig. 2-1E), further supporting the specificity of the PC2-mediated up-regulation 

of P-eIF2.  

 

 

 

 

 

 

 

 

 

We further tested the effect of PC2 on eIF2α phosphorylation by small 

interference RNA (siRNA) knock-down (26,28). PC2 siRNA caused robust 

reduction in the PC2 and P-eIF2α levels in HEK293T cells and mouse inner 

medullary collecting duct (IMCD) cells (Fig. 2-3A and B). Thus, PC2 is a 

Fig. 2-2. Effect of PC2 on eIF2α phosphorylation and Xbp-1 mRNA splicing (A) Extracts 
of MDCK cells stably expressing GFP-PC2 were used for immunoblotting with the P-eIF2α, 
eIF2α or GFP antibody. Treatment with Tg (0.5 μM for 1 h) and Tm (tunicamycin, 2.4 μM 
for 1 h) were used as positive controls. (B) MDCK stably expressing GFP cells treated with 
(positive control) or without (negative control) Tg (0.5µM, 1 h), and MDCK stably 
expressing GFP-PC2 cell were prepared for RT-PCR. 
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regulator of eIF2α phosphorylation. eIF2α is known to be phosphorylated by four 

Ser/Thr protein kinases (activated by different stressinducers): GCN2 (activated 

by nutrition limitation and UV irradiation), PERK (by ER stress), PKR (by 

double-stranded RNA and viral infection) and HRI (oxidative stress) (34).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To identify the kinase(s) that is (are) responsible for the PC2-regulated eIF2α 

phosphorylation, we examined effects of different stress inducers on eIF2α 

phosphorylation in HEK293T cells with or without PC2 knock-down. Our data 

Fig. 2-3. Effects of PC2 and PERK knock-down on eIF2α phosphorylation. (A) and (B) 
Alteration of eIF2α phosphorylation by PC2 knock-down. HEK293T (A) and IMCD (B) 
cells were transfected with PC2 siRNA or control siRNA (Ctrl) (20 ml of 20 mM in 35 mm 
dishes) for 40 h with or without arsenite (As, 200 mM for 1 h) or Tg (0.5 mM for 1 h) 
before immunoblotting. (C) Effect of PERK knock-down on PC2-induced eIF2α 
phosphorylation. Extracts of HEK293T cells co-transfected with plasmid GFP-PC2 and 
PERK siRNA were subjected to immunoblotting with a PERK, P-eIF2α, eIF2α or β-actin 
antibody. 
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showed that the effect of Tg (Fig. 2-3A), but not that of oxidative inducer arsenite 

(Fig. 2-3A), amino acid (aa) depletion or osmotic shock (data not shown), on 

eIF2α phosphorylation substantially diminished with the PC2 knock-down. A 

similar effect of PC2 knock-down was observed in IMCD cells (Fig. 2-3B). These 

results indicate that PC2 is crucial for ER stress-induced eIF2α phosphorylation. 

As PERK is known to be the major kinase phosphorylating eIF2α during ER 

stress (18,21), we tested whether PERK is involved. Indeed, PERK knock-down 

significantly repressed PC2-induced eIF2α phosphorylation in HEK293T cells 

(Fig. 2-3C). Together, our data showed that PC2 promotes eIF2α phosphorylation 

by the ER-resident eIF2α kinase PERK. In contrast, we found that PERK 

phosphorylation is not affected by either over-expression or knock-down of PC2 

(Fig. 2-1A and B, and Fig. 2-3A), which indicates that PC2 is a crucial factor that 

facilitates eIF2α phosphorylation by phosphorylated (i.e. activated) PERK.  

 

Positive correlation between the PC2 and P-eIF2α levels revealed by 

immunofluorescence  

 We performed co-immunofluorescence experiments to further document 

the regulation of P-eIF2α by PC2. To enlarge the range of PC2 expression levels 

in the same images taken by the microscope, 24 h prior to experiments, we mixed 

HEK293T cells transiently expressing PC2with those with PC2 siRNA knock-

down at the 20:80 ratio. We found that the PC2 expression level significantly 

correlates with that of P-eIF2α, with a correlation coefficient of 0.82 based on 290 

randomly selected cells (Fig. 2-4A and B) and that PC2 and P-eIF2α partially 
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colocalizes in perinuclear regions (Fig. 2-4A). Mixing native HEK293T cells with 

those with PC2 knock-down by siRNA at the 20:80 ratio produced similar results  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-4. Correlation between the PC2 and P-eIF2α levels revealed by 
immunofluorescence. (A) Co-immunofluorescence of PC2 and P-eIF2α from a 
representative image. Cells were stained with antibodies against P-eIF2α and PC2. The arrow 
indicates a cell with low expression of PC2 and P-eIF2α. (B) Relationship between 
normalized cellular levels of PC2 and P-eIF2α obtained from 290 randomly selected 
HEK293T cells. Cells were a mix of those expressing Myc-PC2 and those with PC2 siRNA 
knock-down, at the 20:80 ratio. The straight line was a linear fit using Sigmaplot 10, resulting 
in a correlation coefficient of 0.82. (C) Co-immunofluorescence of PC2 and P-eIF2α in a mix 
of HEK293T cells with PC2 siRNA or control siRNA at the 20:80 ratio. Cells were stained 
with the P-eIF2α and PC2 antibodies. 
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(Fig. 2-4C), with a correlation coefficient of 0.59 based on 107 randomly selected 

cells. These results support the concept that PC2 promotes the phosphorylation of 

P-eIF2α by the ER membrane kinase PERK, leading to the accumulation of P-

eIF2α in perinuclear regions.  

 

PERK is required for PC2-regulated cell proliferation  

 It was previously shown that PERK represses cell growth by inducing 

eIF2α phosphorylation to attenuate protein synthesis and by down-regulating 

cyclin D1 required for cell-cycle exit from the G1 phase (19,20,23). We thus 

reasoned that the reported down-regulation of cell growth by PC2 may be through 

the PERK-eIF2α signaling pathway. We measured cell growth rate using the 

CellTiter-Glo Luminescent Cell Viability Assay (Promega) as a function of 

alterations in the PC2 and PERK levels. We found that an increased (or 

decreased) PC2 expression significantly down-regulates (or up-regulates) 

proliferation of MDCK and/or HEK293T cells (Fig. 2-5), consistent with the 

reported anti-proliferative effect of PC2 (12-14). The PC2-mediated 

suppression of cell growth was significantly inhibited in HEK293T cells by PERK 

knock-down (Fig. 2-5D), which is in parallel to the inhibition of the PC2-

promoted eIF2α phosphorylation by PERK knock-down (Fig. 2-3C). In contrast, 

PERK knock-down slightly, but not significantly, increased the rate of cell growth 

in our assays. Overall, these results indicate that PERK and eIF2α play key roles 

in the negative control of cell proliferation by PC2.  
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PC2 physically interacts with PERK and eIF2α  

 We next explored the possible association of PC2 with PERK and eIF2α. 

For this end, we immunoprecipitated extracts of IMCD cells using an anti-PC2 

Fig. 2-5. Effects of PC2 and PERK on cell proliferation. Five thousand cells from 
MDCK cells stably (A) and HEK293T cells transiently (B) expressing GFP-PC2 or GFP 
were plated in multiple wells of a 96-well plate and grown for 48 h for cell proliferation 
assay (see Materials and Methods). (C) Five thousand cells from HEK293T cells with 
siRNA transfection for 24 h were plated in multiple wells of a 96-well plate and grown for 
30 h for cell proliferation assay. (D) Five thousand cells from HEK293T cells expressing 
GFP-PC2 or GFP with PERK siRNA transfection for 24 h were plated in multiple wells of 
a 96-well plate and grown for 30 h for cell proliferation assay. 
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antibody (26,28). We found that PERK and eIF2α, but not the ER membrane 

protein ATF6a (negative control) (35), co-precipitate with PC2 (Fig. 2-6A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-6. Association of PC2 with PERK and eIF2α. (A) Extracts of IMCD cells were used 
for IP with an anti-PC2 antibody. The precipitates and an input (10%) were detected by 
immunoblotting with a PERK, eIF2α, ATF6α or PC2 antibody. (B) HEK293T cells were 
transiently transfected with a C-terminal Myc-tagged PERK plasmid pcDNA-PERK for 40 h, 
followed by protein preparation and IP with a Myc antibody. The precipitates and an input 
(10%) were immunoblotted by PC2 or Myc antibody. (C) and (D) Extracts of HEK293T cells 
transfected with pEGFP-PC2 or pEGFP (5 mg in 100 mm plates) for 40 h without (C) or with 
(D) Tg treatment, as described earlier, were subjected to IP with the GFP antibody. The 
precipitates and an input (30%) were detected by immunoblotting with the PERK, P-PERK, 
eIF2α or GFP antibody. (E) Role of PERK in the PC2-eIF2α interaction. Extracts of PERK+/+ 
and PERK-/- MEF cells were used for IP with the anti-PC2 antibody. The precipitates and an 
input (10%) were detected by immunoblotting with the eIF2α or PC2 antibody. 
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Reciprocally, PC2 was immunoprecipitated by PERK in HEK293T cells 

expressing Myc-tagged PERK (Fig. 2-6B). Also, PC2 was associated with PERK 

and eIF2α in HEK293T cells over-expressing GFP-PC2 (Fig. 2-6C). These data 

demonstrate that PC2 is in the same complex as PERK and eIF2α. Because the 

eIF2α phosphorylation by the activated PERK is facilitated by PC2, we wanted to 

examine whether PC2 also interacts with the activated PERK. For this, ER stress 

was induced by Tg in HEK293T cells to stimulate the P-PERK level. Our data 

showed that PC2 indeed interacts with P-PERK (Fig. 2-6D). Finally, we examined 

the role of PERK in the PC2-eIF2α interaction, utilizing PERK+/+ and PERK-/- 

murine embryonic fibroblast (MEF) cells. We observed that the amount of PC2-

bound eIF2α is sharply decreased in PERK-/- MEF cells (Fig. 2-6E), suggesting 

that PERK mediates the PC2-eIF2α interaction, possibly by forming a PC2-

PERK-eIF2α complex. Together, our data indicate that PC2promotes the eIF2α 

phosphorylation by P-PERK, presumably through physically facilitating the 

action of P-PERK on eIF2α. Interestingly, we found that PC2 expression is 

significantly reduced in PERK-deficient MEF cells (Fig. 2-6E, input). How PERK 

reversely regulates PC2 is unclear and may be a subject of future studies. 

 

Pathogenic mutations in PC2 abrogate the regulation of eIF2α 

phosphorylation and cell proliferation by PC2 

 We investigated how PC2 mutations affect its effect on cell proliferation 

and eIF2α phosphorylation, using HEK293T cells transiently expressing one of 

the following GFP-tagged PC2 mutants: PC2 (positive control), R872X, E837X,  
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Fig. 2-7. Effects of PC2 mutations on cell proliferation and eIF2α phosphorylation. (A) 
Extracts of HEK293T cells transfected with GFP-PC2 or a PC2 mutant were subjected to 
immunoblotting with a P-eIF2α, eIF2α, GFP or β-actin antibody. Tg treatment was a positive 
control. (B) Five thousand cells from HEK293T cells expressing GFP, GFP-PC2, E837X or 
R872X were utilized for cell growth assay, as described earlier. (C) Interaction of PC2 
mutants with P PERK. Extracts of HEK293T cells transfected with pEGFP, pEGPF-PC2 or a 
PC2 mutant for 48 h and treatment by Tg for 1 h were subjected to IP with the GFP antibody 
and immunoblotting with the P-PERK or GFP antibody. Cell extracts (input, 30%) were 
utilized for detecting transfection efficiency. 
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PC2∆C (or S689X, aa 1–688, lacking the C-terminus), PC2∆N (aa 209–968, 

lacking the N-terminus), PC2∆NC (aa 209–688) and GFP (negative control) (26). 

We found that, unlike Tg treatment and WT PC2 (positive controls), these 

truncation mutants were unable to stimulate eIF2α phosphorylation (Fig. 2-7A). 

Using the cell viability assay described earlier, we found that pathogenic mutants 

R872X and E837X has no effect on the rate of cell growth (Fig. 2-7B). These data 

indicate that PC2 exerts its effect on eIF2α phosphorylation through physical 

association with PERK. Thus, the inability of PC2 pathogenic mutants in 

negatively controlling cell growth through stimulating eIF2α phosphorylation may 

lead to cyst formation. Further, PC2∆C, PC2∆N, PC2∆NC and E837X lost the 

association with P-PERK (Fig. 2-7C), suggesting that the PC2-PERK physical 

interaction is critical for PC2-mediated cell proliferation and eIF2α 

phosphorylation. 
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2.5. DISCUSSION 

 ER stress increases the kinase activity of PERK to promote eIF2α 

phosphorylation, which results in translational repression and activation of down-

stream signals that down-regulate cell growth (18-23). Renal cystogenesis, caused 

by loss-of-function mutations in PKD1 or PC2, is characterized by over-

proliferation, de-differentiation and so on, but how PC2 negatively controls cell 

growth remains unclear. In this study, we demonstrate that PC2 regulates cell 

proliferation through the PERK-eIF2α phosphorylation signaling pathway.  

 Our data show that induction of eIF2α phosphorylation and inhibition of 

cell growth by PC2 are blocked in cells with the treatment of PERK siRNA, 

indicating that PERK plays a critical role in this event. Interestingly, among the 

four eIF2α kinases, only PERK is localized to the ER membrane where the ER 

Ca2+ release channel PC2 is localized. PC2, PERK and eIF2α are in the same 

complex, suggesting that PC2 may play a role in recruiting eIF2α to form PERK–

substrate complexes for eIF2α phosphorylation. This was confirmed by the 

observation that repression of PC2 expression dramatically inhibits ER stress-

induced eIF2α phosphorylation, which is promoted mainly by PERK (18,21). 

Furthermore, PC2 pathogenic mutations lose the capability of inhibiting cell 

proliferation and of stimulating eIF2α phosphorylation. On the basis of these data, 

we propose that the PERK-eIF2α pathway be part of a novel molecular 

mechanism underlying the PC2-associated ADPKD.  
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Controlling cell over-proliferation in PKD is a key principle of therapeutic 

treatments such as the use of antagonists of vasopressin receptors and mammalian 

target of rapamycin (mTOR). mTOR antagonist, rapamycin, effectively alleviates 

cyst development in several animal models of PKD and in human ADPKD 

patients (36). In fact, PKD1 interacts with mTOR to suppress the up-regulation of 

cell proliferation by mTOR, in which translation initiation factor eIF4E is 

involved (36). The current study shows that protein synthesis inhibitor P-eIF2α 

mediates negative control of cell growth by PC2. Therefore, the negative control 

of cell growth by PKD1 and PC2, either individually or as a complex (12,14) may 

be through the same thread, i.e. protein synthesis initiation machinery. However, 

it cannot be excluded that PERK, by interacting with PC2, affects PKD1-

regulated cell proliferation, in which PC2 phosphorylation is required (12,14). In 

summary, this study shows that PC2 is an important regulator of the cellular 

translation machinery and may underlie a pathogenesis mechanism in ADPKD. 
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3.1 ABSTRACT  

Endoplasmic reticulum (ER) stress and the ensuing unfolded protein 

response are implicated in numerous human diseases but the underlying 

mechanisms remain poorly understood.  One major UPR downstream is 

phosphorylation of eukaryotic initiation factor eIF2α by kinase PERK, which 

attenuates global protein translation and enhances translation of selected proteins. 

Mutations in PKD2 are associated with autosomal dominant polycystic kidney 

disease. We previously found that PKD2 is regulated by ER-associated 

proteasome degradation and enhances PERK efficiency in phosphorylating eIF2α.  

Here we showed that PKD2 protein expression in HEK and other cells is up-

regulated by different stresses that all increase phosphorylated eIF2α (P-eIF2α). 

Increasing PERK activity and inducing P-eIF2α by inhibiting its de-

phosphorylation or by eIF2α over-expression all regulated PKD2 expression. PCR 

and polysome assays showed that ER stress does not affect PKD2 mRNA but 

increases its binding with ribosomes, demonstrating that P-eIF2α translationally 

up-regulates PKD2. Mutation analysis found that the upstream open reading 

frame (uORF) in PKD2 mRNA 5’-untranslated region represses PKD2 translation. 

Thus, cellular stresses and P-eIF2α translationally up-regulates PKD2 through 

bypassing translation from the uORF. 
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3.2 INTRODUCTION  

PKD2, composed of 968 amino acids, is an integral membrane protein that 

functions as a Ca2+-permeable non-selective cation channel. Mutations in PKD2 

are responsible for 10-15% of autosomal dominant polycystic kidney disease 

(ADPKD). Both loss- and gain-of-function of PKD2 are cystogenic (1,2) but the 

underlying mechanisms are not well understood. PKD2 is mainly localized on the 

endoplasmic reticulum (ER) membrane but is also on the plasma membrane and 

primary cilia membrane (3,4). Regulation of PKD1 and PKD2 expression is 

connected to pathways involving renal primary cilia, Ca2+ signaling, mammalian 

target of rapamycin (mTOR) and the vasopressin receptor (5). Based on these 

connections, anti-proliferative drugs aimed at slowing growth of cysts have been 

tested recently in clinical trials, of which the results have however been 

disappointing (6-8). Thus, it is important to explore novel pathways and 

mechanisms. In fact, recent studies have shown that PKD2 is involved in cell 

proliferation and apoptosis through cross-talk with cellular pathways related to 

ER stress or ER Ca2+ homeostasis. ER stress refers to cellular states in which 

misfolded or unfolded proteins accumulate in the ER, and induces unfolded 

protein response (UPR) to restore homeostasis, or lead to apoptosis in the 

presence of persistent stress (9,10). PKD2 inhibits cell proliferation and protein 

synthesis through promoting the phosphorylation of eukaryotic initiation factor 2α 

(P-eIF2α) by pancreatic ER-resident eIF2α kinase (PERK) which itself is 

activated by ER stress (11). It was also reported that PKD2 inhibits cell 



98 
 

proliferation (12). PKD2 functions as an anti-apoptotic channel protein through 

modulating ER Ca2+ homeostasis (13).  

Reversely, abnormal cellular or tissue conditions regulate PKD2 

expression. For example, prolonged application of tunicamycin (Tm) in culture 

cell lines, which induces prolonged ER stress, down-regulates PKD2 expression 

through ER-associated degradation (ERAD) (14). Also, PKD2 expression is 

significantly increased (up to 5-fold) following ischemia-reperfusion (I/R) injury 

in adult rat kidney and it is interesting to note that I/R-induced PKD2 expression 

is primarily on the ER membrane (15). In general, the I/R condition in cells 

simultaneously induces different cellular stresses including oxidative stress, ER 

stress and amino acid depletion induced stress (16). However, it is still not clearly 

understood how PKD2 expression is regulated and what the role of PKD2 is in 

cellular stress conditions. ER stress and UPR are associated with numerous 

human diseases, such as neuronal, cardiac and renal diseases, as well as 

inflammation and cancer (17,18). Indeed, ER stress is associated with a number of 

renal diseases, such as membranous nephropathy, glomerular disease, and tubular 

disease induced by ischemic injury, heavy metals or other agents (19-21). 

As part of UPR, PERK kinase is activated and phosphorylates eIF2α at 

serine 51. As a translation initiation inhibitor, phosphorylated eIF2α (P-eIF2α) 

rapidly represses global protein synthesis, which prevents further accumulation of 

misfolded proteins in the ER (22). In mammals, eIF2α can also be phosphorylated 

by three other kinases, heme regulated inhibitor (HRI) induced by oxidative stress, 

dsRNA-induced protein kinase (PKR) induced by viral infection, and general 
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control nonderepressible-2 (GCN2) induced by nutrient depletion (23). The 

reprogramming of gene expression through P-eIF2α during several cellular 

stresses plays a pivotal role in determining cell survival or apoptosis (24,25). 

Interestingly, P-eIF2α also translationally and/or transcriptionally up-regulates 

some selective genes, such as activating transcription factor 4 (ATF4), C/EBP 

homologous protein (CHOP), and growth arrest and DNA damage-inducible 

protein (Gadd34) that are critical for efficiently coping with cellular stress 

conditions  (26). These genes share a common feature in that in the 5’ 

untranslated region (UTR) of their mRNAs there is an upstream open reading 

frame (uORF) that is inhibitory for the translation from the main ORF under 

normal, non-stress condition. The mechanism of inhibition is not fully understood 

but one possibility is that under non-stress condition the translated short peptide 

from uORF somehow inhibits the translation from the main ORF. Under stress 

conditions elevated P-eIF2α delays the initiation of scanning ribosomes, which 

bypasses the uORF translation and enhances the translation from the main (27,28). 

In the present study, we examined how ER stress, P-eIF2α and uORF of 

PKD2 mRNA mediate translational up-regulation of PKD2 protein expression, 

using commercial mammalian culture cell lines as well as those from PKD2 

knockout (KO) mouse collecting duct (MCD) cells and PERK KO mouse 

embryonic fibroblast (MEF) cells, in combination with Western blotting (WB), 

reverse transcription polymerase chain reaction (RT-PCR), real-time PCR, 

ribosome binding analysis, luciferase reporter, gene knockdown (KD) and over-

expression.  
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3.3 MATERIALS AND METHODS 

Cell culture, plasmid constructs and gene transfection  

HeLa, MDCK and HEK293T cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with L-glutamine, penicillin-

streptomycin, and 10% fetal bovine serum (FBS) at 37˚C and 5% CO2. PERK+/+ 

and PERK-/- MEF cells and MCD D3 (PKD2+/-) and B2 (PKD2-/-) were 

maintained as described previously (29,30). Plasmids pEGFP-C2-PKD2, 

pcDNA3.1(+)-PERK, pcDNA3.1(+)-PERK K618A, pcDNA3.1(+)-PERK ∆C,  

pFLAG-CMV-2-Gadd34, pcDNA3.CD2-eIF2α and pcDNA3.CD2-eIF2α S51A 

were described previously (31-34). Luciferase vector BI16 is a gift from Dr. 

Grabczyk (Louisiana State University) and it contains both Firefly and Renilla 

luciferase gene sequences sharing a bidirectional promoter (35). A BamHI-NheI 

DNA fragment encoding the 5’UTR of the human PKD2 mRNA, along with the 

initiation codon of the PKD2 coding region, was inserted between the same 

restriction cutting sites in the BI16. Primer sequences used in this construct were 

as follows: sense 5’-GTCGGATCCCCGGGAAGAAAGGAACATG-3’, and 

antisense 5’-CTGGCTAGCACCATCGCGGTCACTGGCGTC-3’. The resulting 

BI16-PKD2-5’UTR plasmid contains this 5’UTR sequence of PKD2 fused to the 

upstream of Renilla luciferase reporter gene. BI16-PKD2-ΔuORF and BI16-

PKD2-ATG-to-TTG (with mutation of ATG initiation codon of PKD2 uORF to 

TTG) were generated using site II directed mutagenesis kit (stratagene) following 

the manufacturer's instruction. In order to check the effect of recognition of uORF 
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ATG initiation codon on the translation of downstream gene, the Kozak 

consensus surrounding the initiation codon was mutated to produce BI16-PKD2-

KR (full-length 5’UTR: GGAACATGGCTCC, KR: GGTACATGTCTCC). All 

plasmids were sequenced to ensure that there were only desired changes. 

Transient transfection was performed using Lipofectamine 2000 (Invitrogen) 

following manufacturer’s recommendation to HeLa and HEK293T cells at ~70% 

confluency.  

 

Antibodies 

The following antibodies were used at the indicated concentrations in 

PBST + 3% milk unless otherwise stated: PKD2 (sc-25749, Santa Cruz 

Biotechnology) 1:2000; eIF2α (sc-11386, Santa Cruz Biotechnology) 1:2000; P-

eIF2α (3597, Cell Signaling) 1:2000 5% BSA; PERK (AF3999, R&D SYSTEMS) 

1:2000; P-PERK (631201, Biolegend) 1:1000; β-actin (sc-47778, Santa Cruz 

Biotechnology) 1:2000; HSP60 (sc-13115, Santa Cruz Biotechnology) 1:2000; 

BiP (sc-15897, Santa Cruz Biotechnology) 1:2000; ATF4 (sc-22800, Santa Cruz 

Biotechnology) 1:1000; c-Myc (2276, Cell Signaling) 1:2000; FLAG (sc-807, 

Santa Cruz Biotechnology) 1:2000; GFP (sc-9996, Santa Cruz Biotechnology) 

1:2000.    

 

RT-PCR and real-time RT-PCR 

HeLa cells were treated with stress inducer Tg for 0.5, 1, 3, 6, or 12 hr, 

respectively, and DMSO treatment was used as a control. Total cellular RNA was 
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prepared using Trizol reagent (Invitrogen) according to the instruction manual. 

Contaminating DNA was digested with RNase-free DNase (Promega). Single 

strand cDNA synthesis was carried out using Superscript III reverse transcriptase 

(Invitrogen) according to the manufacturer’s instructions. PKD2, BiP, CHOP, and 

Herp relative mRNA levels were determined by PCR using 28 cycles which was 

proved to be optimal. β-actin was used as loading control. The oligonucleotide 

primers for each gene were as follows: β-actin (sense 5’-CCT GGCACCCAGCA 

CAAT-3’ and antisense 5’-GGGCCGGACTCGTCATACT-3’), PKD2 sense 5’-G 

TATGACGGCTCACGCCTGTAATCC-3’ and antisense 5’-AGAGATGGAGT T 

TCGCCACATTGCC-3’), CHOP (sense 5’-CCACTCTTGACCCTGCTTC-3’ and 

antisense 5’-CCACTCTGTTTCCGTTTCC-3’), BiP (sense 5’-GAACACAGTG 

GTGCCTACCAAG-3’ and antisense 5’-GGTGACTTCAATCTGTGGGACC-3’) 

and Herp (sense 5’-CAATCAGAATGCTGCTCCTCAAG-3’ and antisense 5’-

GGTCCAATCCAACCAATCTCG-3’). Real-time PCR was performed using 

7900HT Fast Real-Time PCR System (Applied Biosystems) with the same 

primers. Quantitation of target genes was normalized using the reference β-actin. 

7900HT Fast Real-Time PCR System software (version 2.4.1) was used to 

perform quantification and to generate Ct values. Values are a representation of 

three independent experiments, with standard errors as indicated.  

 

Knockdown by siRNA 

Knockdown of human eIF2α by siRNA was performed using 

oligonucleotides at 100 nM with Lipofectamine 2000 (Invitrogen) according to 
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the manufacturer’s instructions. Oligonucleotides were purchased from Shanghai 

Gene Pharma Co, Shanghai, China: eIF2α (sense 5’-GGGU CUU UGAUGACA 

AGUATT-3’, and antisense 5’-GGGUCUUUGAUGACAAGUATT-3’), its 

specific control siRNA (sense 5’-UUCUCCGAACGUGUCACGUTT-3’ and 

antisense 5’-ACGUGACACGUUCGGAGAATT-3’). PKD2 knockdown by 

siRNA was described previously (31). The efficiency of the siRNA knockdown 

was assessed by immunoblotting. 

 

Sucrose gradient centrifugation and polysome analysis 

HeLa cells were cultured as described above and treated with 1 μM Tg or 

DMSO for 3 hr. 15 min prior to harvesting, cells were treated with 100 μg/ml 

cycloheximide. Cells were washed three times with 1 × cold phosphate-buffered 

saline, and harvested directly on the plate using lysis buffer (20 mM HEPES-

KOH, pH 7.4, 15 mM MgCl2, 200 mM KCl, 1% Triton X-100 (v/v), 100 μg/mL 

cycloheximide, 2 mM DTT, and 1 mg/mL heparin). Cell lysates were passed 

though a 23-gauge needle three times and then incubated on ice for 10 min. 

Nuclei and cell debris were cleared by centrifugation at 12, 000 × g for 10 min at 

4℃ and the resulting supernatant was loaded onto a 7%-47% sucrose gradient 

solution containing 20 mM Tris-HCl (pH 7.4), 140 mM KCl, 5 mM MgCl2, 0.5 

mM DTT, 0.1 mg/ml cycloheximicde, 0.2 mg/ml heparin. The sucrose gradients 

were then subjected to centrifugation in a Beckman SW-41 rotor for 4 hr at 25, 

000 rpm (69,176 x g). Fractions were collected from the top to bottom. To prevent 

degradation of RNA, equal volume of GulTC (6 M guanidium thiocyanate, 0.25 
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M sodium acetate) was added into each fraction and mixed well. Equal volume 

isopropanol was used to precipitate RNA, and it was then resuspended in the same 

volume of  water for each fraction. Then the same volume of each fraction 

RNA was used to synthesize single-stranded cDNA using Superscript III reverse 

transcriptase (Invitrogen) according to the manufacturer’s instructions. Prepared 

cDNA was used to determine the relative mRNA levels for PKD2, CHOP, and β-

actin with PCR. Oligonucleotide primers used in PCR were as follows: PKD2 

(sense 5’-GTATG ACGGCTCACGCCTGTAATCC-3’ and antisense 5’-

AGAGATGGAGTTTCGCCACATTGCC-3’), CHOP (sense 5’-CCACTCTTGA 

CCCTGCTTC-3’ and antisense 5’-CCACTCTGTTTCCGTTTCC-3’) and β-actin 

(sense 5’-CCTGGCA CCCA GCACAAT-3’ and antisense 5’-GGGCCGGACT 

CGTCATACT-3’).  

 

Dual luciferase assay  

HeLa cells were cultured and plasmid transfections were performed as 

described above using BI16 (empty vector), PKD2-5’UTR, -ATG-to-TTG, -

ΔuORF and -KR. Twelve hr after transfection, cells were collected and dual 

luciferase assays were carried out with Dual-Luciferase® Reporter Assay System 

(Promega) according to the instruction manual. Values are a measure of a ratio of 

Renilla versus firefly luciferase units (relative light units) and represent the mean 

values of three independent transfections, with standard errors as indicated. 

Firefly luciferase values did not change significantly in the dual reporter assays.  
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Data analysis 

Signals were quantified by Gel-Pro Analyzer (Sigma-Aldrich) and data 

were analyzed and plotted using SigmaPlot 12 (Systat Software, San Jose, CA), 

and expressed as mean ± SEM (N), where SEM represents the standard error of 

the mean and N indicates the number of experimental repeats. A probability value 

(P) of less than 0.05 and 0.01 was considered significant and very significant, 

respectively. 
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3.4 RESULTS 
 
Effects of ER stress induced by thapsigargin (Tg) or tunicamycin (Tm) on 

PKD2 protein and mRNA expression 

It was previously reported that renal ischemia/reperfusion, which induces 

several cellular stress conditions among many other alterations, substantially 

increases PKD2 expression, notably PKD2 on the ER membrane (15,16). 

However, we reported in 2008 that prolonged application of Tm, for 8 or more 

hours (hr), results in decreased PKD2 expression due to ERAD through the 

ubiquitin-proteasome system (14). Thus we wanted to study how cellular stresses, 

notably ER stress, regulate PKD2 protein expression, using cell culture models. 

For this we first induced ER stress using known ER stress inducers Tg, an ER 

Ca2+ ATPase inhibitor that depletes ER Ca2+ stores, and Tm, an inhibitor of 

protein glycosylation, as they both lead to accumulation of unfolded proteins in 

the ER lumen (36-38). WB experiments revealed that endogenous PKD2 protein 

expression in human embryonic kidney 293T (HEK293T) cells treated with Tg 

(0.5 μM) for 1 hr increases by 81 ± 18% (P = 0.02, N = 7) (Fig. 3-1A and B). 

Similar results were obtained in Henrietta Lacks (HeLa) cells treated with Tg for 

1 or 3 hr (Fig. 3-1C). On average, endogenous PKD2 expression increased by 86 

± 20% (P = 0.04, N = 8) following 1-hr Tg treatment (Fig. 3-1D). Tm treatment 

for up to 6 hr in HEK293T cells also similarly increased PKD2 expression (Fig. 3-

1E). However, prolonged (6-24 hr) treatments with Tm resulted in a decrease in  
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Fig. 3-1. PKD2 protein expression is induced by ER stress. (A) HEK293T cells were 
collected after treated with DMSO (Ctrl) or Tg (0.5 μM) for 1 hr. Blots were probed with the 
indicated antibodies and quantified by Gel-Pro Analyzer. (B) Data were obtained from the 
same conditions as in (A) and averaged to compare PKD2 protein levels between treatment of 
DMSO (Ctrl) and Tg (0.5 μM) for 1 hr in HEK293T cells after normalization by β-actin (N = 
7). (C) HeLa cells were collected after DMSO (Ctrl) or Tg (0.5 μM) treatment for 1 or 3 hr. 
Blots were probed with the indicated antibodies. (D) Data were obtained from the same 
conditions as in (C) and averaged to compare PKD2 protein levels between treatment of 
DMSO (Ctrl) and Tg for 3 hr in HeLa cells after normalization with β-actin (N = 8). (E) 
HEK293T cells were collected after DMSO (Ctrl) or Tm (2.4 μM) treatment for 1, 3, 6, 12, or 
24 hr. Blots were probed with the indicated antibodies.  (F) HeLa cells transfected with PKD2 
siRNA or Ctrl siRNA were treated with DMSO (Ctrl) or Tg (1 μM) for 24 hr. Cell lysates 
were prepared for probing PKD2 and β-actin with corresponding antibodies. 
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PKD2 expression from the plateau value reached at 3-6 hr, consistent with our 

previous report that Tm induces ERAD of PKD2 through the ubiquitin-

proteasome system (14). Interestingly, PKD2 expression continued to increase 

even after 24-hr Tg treatment in Hela cells (Fig. 3-1F).  

Because changes in the PKD2 expression are due to PKD2 protein 

synthesis or degradation, and one-hour Tg or Tm treatment is relatively short for 

significantly degrading PKD2 protein or changing PKD2 mRNA we reasoned that 

the induced ER stress may have enhanced the PKD2 translation rate. In fact, only 

about 20% PKD2 would be degraded at 1 hr (39), which cannot account for the 

80% increase by Tg for one hour. Also, by RT-PCR and real-time PCR assays, we 

found that PKD2 mRNA remains unchanged during ER stress for up to 24 hr (Fig. 

3-2), indicating that PKD2 protein expression is translationally up-regulated by 

ER stress.  
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Fig. 3-2. PKD2 mRNA is not induced by ER stress. (A) Total RNAs from HeLa cells were 
prepared after DMSO (Ctrl) or Tg (1 μM) treatment for indicated durations. mRNAs levels 
were determined using RT-PCR, with β-actin as a loading control. (B) Synthesized cDNAs 
from (A) were also used as templates to determine the mRNAs levels using real-time PCR, 
with β-actin as a loading control. Shown data are averages from three independent 
experiments.  
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Effects of PERK and other kinases on PKD2 protein expression 

We next wanted to examine the mechanism of how PKD2 is rapidly (ie 

translationally) up-regulated by ER stress which activates numerous downstream 

processes. In general, when it comes to rapid up-regulation of protein translation 

during cellular stresses, P-eIF2α is one of a few strong candidates to test. P-eIF2α 

was known to selectively enhance the translation of a subset of cellular factors  

including ATF4, Gadd34 and CHOP, which are essential for cells to cope with 

stress conditions. We first over-expressed PERK in HEK293T cells to increase P-

eIF2α, which does not trigger ER stress (33,40), and indeed found that PKD2 

protein expression significantly augments and positively correlates with an 

increase in P-eIF2α (Fig. 3-3A and B). Interestingly, the stimulatory effect of 

PERK over-expression persisted in the presence of ER stress induced by Tm or 

Tg. To determine whether PERK kinase activity is required for its effect we 

compared PERK with mutants PERK K618A and PERK ΔC (a C-terminus 

truncated mutant) that have no kinase activity due to loss of auto-phosphorylation 

(33,41). Indeed, unlike PERK, neither kinase dead mutant was able to increase the 

PKD2 or P-eIF2α expression (Fig. 3-3C), indicating that PERK kinase activity is 

required under this condition. To provide further evidence to support this, we 

utilized a PERK KO (PERK-/-) MEF cell line and found that PKD2 expression in 

PERK-/- MEF cells, as opposed to WT (PERK+/+) cells, remains unchanged by 

Tg treatment (Fig. 3-3D). These data together showed that PKD2 up-regulation 



110 
 

induced by ER stress depends on PERK kinase activity or one of its downstream 

factors, and that PKD2 expression positively correlates with that of P-eIF2α.  
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Fig. 3-3. PKD2 expression by ER stress is dependent on PERK activity. (A and B) 
HEK293T cells were transiently transfected with 500 ng of c-Myc-PERK fusion expression 
construct or empty vector (Ctrl) and treated with DMSO (Ctrl) or Tm (2.4 μM) for 4 hr (A) or 
Tg (0.5 μM) for 1 hr (B). After treatment, cells were collected and blots were probed with the 
indicated antibodies. (C) HEK293T cells were transiently transfected with 500 ng of c-Myc-
PERK, K618A or ∆C fusion expression constructs or empty vector (Ctrl) and then cell lysates 
were prepared for immunoblotting with the indicated antibodies. (D) PERK+/+ or PERK-/- 
MEF cells were treated with DMSO (Ctrl) or Tg (0.5 μM) for 1 or 3 hr, and then cell lysates 
were prepared for immunobloting with PKD2, P-eIF2α, eIF2α or β-actin antibodies.  
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We next examined whether and how other kinases of P-eIF2α regulate 

PKD2 expression. For this we activated eIF2α by arsenite (As) which induces 

oxidative stress and kinase HRI (42), and by polyinosinic:polycytidylic acid (poly 

IC) which mimics viral infection and induces kinase PKR (43). Indeed, treatment 

with As or poly IC up-regulated PKD2 expression in both HEK293T and HeLa 

cells (Fig. 3-4A and B). Furthermore, PKD2 expression in PERK-/- MEF cells 

was induced by As and poly IC but not Tg (Fig. 3-4C). These data strongly 

indicate that P-eIF2α, but not its kinases, mediates the regulation. In particular,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-4. PKD2 protein expression is induced by different stresses. (A) HEK293T cells 
were collected after DMSO (Ctrl), Tg (0.5 μM) or As (100 μM) treatment for 1 hr, or Poly IC 
(20 μg/ml) treatment for 18 hr. Blots were then probed with the indicated antibodies. (B) HeLa 
cells were collected after DMSO (Ctrl), Tg (0.5 μM) or As (100 μM) treatment for 1 hr. Blots 
were then probed with the same antibodies. (C) PERK-/- MEF cells were treated with the same 
procedures as HEK293T cells in (A) and detected with the indicated antibodies. (D) Bar graph 
showing the difference of PKD2 protein levels between treatments with DMSO (Ctrl) and AS 
for 1 hr in HeLa cells after normalization by β-actin (N = 4).   
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WB experiments revealed that in HeLa cells treated with As, PKD2 expression 

increases by 82% ± 11% (P = 0.001, N = 4) (Fig. 3-4D). Of note, putting together  

data obtained from using different stress conditions, we found that the P-eIF2α 

and PKD2 levels are not linearly correlated (see eg Fig. 3-4B), suggesting that 

factors other than P-eIF2α may have also contributed to regulating PKD2. 

 

Effects of salubrinal and Gadd34 on PKD2 protein expression 

Further, because different stress conditions may affect common 

downstream factors (other than P-eIF2α) that may have regulated PKD2, we 

wanted to further document the effect of P-eIF2α on PKD2 expression. For this 

we treated cells with salubrinal which is a chemical inhibitor of protein 

phosphatase 1 that is normally in complex with Gadd34 to de-phosphorylate P- 
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Fig. 3-5. PKD2 protein expression is induced by salubrinal. HEK293T (A), HeLa (B), 
MDCK (C), MEF (D) and MCD D3 (E) Cells were treated with DMSO (Ctrl) or 
salubrinal (Sal) for 40 hr at indicated concentrations. Cell lysates were then prepared and 
blots probed with the indicated antibodies. (A) Right panel, bar graph (N = 3) comparing 
PKD2 protein levels between treatment of DMSO (Ctrl) and salubrinal (50 μM) for 40 hr 
in HEK293T cells after normalization by β-actin.  
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eIF2α (34,44) and increase P-eIF2α without inducing cellular stress, its kinases, or 

other UPR target proteins such as Xbp-1, immunoglobulin heavy-chain binding  

 

protein (BiP, also called GRP78) and GRP94 (45-48). In HEK293T, HeLa, 

Madin-Darby canine kidney (MDCK), MEF and MCD D3 cells treated with 

salubrinal at various concentrations, PKD2 expression augmented in a dose-

dependent manner, in correlation with expected increases in P-eIF2α (Fig. 3-5).  

Fig. 3-6 Induction of PKD2 protein expression by ER stress is abolished by Gadd34. (A, 
B and C) HeLa cells were transiently transfected with 500 ng of Flag-Gadd34 fusion 
expression construct or empty vector (Ctrl). 40 hr after transfection, cells were treated with 
DMSO (Ctrl) or Tg (0.5 μM) for 3 hr (A), Tg (0.5 μM) for 6 or 12 hr (B), or salubrinal (50 
μM) for 40 hr (C). Cell lysates were then prepared for immunoblotting with the indicated 
antibodies.  
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WB experiments showed that in HEK293T cells treated with salubrinal (50 μM),  

PKD2 expression increases by 199 ± 55% (P = 0.01, N = 3) (Fig. 3-5A). On the 

other hand, we also examined the effect of Gadd34 on PKD2 expression. Over-

expression of Gadd34 significantly decreased P-eIF2α and abolished ER stress- 

and salubrinal-induced up-regulation of PKD2, but in the absence of ER stress  

and salubrinal treatment, the level of PKD2 expression remained unaffected (Fig. 

3-6), presumably because low P-eIF2α in this condition has two opposite effects 

cancelling each other: one is to up-regulate the global translation and the other is 

to reduce PKD2 expression.   

 

Effect of P-eIF2α on PKD2 protein expression 

So far, in all performed experiments, changes in P-eIF2α were made 

through indirect induction, which may result in other changes that may affect 

PKD2 expression. Thus we next examined the role of P-eIF2α through direct 

eIF2α over-expression and KD. We found that over-expression of WT eIF2α, but 

not the phosphorylation dead S51A mutant, increases P-eIF2α and up-regulates 

PKD2 in HeLa and HEK293T cells (Fig. 3-7A and B). Combination of eIF2α 

over-expression and Tg treatment exhibited the most pronounced increases in 

PKD2 expression, compared with eIF2α over-expression or Tg treatment alone 

(Fig. 3-7C and D). Consistently, eIF2α KD by siRNA in HeLa cells reduced 

PKD2 expression, in correlation with expected reduction in P-eIF2α, regardless of 

whether or not ER stress was induced (Fig. 3-7E). 
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Effect of ER stress on the PKD2 mRNA binding with ribosomes 

During cellular stress, mRNAs encoding proteins such as ATF4, CHOP 

and Gadd34 that are translationally up-regulated by P-eIF2α were found to bind 

more ribosomes. We thus also employed polysome binding analysis for PKD2 in 

the presence and absence of ER stress. For this, mRNAs within sucrose density 

gradient fractions were extracted and then prepared for RT-PCR. In HeLa cells 

treated with DMSO (non-stress condition), β-actin mRNA (as a negative control)  
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Fig. 3-7 PKD2 protein expression is regulated by phosphorylation of eIF2α. (A and B) 
HeLa (A) or HEK293T (B) cells were transiently transfected with 500 ng of eIF2α or eIF2α 
S51A expression constructs or empty vector (Ctrl). 40 hr after transfection, cells were collected 
for immunoblotting with the indicated antibodies. (C and D) HEK293T (C) and HeLa (D) cells 
were transiently transfected with 500 ng of eIF2α expression construct or empty vector (Ctrl). 
40 hr after transfection, cells were treated with DMSO (Ctrl) or Tg (0.5μM) for 1 hr and then 
collected for immunoblotting with the indicated antibodies. (E) HeLa cells were transfected 
with eIF2α siRNA or Ctrl siRNA. 40 hr after transfection, cells were treated with DMSO (Ctrl) 
or Tg (0.5 μM) for 1 hr and then cell lysates were prepared and subjected to immunoblotting 
with PKD2, P-eIF2α, eIF2α, PERK or β-actin antibodies.  
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Fig. 3-8 Translation efficiency of PKD2 mRNA is enhanced by ER stress. (A) HeLa cells 
were treated with DMSO (Ctrl) or Tg (0.5 μM) for 3 hr and then cell lysates were fractionated 
by sucrose gradient centrifugation. Fractions were then collected from top to bottom and 
named from fraction 1 to fraction 15. RT-PCR was used to detect the mRNA levels of PKD2, 
β-actin (negative Ctrl) or CHOP (positive Ctrl). PCR products were then subjected to 1% 
agarose gel electrophoresis and quantified by Gel-Pro Analyzer. (B, C and D) Line graphs 
comparing polysome distribution of β-actin (B), PKD2 (C) or CHOP (D) between DMSO 
(Ctrl) and Tg (0.5 μM) treatments for 3 hr in HeLa cells. Each fraction is presented as a 
percentage of the total density from all fractions within each sucrose gradient.   
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primarily sedimented to the high polysome-binding fractions 12, 13, and 14, 

indicating that β-actin mRNAs are actively translated (Fig. 3-8A and B). However, 

Tg treatment resulted in a significant portion of β-actin mRNAs shifted to lower 

polysome-binding fractions 10 and 11, indicating that β-actin translation is 

repressed during ER stress. On the contrary, CHOP mRNA (as a positive control) 

sedimented to higher polysome-binding fractions under ER stress condition (Tg) 

compared to non-stress condition (DMSO) (Fig. 3-8A and D), consistent with the 

fact that CHOP translation is induced by ER stress and P-eIF2α (49). Similar to 

CHOP, by Tg treatment, significant portion of PKD2 mRNAs shifted from 

fractions 6 and 7 to fractions 7 and 8 (Fig. 3-8A and C), indicating that PKD2 

translation is augmented by ER stress and P-eIF2α. 

 

Role of uORF of PKD2 mRNA in the up-regulation of PKD2 translation by 

ER stress 

A Bypass Model was recently proposed in an effort to account for how 

CHOP is translationally up-regulated by P-eIF2α and assumes that a uORF(s) 

present in the 5’UTR of a mRNA sequence mediates the translational regulation 

of the protein encoded by the main ORF of the mRNA by P-eIF2α and cellular 

stresses (64). The model further assume that, under non-stress condition, either 

translation of a peptide (from the uORF) inhibits the translation from the main 

ORF or the inhibitory function of the uORF causes dissociation of ribosomes 

from the mRNA at the end of uORF translation, possibly through preventing 

translation elongation or termination (49). When P-eIF2α is high, eg, during stress 
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conditions, due to delayed initiation, scanning ribosomes bypass the uORF and 

increase the translation from the main ORF. An analysis of annotated human, 

mouse, monkey and pig PKD2 mRNAs revealed one non-over-lapping uORF (Fig. 

3-9A). To elucidate whether the PKD2 uORF is indeed involved in the 

translational up-regulation of PKD2 by P-eIF2α, we constructed DNA plasmids 

harboring the mouse PKD2-5’UTR DNA (with full-length 5’UTR) or PKD2-

ΔuORF DNA (with deleted uORF) for transfection into HeLa cells. Indeed we 

found that transfection of PKD2-ΔuORF produces significantly higher PKD2 

expression compared to transfection of PKD2-5’UTR (Fig. 3-9B), while their 

mRNA levels are similar (Fig. 3-9C). Moreover, PKD2 protein expression from 

PKD2-5’UTR, but not that from PKD2-ΔuORF, was responsive to Tg treatment 

and eIF2α phosphorylation (Fig. 3-9B). Also, mutating the uORF start codon 

ATG to GGG abolished the responsiveness to Tg treatment (Fig. 3-9D and E).  

Further, to confirm the inhibitory effect of uORF on the translation of PKD2 

found by WB experiments, we performed dual-luciferase assays with a reporter 

plasmid harboring both Firefly and Renilla luciferase genes, which share a 

bidirectional promoter. Full-length 5’UTR or 5’UTR with uORF deletion, start 

codon ATG-to-TTG mutation, or Kozak sequence KR mutation 

(GGAACATGGCTCC to GGTACATGTCTCC) was inserted upstream of the 

Renilla luciferase gene. Firefly luciferase served as an internal control. We 

transfected the reporter plasmids into HeLa cells and found that full-length 5’UTR 

insertion inhibits the luciferase activity while uORF deletion or ATG-to-TTG 

mutation significantly reduced the inhibition (Fig. 3-9F), indicating that the uORF  
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uORF 
Human 1 GCGCCGGGAA GAAAGGAACA TGGCTCCTGA GGCGCACAGC GCCGAGCGCG GCGCCGCGCA CCCGCGCGCC GGACGCCAGT GACCGCGATG..(ORF) 
Mouse 86 ACTCCGGGAA GAAAAGAACA TGGCTCCTGC GGCA------ ---GAGGGCG GCGGCACTCC CGGGCGCGCT GGGCGCCAGT GAGCGCCATG..(ORF)
Monkey 1 GCGCCGGGAA GAAAGGAACA TGGCTCCTGA GGCGCACAGT GCCGAGCGCG GCGCCGCGCA CCCGCGCGCC GGACGCCAGT GACCGTGATG..(ORF)
Pig 100 GCCCCGGGAA GAAAAGAACA TGGCTCCTGC AGCGGGCAGC GCCGAGCGGG GCACCGGGCG AGGGCGCGCC TGCAGCCAGT GACCGCGATG..(ORF)
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Fig. 3-9 PKD2 expression induction by ER stress is mediated by uORF in 5’UTR of its 
mRNA. (A) An alignment of annotated human, mouse, monkey and pig 5’UTRs of PKD2 
mRNA. (B and C) HeLa cells were transiently transfected with 10 ng of mouse PKD2-
5’UTR or PKD2-ΔuORF expression constructs or empty vector (Ctrl). 12 hr after 
transfection, cells were collected after DMSO (Ctrl) or Tg (1μM) treatment for 3 hr and 
subjected to immunoblot for protein detection (B) or RT-PCR for mRNA detection (C). (D) 
HeLa cells were transiently transfected with 10 ng of GFP-PKD2 fusion expression 
construct or empty vector pEGFP-C2. 12 hr after transfection, Cells were treated with 
DMSO (Ctrl) or Tg (1μM) for 3 hr, and then cells were collected for immunoblotting. (E) 
Bar graph (N = 3) showing PKD2 protein relative levels under different conditions in HeLa 
cells after normalization by β-actin. (F) HeLa cells were transiently transfected with 80 ng of 
BI16, PKD2-5’UTR, ATG-to-TTG, ΔuORF or uORF KR luciferase constructs. 12 hr after 
transfection, cell lysates were prepared and luciferase activities measured. The bar graph (N 
= 3) shows Renilla luciferase relative activity after normalization by firefly luciferase.  
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in the 5’UTR mediates the inhibitory effect on luciferase activity (ie, PKD2 

protein translation). We also tested the role of the PKD2 Kozak sequence and 

interestingly found that the KR mutation also significantly reduced the inhibitory 

effect of 5’UTR (Fig. 3-9F), consistent with the expected effect of a Kozak 

sequence, ie, through enhancing the translation of uORF to reduce the translation 

of luciferase. Our data together demonstrated that ER stress and P-eIF2α up-

regulates PKD2 protein translation, through bypassing the uORF in the 5’UTR of 

PKD2 mRNA. 
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3.5. DISCUSSION  

In this study we have first found that endogenous PKD2 protein expression 

in mammalian culture cells is significantly up-regulated by ER stress. By RT-PCR 

and real-time PCR we then have shown that the up-regulation is not through 

increasing PKD2 mRNA. Then, using PERK over-expression, induction of other 

stress conditions, salubrinal treatment, Gadd34 and eIF2α over-expression, 

together with WB and polysome analyses, we have accumulated extensive 

indirect as well as direct data that together have firmly established that P-eIF2α 

mediates PKD2 up-regulation. Finally, by WB and luciferase analyses we have 

shown that this up-regulation by P-eIF2α is through bypassing the translation of 

the inhibitory uORF in the 5’UTR of PKD2 mRNA.   

During ER stress conditions, global translation is rapidly repressed 

through phosphorylation of eIF2α in response to an accumulation of misfolded 

proteins in the ER, which prevents further overload (22,23). At the same time, 

elevated P-eIF2α allows preferential translation of a selective panel of cellular 

factors encoded by genes that possess one or more uORFs located in their 5'UTR, 

including ATF4, CHOP, and Gadd34 (27,49,50). The rapid induction of these 

factors is essential for cell survival because it allows them to execute protective 

processes as part of UPR. Thus, our current study allowed adding PKD2 as a 

novel member to this panel. However, it is worth to mention that ATF4, CHOP 

and GADD34 are both translationally and transcriptionally up-regulated during 

ER stress (51-53), which would allow them to have more pronounced increases, 
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which is in contrast to  PKD2 that is only subjected to translational up-regulation 

(Figure 1 and 2). Consistently, PKD2 exhibited about 1.8-fold (80%) increase 

during ER stress (Figure 1B and D) while ATF4 and CHOP increased 4-fold 

under comparable conditions (54,55). Also, the ways by which PKD2 (protein and 

mRNA) is regulated by P-eIF2α should be consistent with the assumption that too 

much increase in PKD2 is harmful to cells, as suggested by the fact that both 

PKD2 KO and transgenic mice develop renal cysts and are associated with over-

proliferation and apoptosis (1,2). However, we should bear in mind that PKD2 is 

likely regulated by several other cellular factors, as indicated by our observation 

that P-eIF2α does not linearly up-regulate PKD2 (Figure 4B and 5E).  

Since our data demonstrated that PKD2 is translationally up-regulated by 

ER stress, one obvious question is what the function of PKD2 in ER stress is. 

PKD2 is mainly located on the ER membrane (56), and also present in the 

primary cilium (57,58) and plasma membrane (59). It was reported that ER 

membrane PKD2 protein expression is significantly increased following renal 

ischemia-reperfusion injury which simultaneously induces different cellular 

stresses, including ER stress and oxidative stress (16). Because PKD2 is a Ca2+ 

permeable non-selective cation channel (4,60), it is reasonable to think that 

increased PKD2 during ER stress may augment Ca2+ release from ER to the 

cytoplasm resulting in decreased concentration of Ca2+ in the ER lumen. 

Therefore, rapidly increased PKD2 protein level during ER stress should render 

cells less susceptible to apoptosis at the beginning of ER stress conditions and 

allow stress alleviation through UPR. In that sense, PKD2 is anti-apoptotic, in 
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agreement with a previous study (13). Prolonged ER stress induced by Tm, which 

decreased PKD2 (Figure 3-1E) because of ERAD (14), may suggest the presence 

of apoptosis although Tg treatment for up to 24 hr did not have a similar effect on 

PKD2 (Figure 3-1F). This difference between prolonged Tm and Tg treatments 

has however remained unaccounted for.  

How ER stress and UPR are implicated in human diseases is an emerging 

area of research. Although it is known that they are involved in a number of 

human diseases, including Parkinson’s and Alzheimer’s diseases, inflammation, 

cancer and diseases in heart, kidney, liver, lung and pancreas (17-19,61), the 

underlying mechanisms have been poorly understood. Most reports have 

remained on the descriptive level. For example, ER stress and several UPR factors 

such as PERK, activating transcription factor 6 and inositol-requiring protein-1are 

induced in brain and heart ischemia, leading to CHOP-dependent neuron 

apoptosis and cardiomyocyte degeneration (21). Protein turnover rates are high in 

kidney. In fact, fractional daily protein synthesis rate in human kidney is 42% per 

day, compared to only 12% and 1.5% per day in an intestinal tissue and skeletal 

muscle, respectively (17), suggesting that renal ER is more likely to face protein 

misfolding or ER stress. Indeed, ER stress is involved in several renal diseases, 

such as membranous nephropathy, glomerular disease, and tubular disease 

induced by ischemic injury, heavy metal or other agents (17,19-21). ER stress 

markers were found to be high in some glomerulopathies, proteinuria, and 

diabetic nephropathy. Some pathogenic mutations such as those in nephrin and 

podocin, lead to misfolding and retention in the ER, which may result in ER stress, 
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UPR and/or ERAD (17,19). The implication of UPR in ADPKD is supported by 

our previous reports that prolonged ER stress induced by Tm promotes PKD2 

degradation and that PKD2 up-regulates PERK-dependent eIF2α phosphorylation 

(11,14,18). 

Homozygous BiP KO mice are lethal but reduced BiP in BiP heterozygous 

mice are associated with glomerulosclerosis and tubulointestitial disorders (17,19). 

BiP is a master regulator of UPR sensors and functions as a ER molecular 

chaperone that is induced by ER stress to increase the protein folding capacity 

(62). It was found that ER stress or cell preconditioning with ER stress exhibits 

protective roles against induction of renal injury (17). Thus, cytoprotective 

components of ER stress or UPR pathways, including BiP up-regulation and 

eIF2α phosphorylation, are emerging as promising and novel targets for 

therapeutic intervention of renal, cardiac as well as other diseases.  

I/R cause several cellular stresses such as oxidative stress, ER stress and 

amino acid depletion. For example, renal I/R induces ER stress that activates 

PERK, which significantly increases P-eIF2α in tubular epithelial cells in both 

cortex and medulla (63). PKD2 expression is also significantly up-regulated in 

adult rat kidney after I/R (15). This suggested that PKD2 has important roles in 

the processes against cellular stresses. Interestingly, PKD2+/- mouse kidneys have 

higher tubular and interstitial proliferative responses following injury compared 

with WT kidneys (64), suggesting that PKD2 dosage affects cellular repair 

responses. However, in addition to PKD2 protein expression, I/R causes an 
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increase in the PKD2 mRNA level as well (64), indicating the presence of another 

factor or pathway that is activated under I/R to regulate PKD2 mRNA.  

In ADPKD, heterozygous loss-of-function mutations in PKD2 cause cyst 

formation accompanied with over-proliferation, de-differentiation and increased 

apoptosis (65). Our previous study revealed that PKD2 up-regulates P-eIF2α 

through enhancing the efficiency of eIF2α kinase PERK, thereby repressing cell 

proliferation and protein synthesis (11). On the other hand, our current study 

showed that elevated P-eIF2α induced by cellular stresses increases PKD2 

expression, indicating that PKD2 and P-eIF2α may form a positive feedback loop 

to reach equilibrium, which may be important for jointly regulating cell 

proliferation and maintaining cell homeostasis. Interestingly, PKD1 down-

regulates cell proliferation through a mTOR pathway that involves eukaryotic 

initiation factor 4E (eIF4E) (66). Thus, protein translation initiation machinery 

may be a common thread through which PKD1 and PKD2 jointly regulates cell 

growth.  In summary, our present study found that PKD2 is a new member of 

uORF-possessing proteins that are translationally up-regulated by P-eIF2a and 

cellular stresses. This novel PKD2 regulation sheds light on the mechanism of 

ADPKD cystogenesis and may allow discovering new therapeutic targets. Future 

studies using in vivo models such as mice with salubrinal injection and double 

heterozygous mice with PKD2 and PERK KO would provide insights into the 

cross-talk between PKD2 and eIF2α pathways.   
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CHAPTER 4 

RESULT #3 

 

Receptor for Activated C Kinase 1 (RACK1) 

inhibits function of transient receptor 

potential (TRP)-type channel PKD2L1 

through physical interaction 
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(RACK1) Inhibits Function of Transient Receptor Potential (TRP)-type Channel 
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4.1. ABSTRACT 

PKD2L1 is a non-selective cation channel permeable to Ca2+, Na+, and K+ 

and is activated by Ca2+. It is also part of an acid-triggered off-response cation 

channel complex. We previously reported roles of the PKD2L1 C-terminal 

fragments in its channel function, but the role of the N-terminus remains unclear. 

Using a yeast two-hybrid screen, we found that the PKD2L1 N-terminus interacts 

with RACK1, a scaffolding/anchoring protein implicated in various cellular 

functions. This interaction requires the last two Trp-Asp (WD) motifs of RACK1 

and fragment Ala19–Pro45 of PKD2L1. The interaction was confirmed by GST 

pulldown, blot overlay, and co-immunoprecipitation assays. By 45Ca tracer uptake 

and two-microelectrode voltage clamp electrophysiology, we found that in 

Xenopus oocytes with RACK1 overexpression PKD2L1 channel activity is 

abolished or substantially reduced. Combining with oocyte surface biotinylation 

experiments, we demonstrated that RACK1 inhibits the function of PKD2L1 

channel on the plasma membrane in addition to reducing its total and plasma 

membrane expression. Overexpressing PKD2L1 N- or C-terminal fragments as 

potential blocking peptides for the PKD2L1-RACK1 interaction, we found that 

PKD2L1 N-terminal fragment Met1–Pro45, but not Ile40–Ile97 or C-terminal 

fragments, abolishes the inhibition of PKD2L1 channel by overexpressed and 

oocyte-native RACK1 likely through disrupting the PKD2L1-RACK1 association. 

Taken together, our study demonstrated that RACK1 inhibits PKD2L1 channel 

function through binding to domain Met1–Pro45 of PKD2L1. Thus, PKD2L1 is a 
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novel target channel whose function is regulated by the versatile scaffolding 

protein RACK1. 
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4.2. INTRODUCTION 

 PKD2L1 is a homologue of PKD2 with 54% sequence identity (1). Both 

proteins are Ca2+-modulated cation channels permeable to Ca2+, Na+, and K+ (2-4). 

PKD2 and PKD2L1 share high similarity in membrane topology to the transient 

receptor potential (TRP) 2 superfamily of cation channels and have been termed 

TRPP2 and TRPP3, respectively, as members of the TRP polycystin (TRPP) 

subfamily (5). Mutations in the PKD1 or PKD2 gene account for most cases of 

autosomal dominant polycystic kidney disease with an incidence of 0.1–0.2% 

worldwide. We previously reported that PKD2L1 channel is activated by 

application of extracellular Ca2+ followed by an ensuing inactivation (3) and is 

inhibited by amiloride analogues and large monovalent cations such as 

tetrapentylammonium and tetrabutylammonium, which led to an estimation of its 

channel pore size of ~7 Å (6,7).  

 PKD2L1 channel activity is modulated by membrane potential, pH, and 

cell volume (3,8,9). We also reported that PKD2L1 physically interacts with α-

actinin, an important component of the actin filament, in brain and other tissues 

and is functionally stimulated by α-actinin in vitro (10). Although overexpressed 

PKD2L1 is targeted to the plasma membrane (PM) of Xenopus oocytes, it mostly 

localizes in intracellular membranes of mammalian cells when expressed alone 

(10-12). PKD2L1 co-localizes with PKD1 in the centrosome and may function in 

the cell cycle (13). Interestingly, co-expression of PKD2L1 with PKD1 in human 

embryonic kidney (HEK) 293 cells resulted in PKD2L1 trafficking to the PM 
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where PKD2L1 seemed to mediate Ca2+ entry in the presence of a hypo-osmotic 

extracellular solution (12). PKD1L3, a homologue of PKD1, is critical in the PM 

trafficking of PKD2L1 because knock-out of PKD1L3 resulted in internalization 

of PKD2L1 in mouse taste bud neurons (11). How Ca2+ triggers the activation 

remains unknown. So far it is known that EGTA preinjection abolishes this 

activation (3), indicating that an increase in the intracellular Ca2+ concentration is 

required for the activation and that deletion of the PKD2L1 C-terminal domain 

Thr622–Ser805 does not abolish Ca2+-induced activation (14).  

 PKD2L1 localizes to tongue taste receptor cells together with PKD1L3, 

which is possibly involved in sour tasting (15-17), and to central canal neurons of 

the spinal cord, which are possibly involved in proton-dependent regulation of 

action potentials (15). Mouse PKD2L1 and PKD1L3 together mediate pH-

dependent cation conductance (16), which was later described as the off-response 

(i.e. the channel is activated only after the low extracellular pH is removed) in a 

report proposing that the PKD2L1-mediated off-response may work together with 

an on response mediated by other acid receptors to account for acid sensing at 

large pH ranges (18). It was shown that PKD2L1 together with a carbonic 

anhydrase is involved in sensing gaseous CO2 in the tongue (19). Interestingly, in 

the tongue of two patients with an acquired sour ageusia (i.e. unresponsive to sour 

stimuli), the mRNA and protein of PKD2L1, PKD1L3, and acid sensing ion 

channels were undetectable (20). Indeed, mice with PKD2L1 knock-out (KO) 

have reduced responses to sour stimuli (21). However, no anomaly in tasting was 

observed in PKD1L3 KO mice (21,22), and responses in sour taste cells are 
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associated with acid-activated proton, but not Na+, currents (23), which challenges 

the implication in acid sensing of PKD1L3 or PKD2L1, a Na+-permeable channel. 

Chang et al. (23) also found that these proton currents are not affected by targeted 

deletion of PKD1L3, a result that is incompatible with the study by Ishimaru et al. 

(11) about PKD1L3-dependent plasma membrane trafficking of PKD2L1, which 

would let one argue whether these proton currents are indeed mediated by 

PKD2L1. Thus, whether and how PKD1L3 or PKD2L1 is involved in acid 

sensing and whether there is a link between Ca2+- and proton-induced channel 

activation remain subjects of further studies. PKD2L1 is also present in ganglion 

cells and other retina neuron cells (24), several compartments of mouse brain (10), 

kidney, liver, and heart (14). The physiological role of PKD2L1 in these tissues 

and whether it involves Ca2+ and/or acid dependence of the channel remain to be 

determined. 

 RACK1 is a guanine nucleotide-binding protein, β2-like 1 (also called 

GNB2L1) and a conserved scaffolding protein that regulates a range of cell 

activities, including cell growth, shape, and protein translation (25,26). RACK1 

was originally identified as an anchoring protein for activated protein kinase C 

and a scaffolding protein that recruits PKCs (and other proteins) into a signaling 

complex (27,28). RACK1 is a 36-kDa protein composed of seven repeating units 

of Trp-Asp 40 (WD40) motifs forming an overall β-propeller structure (27). 

These WD40 motifs represent structural domains formed by four anti-parallel β-

strands and are thought to mediate protein-protein interaction. In the last decade, 

several of its new cellular functions have been discovered (29). In fact, RACK1 
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acts as a scaffolding/anchoring protein for or regulates the expression/function of 

a number of binding partners, ranging from signaling proteins such as protein 

kinase C (27), Src tyrosine kinase (30), protein-tyrosine phosphatase PTPμ (31), 

cAMP-specific phosphodiesterase PDE4 D5 (32), and planar plan polarity protein 

Vangl2 (33) to receptor/channel proteins such as TRPM6 and TRPC3 (34,35), 

integrin β subunit (36), type 1 IFN receptor (37), NMDA receptor (NMDAR) 

NR2B subunit (38), GABAA receptor β subunits (39), G protein-coupled receptor 

for thromboxane A2 (40), and inositol 1,4,5-trisphosphate receptors (41). In 

addition, recent data suggest that the binding of RACK1 plays a role in gene 

expression, translation, and ribosome assembly and activation (25,26). 

 RACK1 mediates the regulation of NMDAR by ethanol (25,42) and together with 

PKC is an integral part of the circadian feedback loop (25,43). RACK1 is 

ubiquitously expressed in the tissues of higher mammals and human, including 

brain, liver, and spleen, suggesting that it has an important functional role in most 

if not all cells (29,38). Therefore, RACK1 is a versatile protein that regulates 

various biological functions.  

 In the present study, we first examined the physical interaction of 

PKD2L1 with RACK1 using different protein-protein interaction approaches. We 

then investigated the effect of RACK1 on channel function and expression of 

PKD2L1 and the importance of their physical interaction in the regulation of the 

channel by RACK1. 
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4.3. MATERIALS AND METHODS 

Plasmid Constructs 

 We cloned a RACK1 cDNA from a human kidney cDNA library 

(Clontech) through a standard PCR approach with a pair of specific primers 

spanning the entire open reading frame: forward, 5’CTCTAGAGGATCC 

ATGACTGAGCAGATGACCC, and reverse, 5’CCATATGCTA GCGTG TGCC 

AATGGTCACC. XbaI, BamHI, and NdeI sites (underlined) were engineered into 

the primers to facilitate subsequent cloning. The authenticity of all constructs was 

confirmed by sequencing. Human PKD2L1 and RACK1 were subcloned into 

vectors pCDNA3.1 and pEGFPKD2, respectively, for mammalian cell expression 

and vector pTLN2 (44) for Xenopus laevis oocytes expression. His-tagged 

PKD2L1 N- and C-terminal fragments tagged with 5’ His were subcloned into 

vector pCHGF for oocyte expression. The pCHGF vector was generated by 

deleting the enhanced GFP fragment and part of the CMV promoter in vector 

pEGFP-C2 using restriction enzymes NheI and SmaI and then ligating in (by the 

same enzymes) the β-globin 5’ and 3’ untranslated regions generated by PCR 

from vector pTLN2. 

 

Preparation of mRNAs and Microinjection into Oocytes 

 PKD2L1 and RACK1 cDNAs in vector pCHGF were linearized with 

MluI followed by phenol/chloroform purification and ethanol precipitation. 

Linearized DNAs were used to in vitro synthesize capped mRNAs using the 
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mMessageMachineTM kit (Ambion, Austin, TX). Stage V-VI oocytes were 

isolated from X. laevis. Defolliculation of oocytes was performed through 

incubation in Ca2+-free Barth’s solution (14) containing collagenase (2 mg/ml) at 

room temperature (RT) for 2-2.5 h. Oocytes were then incubated at 18 °C in 

Barth’s solution for at least 3 h before injection of 50 nl of H2O containing 

variable amounts of mRNAs. An equal volume of H2O was injected into control 

oocytes. Injected oocytes were incubated at 16–18 °C in Barth’s solution 

supplemented with antibiotics for 2–4 days prior to experiments.  

 

Cell Culture 

 HEK293, mouse inner medullary collecting duct-3 (IMCD3), and NIH 

3T3 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). Cells of less than 25 passages 

were cultured to full confluence before collection. 

 

Yeast Two-hybrid Analysis 

 Human PKD2L1 N-terminus (PKD2L1N; amino acids Met1–Ile97) was 

generated by PCR and subcloned in-frame into the GAL4DNAbinding domain 

vector pGBKT7 (Clontech). A yeast two-hybrid assay using yeast strain AH109 

and PKD2L1N as bait to screen a human kidney cDNA library constructed in 

vector pACT2 (Clontech) was performed according to protocols reported 

previously (45,46). 
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GST Pulldown 

 Precleared mammalian cell lysates containing HA-PKD2L1N were 

incubated with 2 μg of purified GST-RACK1 protein in binding buffer (50 mM 

Tris, pH 7.5, 150 mM NaCl, 1 mM CaCl2). The mixture was incubated at RT for 1 

h with gentle shaking followed by another hour of incubation after addition of 100 

μl of glutathione-agarose beads (Sigma-Aldrich). The beads were then washed 

several times with 140 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.5, 

and the remaining proteins were eluted using 10 mM glutathione, 50 mM Tris, pH 

8.0. The protein samples were resolved by SDS-PAGE (10%) and transferred to a 

nitrocellulose membrane (Bio-Rad). The filters were then blocked with 3% skim 

milk powder, immunoblotted with HA antibody (Cell Signaling Technology, 

Danvers, MA), and visualized with enhanced chemiluminescence (Amersham 

Biosciences). 

 

Blot Overlay Assay 

 Purified proteins were resolved by SDS-PAGE (10%) and transferred to a 

nitrocellulose membrane. The membrane was then incubated at 4 °C overnight 

with lysates of NIH 3T3 cells in blocking buffer (50 mM Tris, pH 7.5, 150 mM 

NaCl, 1 mM CaCl2, 1% BSA), washed three times (10 min each) in blocking 

buffer containing 0.05% Tween 20, detected with a RACK1 antibody (1:1500; 

catalog number 610178, BD Biosciences) and a horseradish peroxidase-coupled 

secondary antibody (1:1500; Chemicon International, Temecula, CA), and 

visualized with enhanced chemiluminescence (Amersham Biosciences). 
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Co-immunoprecipitation (co-IP) and immunoblotting 

 Co-IP experiments using Xenopus oocytes co-expressing PKD2L1 and 

RACK1 were performed using a modified protocol (47). Briefly, each sample 

contained 10 healthy oocytes that were injected with PKD2L1 and/or RACK1 

mRNAs and harvested in 500 μl of ice-cold CelLyticMlysis buffer (Sigma-

Aldrich) 3 days after injection. Total proteins from the postnuclear supernatant 

were incubated on ice for 2 h either with anti-PKD2L1 antibody PR71 or anti-

RACK1 antibody (B-3, catalog number sc-17754, Santa Cruz Biotechnology for 

mammalian cells or BD Biosciences for oocytes) followed by another 2 hr 

incubation with gentle shaking upon addition of 100 μl of protein A (for the anti-

PKD2L1 sample; Sigma-Aldrich) or protein L (for the anti-RACK1 sample; 

Pierce)-Sepharose. The immunoprecipitates absorbed to protein A/L-Sepharose 

were resuspended in 40 μl of Laemmli sample buffer, and a 20 μl aliquot of the 

extract was subjected to SDS-PAGE followed by immunoblotting. Co-IP using 

native tissues and mammalian cultured cells was conducted as described recently 

(48). 

 

45Ca Uptake Measurements 

 45CaCl2 (Amersham Biosciences) at 30 μM was added to uptake solution 

(100 mM N-methyl- D-glucamine, 2 mM KCl, 1 mM MgCl2, 10 mM Hepes, pH 

7.5) plus 1 mM non-radioactive CaCl2 and 1:1000 radiolabeled 45Ca2+with a 

specific activity of 2 μCi/μl (GE Healthcare, Montreal, QC, Canada). Ten oocytes 



144 
 

of each sample were incubated in 0.5 ml of uptake solution for 30 min, and the 

incubation was terminated by washing oocytes through six wells containing an 

ice-cold NaCl-containing solution (7). Individual oocytes were then dissolved in 

250 μl of 10% SDS and mixed with 2.5 ml of scintillation mixture prior to 

scintillation counting. Data were compared using the paired or unpaired Student’s 

t test and expressed as means ± S.E. p < 0.05 and p < 0.01 were considered 

statistically significant and very significant, respectively.  

 

Electrophysiology 

 Current and voltage signals were measured using the conventional two 

microelectrode voltage clamp technique with a commercial amplifier (TEV-200A, 

Dagan, Minneapolis, MN). Electrodes were fabricated from borosilicate glass 

(Warner Instruments, Hamden, CT) by a micropipette puller (P-87, Sutter 

Instruments, Novato, CA) and filled with 3 M KCl with a typical tip resistance of 

0.5–3 megaohms. The Digidata 1320A converter and pClamp 8 (Axon 

Instruments, Union City, CA) were used for data acquisition and analysis, 

respectively. SigmaPlot 11 or 12 (Jandel Scientific Soft-ware, San Rafael, CA) 

was used for further data analysis, including data plotting, t-test, analysis of 

variance, and regressions. In experiments using a ramp or gap-free protocol (3), 

current/voltage signals were digitized at 0.2 or 200 ms/sample. 

 
 
Immunofluorescence 

 Xenopus oocytes expressing PKD2L1 alone or PKD2L1 plus RACK1 

were embedded in a cryostat medium and shock frozen, and 10-μm sections were 
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sliced on a cryostat and mounted onto Superfrost Plus microscope slides (Fisher). 

Sections were dried for 30 min at RT and then fixed in phosphate-buffered saline 

(PBS) plus 2% paraformaldehyde for 10 min. After rinses in PBS, sections were 

blocked in 2% normal rabbit serum and 0.1% Triton X-100 in PBS for 5 min and 

incubated at RT for 1 h with anti-PKD2L1 rabbit polyclonal antibody PR71. 

Sections were then rinsed and incubated with a secondary FITC-conjugated anti-

rabbit antibody (1:100; Chemicon International) for 1 h. After washing, sections 

were mounted in Vectashield (Vector Laboratories, Burlington, Ontario, Canada) 

for fluorescence detection with a Zeiss 510 confocal laserscanning microscope. 
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4.4. RESULTS 

Interaction between PKD2L1 and RACK1 Revealed by Yeast Two-hybrid 

Analysis 

 Our previous study showed that the C-terminal EF-hand motif Glu637–

Leu665 acts as a negative regulator of Ca2+-induced PKD2L1 channel activation 

and that truncation mutant T622X still exhibits channel function, indicating that 

the domain C-terminal of Thr622 is not essential for channel function (14). In the 

present study, we utilized the N-terminus (PKD2L1N; Met1–Ile97) as bait to 

screen for interacting partner proteins by the yeast two-hybrid approach. For this, 

PKD2L1N was fused into vector pGBKT7 as bait to screen a kidney cDNA 

library in yeast strain AH109. The C-terminus of RACK1 (Lys139–Arg317; named 

RACK1C) was identified from the library as a PKD2L1N binding partner (Fig. 4-

1A). The physical association between the two protein fragments was confirmed 

by an individual pair test in yeast. To further delineate the corresponding regions 

within PKD2L1N and RACK1 that mediate the association, we constructed a 

series of truncated cDNA fragments that encode peptides expressed as fusion 

proteins in yeast strain Y187 using vector pGBKT7. Upon examination for 

interaction with PKD2L1N, we found that at least two domains of RACK1, 

including Lys139– Glu223 and Met217–Arg317, interact with PKD2L1N (Fig. 4-1A) 

and that on the other hand fragment Ala19–Ile97 of PKD2L1N interacts with 

RACK1C (Fig. 4-1B). Furthermore, our yeast two-hybrid assays found that 

RACK1 also interacts with the PKD2L1 C-terminus (PKD2L1C; Glu566–Ser805), 
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indicating that more than one domain in both RACK1 and PKD2L1 are involved 

in their interaction. 

Fig. 4-1.  Interaction between PKD2L1 N-terminus and RACK1 identified by yeast two-  
hybrid assay. The start and end amino acid residue numbers for each domain are indicated. 
“++”, “+,” and “-” indicate the presence of a strong interaction, positive interaction, and 
absence of interaction, respectively. A, RACK1 was identified from a human kidney library 
by yeast two-hybrid screening using the PKD2L1 N-terminal segment Met1–Ile97 
(PKD2L1N) as bait. RACK1C and several truncated fragments of RACK1 were assessed for 
their interaction with PKD2L1N. B, PKD2L1 N-terminal fragments were examined for 
interaction with RACK1C. Domain Met1–Pro45 exhibited self-activation (SA) and was not 
used to assess the interaction with RACK1. 
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Interaction between PKD2L1 and RACK1 under in Vivo and in Vitro 

Conditions 

 We performed other assays to further document the interaction between 

PKD2L1 and RACK1. By GST pulldown, we showed that HA-PKD2L1N 

Fig. 4-2. Interaction between PKD2L1N and RACK1 by GST pulldown and blot 
overlay. A, GST pulldown. Precleared HEK293 cell lysates containing HA-PKD2L1N 
were incubated with purified GST-RACK1 protein (2 μg) in binding buffer. B, blot 
overlay for interaction between a PKD2L1 N-terminal fragment and endogenous 
RACK1. A nitrocellulose membrane containing purified GST-fused PKD2L1 N-terminal 
fragments was incubated with total protein lysates of NIH 3T3 cells and immunoblotted 
(IB) by the anti-RACK1 antibody. NIH 3T3 cell lysates were used as a positive control 
(lane 1). C, Ca2+ binding of PKD2L1 N-terminal domains Met1–Pro45 and Ala19–Pro45. 
GST fusion polypeptides purified from E. coli were spotted on the nitrocellulose 
membrane strips, overlaid with 45Ca in PBS buffer, and autoradiographed. Calmodulin 
(CaM) served as a positive control, whereas GST alone and bovine albumin (BA) served 
as negative controls. 

1        2        3          4       5

26

50

37

B

3T3   GST   BA   1-45   19-45

C

IB

Input
Anti-HA

A

20
15

20
15

CaM          M1-P45       A19-P45         GST         PBS

G
ST

G
ST

-R
A

C
K

1



149 
 

expressed in HEK293 cells is able to interact with GST-RACK1 purified from 

Escherichia coli (Fig. 4-2A) with full-length human RACK1 generated by PCR. 

We also used a blot overlay assay to verify this interaction in vitro. Purified fusion 

proteins, including GST-PKD2L1N, GST-Met1–Pro45, and GST-Ala19–Pro45, 

were resolved using SDS-PAGE and transferred to a nitrocellulose membrane 

followed by incubation with NIH 3T3 cell lysates. Immunoreactive protein bands 

from probing with a RACK1 antibody were observed only in the presence of 

GST-PKD2L1N, GST-Met1– Pro45, or GST-Ala19–Pro45 but not with GST alone 

or bovine albumin (Fig. 4-2B), which is indicative of specific binding between 

PKD2L1N and RACK1. Furthermore, we in vitro transcribed complementary 

RNAs of PKD2L1 and RACK1 and injected them into Xenopus oocytes. After 3 

days, total protein extracts were used to perform co-IP assays between the two 

proteins. Precipitation with anti-PKD2L1 antibody PR71 resulted in the pulldown 

of RACK1, and reciprocally, anti-RACK1 antibody was also able to co-

precipitate PKD2L1 in oocytes (Fig. 4-3A), demonstrating that the two proteins 

are in the same complex in oocytes. We further substantiated the interaction 

between PKD2L1 and RACK1 by co-IP using native HEK293 and IMCD3 cells 

and mouse kidney and heart tissues (Fig. 4-3B), indicating that the two proteins 

interact with each other in vivo. It is well known that RACK1 is abundantly 

expressed in brain and interacts with brain proteins such as NMDA and GABA 

receptors (38,39,49). On the other hand, PKD2L1 was also recently found in 

several brain compartments such as hippocampus, thalamus, and spinal cord, 

although its physiological roles there remain unclear (10,15). We thus tested their  
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Fig. 4-3. Interaction between PKD2L1 and RACK1 by co-IP. A, Xenopus overexpressing 
PKD2L1+RACK1 or RACK1 and control (Ctrl) oocytes were used for reciprocal co-IP using 
anti-PKD2L1 (PR71) or anti-RACK1 antibody for IP or immunoblotting (IB) as indicated. B, 
left panel, cell lysates from native HEK293 cells were precipitated with PR71, non-immune 
rabbit IgG serum (RIgG; as control), or no antibody (None; as control). Immunoprecipitated 
proteins were analyzed by WB using the anti-RACK1 antibody (BD Biosciences). Right 
panel, representative data obtained from similar co-IP assays using native IMCD3 cells and 
mouse kidney and heart tissues with anti- PKD2L1 and -RACK1 antibodies for IP and 
immunoblotting, respectively. C, interaction between PKD2L1 and RACK1 in mouse brain by 
reciprocal co-IP. Left panel, cell lysates from mouse brain were precipitated with PR71 or 
rabbit IgG serum (RIgG). Immunoprecipitated proteins were analyzed by WB using the anti-
RACK1 antibody. Right panel, reciprocal co-IP experiments were performed using RACK1 
antibody B-3 or non-immune mouse IgG serum (mIgG) for IP and PR71 for immunoblotting. 
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interaction in mouse brain tissues by co-IP. Indeed, we found that PKD2L1 and 

RACK1 precipitate with each other and reciprocally (Fig. 4-3C). Taken together, 

our data demonstrated the interaction between PKD2L1 and RACK1 under in 

vitro and in vivo conditions. 

 

Inhibition of PKD2L1 Channel Activity by RACK1 

 We next tested whether RACK1 has any effect on PKD2L1 channel 

function. By co-expressing PKD2L1 and RACK1 in Xenopus oocytes, we found 

that overexpression of RACK1 abolishes the Ca2+ transport ability of PKD2L1 

(Fig. 4-4A). Under voltage clamp conditions, RACK1 abolished both the basal 

conductance and Ca2+-induced channel activation of PKD2L1 (Fig. 4-4 B and C).  

On average, RACK1 inhibited 65 and 87% of basal and Ca2+- activated currents, 

respectively (Fig. 4-4D). Because Xenopus and human RACK1 are 95% identical 

and 99% similar, we assume that endogenous RACK1, if present, is detectable by 

our antibody and inhibits part of PKD2L1 channel activity. Indeed, our Western 

blotting (WB) assays detected the endogenous RACK1 and showed that the total 

PKD2L1 expression is reduced by overexpressed RACK1 (to 68 ± 3%; averaged 

from five experiments) and increased by endogenous RACK1 knock-down by 

siRNA (Fig. 4-5A) with sequences 5’-CAAUCAAACUGUGGAACACTT- 3’  

and 5’-GUGUUCCACAGUUUGAUUGTT- 3’ synthesized by Shanghai 

GenePharma Co. (Shanghai, China). Consistently, RACK1 knock-down on 

average increased Ca2+-induced channel activity of PKD2L1 by 79% (n = 4) (Fig. 

4-5B). We then performed biotinylation assays to examine whether abolished or  



152 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-4. Functional modulation of PKD2L1 channel by RACK1. A, radiolabeled 45Ca 
uptake in oocytes expressing PKD2L1 + RACK1 or PKD2L1 alone and H2O-injected 
control oocytes. Radiolabeled 45Ca uptake was performed using uptake solution 3 days 
following RNA injection. Data were averaged from three experiments. The effect of RACK1 
was analyzed by unpaired t test. B, representative whole-cell current tracings under voltage 
clamp (Vm= -50 mV) using the two-microelectrode voltage clamp technique. Different 
scales of current were used as indicated. Currents were measured using solution “Na” (the 
standard Na+-containing solution (100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 10 mM Hepes, 
pH 7.5) or “Na+Ca” (standard Na+-containing solution + 5 mM CaCl2) by the two-
microelectrode voltage-clamp technique with a voltage ramp protocol. C, representative 
current-voltage curves in an oocyte expressing PKD2L1 alone or PKD2L1+RACK1 in the 
presence of the standard Na+-containing solution with (+Ca) or without (-Ca)5 mM CaCl2 as 
indicated. D, averaged currents obtained in oocytes expressing PKD2L1+RACK1 (n = 17) or 
PKD2L1 alone (n = 17) and H2O-injected control oocytes (n = 6) in the presence of Na+-
containing solution with (Na+Ca) or without (Na) addition of 5mM CaCl2. Inhibition of 
currents by RACK1 was very significant both with and without Ca2+ with p < 0.001 and p = 
0.006 (unpaired t test), respectively. Two-way analysis of variance found that the inhibitory 
effect of RACK1 is very significant (p < 0.001), that the stimulatory effect of Ca2+ is very 
significant (p < 0.001), and that the effect of RACK1 is significantly different (p < 0.001) 
whether Ca2+ is present or not in the solution, consistent with t test analysis. Error bars 
indicate S.E. 
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substantially reduced PKD2L1 activity by RACK1 could be accounted for by a 

decrease in the PKD2L1 PM expression. We found that PKD2L1 PM expression 

in the presence of RACK1 overexpression was decreased to 64 ± 7% (averaged 

from four experiments) (Fig. 4-5C). Thus, RACK1 reduces similarly the total and 

PM expression of PKD2L1 to about two-thirds, indicating that it does not alter the 

PKD2L1 trafficking. This reduction in the PM expression does not seem to be 

sufficient to account for the decrease in the Ca2+-induced current (to 13%), 

indicating that RACK1 inhibits PKD2L1 channel function. Immunofluorescence 

data are also in agreement with the conclusion that RACK1 overexpression and 

knock-down, respectively, reduce and increase the PKD2L1 surface membrane 

expression (Fig. 4-5D). To provide further documentation, we injected oocytes 

with decreasing amounts of PKD2L1 mRNA to identify an amount that generates 

channel activity comparable with that produced by 50 ng of PKD2L1 + 25 ng of 

RACK1. We found that the current obtained from injection of 50 ng of PKD2L1 + 

25 ng of  RACK1 is comparable with that from the injection of 6.2 ng of PKD2L1 

alone, but the latter has much less PM expression than the former (Fig. 4-6). In 

fact, although the PKD2L1 PM expression is comparable between injection of 50 

ng of PKD2L1 + 25 ng of RACK1 and that of 25 ng of PKD2L1 alone, the latter 

produced far larger channel currents than the former. In this biotinylation assay, 

we used Na+, K+-ATPase as a PM marker control and calreticulin and β-actin as 

non-PM marker controls. These data demonstrated that RACK1 substantially 

inhibits PKD2L1 channel function. 

 



154 
 

 

Fig. 4-5. Effects of RACK1 on channel activity and total and PM expression of 
PKD2L1 expressed in Xenopus oocytes. A and B, oocytes were injected with PKD2L1 + 
RACK1, PKD2L1 + si-RACK1, PKD2L1 alone, or water (negative control). A, 
representative data on expression of PKD2L1 and RACK1 by WB. B, Ca2+-activated 
currents were measured at -50 mV. Shown are averaged values from four oocytes per group 
with p values from a paired t test. Error bars indicate S.E. C, left panel, representative data 
on the PM expression of PKD2L1 by biotinylation. Na+,K+-ATPase (PM marker) and 
calreticulin and β-actin (non-PM markers) were used as controls of the biotinylation assay. 
Middle and right panels, flow-through and WB input data, respectively, from the same 
experiment. D, representative data on subcellular distribution of PKD2L1 and RACK1 by 
immunofluorescence. 
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Effects of Mutations in RACK1 and PKD2L1 on PKD2L1 Channel Function 

 Although both fragments Met1–Ser205 and Met217–Arg317 of RACK1 bind 

PKD2L1 (Fig. 4-1A), whether they are sufficient to exhibit inhibition of PKD2L1 

channel function remains unknown. To test this, we co-expressed each of various 

fragments of RACK1 with PKD2L1 in oocytes and performed the two-electrode 

Fig. 4-6. Inhibition of PKD2L1 channel function by RACK1. Top, Xenopus oocytes 
were injected with various amounts of PKD2L1mRNAwith or without co-injection of 
RACK1. Shown are averaged Ca2+-activated currents measured at -50 mV from 
different numbers of oocytes as indicated. p values obtained from an unpaired t test are 
indicated. Furthermore, linear and Michaelis-Menten regression analyses (current 
versus mRNA amount) indicate that current very significantly (p < 0.001) increases 
with the amount of injected mRNA. Bottom, the same batches of oocytes as in the top 
panel were used for biotinylation assays. Shown are representative data on the PM 
expression of PKD2L1 with β-actin as control. 

Biotinylation

Flow-through

Pkd2L1

β-actin

Pkd2L1

β-actin

0

2000

4000

6000
C

a-
in

du
ce

d 
cu

rr
en

t (
nA

)

N=5
N=9

N=6

N=9

N=9

N=8

P=0.002

P=0.1

Pkd2L1 (ng):      0        50      50       25      12.5     6.2

RACK1 (ng):      0        25       0         0         0         0 



156 
 

voltage clamp experiments. We found that, similar to the full-length RACK1, 

fragments Met1–Asp220 and Met1–Ile258 significantly reduce PKD2L1 channel 

activity, whereas Met217–Arg317 has no significant effect (Fig. 4-7A). This 

indicates that, although Met217–Arg317 binds PKD2L1N, the binding is not 

essential for the channel inhibition. We also found that two missense mutants of 

RACK1, Y228F and Y246F, have inhibitory effects similar to those of WT 

RACK1, suggesting that the phosphorylation of RACK1 at Tyr228 or Tyr246 by Src 

tyrosine kinase (50) is not involved in its inhibition of PKD2L1 channel function.  

We also conducted PKD2L1 transport activity by means of 45Ca radiotracer 

uptake. The results are in agreement with our data obtained from 

electrophysiology experiments (Fig. 4-7B).  

 Because our yeast two-hybrid experiments revealed that RACK1 binds 

fragment Ala19–Pro45 of PKD2L1 and RACK1 was reported to modulate the 

function of target channels through regulating their phosphorylation (35,38), we 

made point mutations at potential phosphorylation sites within this fragment to 

determine whether these sites are important for channel function or inhibition by 

RACK1. The NetPhosK online program predicted that Thr34, Thr39, Ser41, and 

Ser42 in PKD2L1N are candidate phosphorylation sites. We thus changed these 

residues to alanine and found that the resulting mutants still retain channel 

function comparable with that of WT PKD2L1 (Fig. 4-7C). Furthermore, RACK1 

overexpression inhibited the channel function of these mutants as well (Fig. 4-7C). 

This result suggests that phosphorylation within Ala19–Pro45 is not critical to 

PKD2L1 channel function or to its inhibition by RACK1. 
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Fig. 4-7. Effects of mutations in RACK1 and PKD2L1. A and B, PKD2L1 was expressed 
in oocytes with or without co-expression of a RACK1 mutant. A, averaged Ca2+-activated 
currents measured at -50 mV with each group from 5 to 16 different oocytes. ** and *** 
indicate p < 0.01 and p < 0.001, respectively. B, averaged 45Ca tracer uptake from three 
independent experiments using uptake solution. Error bars indicate S.E. C, effect of RACK1 
on the function of PKD2L1 mutants. PKD2L1 missense mutants were expressed in oocytes 
with or without co-expression of RACK1.Shown are averaged Ca2+-activated currents 
measured at -50 mV with each group from 7 to 11 different oocytes. 

A

B

0

2000

4000

6000 no RACK1
with RACK1

C
a-

ac
tiv

at
ed

 c
ur

re
nt

 (n
A

)

Pkd2L1      T34A       T39A        S41A         S42A

C

H2O Pkd2L1 +RACK1 +1-258 +1-220 +217-317 +Y228F +Y246F
0

500

1000

1500

2000

C
a-

ac
tiv

at
ed

 c
ur

re
nt

 (n
A

)

***

**
**

***

**

H2O Pkd2L1 +RACK1 +1-258 +217-317
0

10

20

30

40

45
C

a 
up

ta
ke

 (p
m

ol
)

** **



158 
 

Role of PKD2L1 Fragment Met1–Pro45 in Mediating PKD2L1 Channel 

Inhibition by RACK1 

 To determine whether the physical interaction between PKD2L1 and 

RACK1 through the Met1–Pro45 fragment of PKD2L1 is important for the 

inhibition of PKD2L1 channel function by RACK1, we co-expressed PKD2L1 

and RACK1 with His-tagged Met1–Pro45 peptide that should serve as a blocking 

peptide through competing with PKD2L1 for binding RACK1. Indeed, expression 

of His-Met1– Pro45 rescued the channel function of PKD2L1 otherwise inhibited 

by RACK1 (Fig. 4-8A). In contrast, the remaining part of the N-terminus (His-

Ile40–Ile97) and C-terminal fragments (His- tagged Glu566–Thr622 and Gln617– 

Ser805) had no rescuing effects (Fig. 4-8B). By WB, we verified that the functional 

rescue by Met1–Pro45 is not through decreasing RACK1 overexpression (Fig. 4-

8C). Consistently, we found by co-IP that Met1–Pro45 indeed substantially 

decreases the PKD2L1-RACK1 interaction (Fig. 4-8D). In negative control 

experiments, we verified that Met1–Pro45 expressed alone has no channel function 

(data not shown). Taken together, our data support that binding between PKD2L1 

and RACK1 through its N-terminal fragment Met1–Pro45, but not PKD2L1C or 

the remaining part of PKD2L1N, is required for inhibition of PKD2L1 channel 

function by RACK1. 

 Because oocytes possess significant endogenous RACK1 levels, we 

reasoned that Met1–Pro45 should block the inhibition of PKD2L1 channel function 

by endogenous RACK1. Indeed, we found that overexpression of blocking 

peptide Met1–Pro45 roughly doubles the Ca2+-induced current (at -50 mV) from  
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Fig. 4-8. Effects of PKD2L1 N- and C-terminal fragments on inhibition of PKD2L1 by 
RACK1 and on PKD2L1-RACK1 interaction. A, representative recordings of currents 
measured at -50 mV in oocytes expressing PKD2L1 and RACK1 with or without co-
expression of Met1–Pro45 in the presence of Na+-containing solution ±5 mM Ca2+ as indicated. 
B, averaged Ca2+-induced currents measured at -50 mV in oocytes expressing PKD2L1 alone 
(n = 15), PKD2L1+RACK1 (n = 12), or PKD2L1+RACK1+a blocking peptide (Met1–Pro45, 
n=14; Ile40–Ile97, n=11; Glu566–Thr622, n=9; and Gln617–Ser805, n=6). P values obtained from 
comparison with PKD2L1 alone (by unpaired t test) are indicated. C, expression of RACK1 
and PKD2L1 with or without co-expression of Met1–Pro45 in oocytes assessed by WB. D, the 
PKD2L1-RACK1 interaction assessed by co-IP with or without (control (Ctrl)) co-expression 
of Met1–Pro45. PKD2L1, GFP-RACK1, and/or His-Met1–Pro45 were expressed in oocytes. 
Shown are representative data in which GFP antibody was used for IP and PKD2L1 and GFP 
antibodies were used for immunoblotting (IB) as indicated. E, effect of overexpression of 
Met1–Pro45 on PKD2L1 activity. Shown are averaged Ca2+-induced currents from oocytes 
expressing PKD2L1 (n=24) or PKD2L1 plus Met1–Pro45 (n=20, p=0.005; **, unpaired t test). 
F, representative data of PKD2L1 expression by WB in individual oocytes expressing either 
PKD2L1 (lanes 1–6) or PKD2L1 plus Met1–Pro45 (lanes 7–10). These oocytes are part of the 
oocytes used in generating currents in E. Error bars indicate S.E. 
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an average of 2.5 ± 0.3 μA (n = 24) in oocytes expressing PKD2L1 to 4.8 ± 0.6 

μA (n = 20, p = 0.005) in those expressing PKD2L1 + Met1–Pro45. Furthermore, 

in the presence of Met1– Pro45, the PKD2L1 expression assessed by WB was 

slightly decreased (Fig. 4-8F) possibly due to limited expression capability of 

oocytes. These data indicate that Met1–Pro45 blocks the inhibition of PKD2L1 by 

endogenous RACK1 in agreement with the data obtained from using 

overexpressed RACK1 (Fig. 4-8, A and B). 
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4.5. DISCUSSION 

 The mechanism of Ca2+- or acid-induced PKD2L1 channel activation has 

remained obscure. The C-terminus of PKD2L1 contains a number of motifs, 

including a putative Ca2+-binding EF-hand and a coiled coil domain, but when 

these motifs were removed as in the truncation mutant T622X or when the EF 

hand was deleted, Ca2+-induced activation was still present and even increased 

(14). In an effort to examine the role of the PKD2L1N-terminus in channel 

activation, we found in the present study that PKD2L1N associates with RACK1 

and that RACK1 inhibits PKD2L1 channel function through binding to 

PKD2L1N. RACK1 was initially identified as a receptor for activated PKC, but 

recent studies showed that it is also involved in many other cellular functions. For 

example, RACK1 acts as a novel inhibitory scaffolding protein in complex with 

tyrosine kinase Fyn and its substrate, the NR2B subunit of NMDAR, and this 

association prevents the phosphorylation of NR2B by Fyn and inhibits NMDAR 

channel activity (38,42). The presence of RACK1 in CA1 hippocampal slices 

resulted in a 50% decrease in NMDAR-mediated current (38).  

 Because RACK1 reduced both the total and PM expression of PKD2L1, it 

remained to be determined whether RACK1-inhibited whole-cell PKD2L1 

channel activity is solely due to the reduced PM level of PKD2L1 or also to the 

inhibited activity of individual channel molecules. First, although co-expression 

of RACK1 reduced the PKD2L1 PM level by 36%, it inhibited 87% of the Ca2+-

activated whole-cell current, indicating that RACK1 represses the activity of each 
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individual PKD2L1 channel. Then we found that although the PKD2L1 surface 

membrane expression from injection of 50 ng of PKD2L1 and 25 ng of RACK1 

mRNAs, is comparable with that from injection of 25 ng of PKD2L1 mRNA 

alone, the whole-cell current associated with injection of 50 ng of PKD2L1 + 25 

ng of RACK1 is only comparable with that associated with injection of 6.2 ng of 

PKD2L1 alone (Fig. 4-6). Thus, these data together showed that RACK1 

substantially inhibits PKD2L1 channel function in addition to reducing its total 

and surface membrane expressions.  

 We found that two RACK1 fragments bind PKD2L1 and that RACK1 

binds both the N- and C-termini of PKD2L1. It was thus unclear whether all 

physical bindings are important for inhibition of PKD2L1 function by RACK1. 

Although we could utilize truncation/deletion mutations in PKD2L1 and/or 

RACK1 that disrupt the PKD2L1-RACK1 interaction to examine whether a 

mutant RACK1 still inhibits WT channel function or whether WT RACK1 

inhibits the function of a mutant PKD2L1, the information we obtain would not 

be sufficient to make a conclusion because the normal function of RACK1 or 

PKD2L1 may readily be affected by these mutations. In view of this, we utilized 

co-expression of PKD2L1 N- and C-terminal fragments as potential blocking 

peptides to break down the physical association between WT PKD2L1 and 

RACK1. Our data demonstrated that fragment Met1–Pro45 is able to substantially 

reduce the PKD2L1-RACK1 binding and abolish inhibition by RACK1, 

indicating that their binding through domain Met1–Pro45 is the strongest and 

critical for RACK1 to exert functional inhibition. In contrast, although PKD2L1C 
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also binds RACK1, overexpression of PKD2L1C was unable to significantly 

affect the PKD2L1- RACK1 binding, suggesting that their binding through 

PKD2L1C is not as strong as through Met1–Pro45 and is not important for 

functional regulation. It is interesting to note that similarly, although both Met1–

Asp220 and Met217–Arg317 of RACK1 associate with PKD2L1, only Met1–Asp220 

inhibited PKD2L1 channel activity, indicating that physical interaction of Met217–

Arg317 with PKD2L1 is not essential for the channel inhibition.  

How the binding of RACK to domain Met1–Pro45 of PKD2L1 inhibits the 

channel function remains unclear. Because RACK1 was known as a chaperone of 

protein kinases to promote the phosphorylation of target proteins, it is possible 

that binding of RACK1 to domain Met1–Pro45 prevents phosphorylation of a 

residue within the domain. Therefore, we mutated candidate phosphorylation 

residues to alanine: T34A, T39A, S41A, and S42A. However, all these mutants 

still possessed channel function comparable with that of WT channel and were 

inhibitable by RACK1, indicating that these potential phosphorylation sites are 

not important for channel function or binding with RACK1. On the other hand, if 

Ca2+ could bind to Met1–Pro45 of PKD2L1 then RACK1 may prevent the Ca2+ 

binding, thereby inhibiting channel activation. However, our dotblot calcium 

overlay assays for testing whether Met1–Pro45 can directly bind Ca2+ ions using 

GST-fused peptides Met1–Pro45 and Ala19– Pro45 purified from E. coli revealed 

that GST-tagged Met1– Pro45 and Ala19–Pro45 cannot bind Ca2+ (Fig. 4-2C). Thus, 

it is possible that Ca2+-induced channel activation is mediated by an unknown 

protein that binds Met1–Pro45 and that RACK1 competitively disrupts their 
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interaction, thereby inhibiting PKD2L1 channel function. Further studies to 

identify and characterize such an unknown protein would shed light on the 

mechanism underlying Ca2+-induced PKD2L1 activation. 
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5.1. Mechanism of how PKD2 regulates cell proliferation  

PERK is an important sensor and mediator during ER stress. Above all, 

activated PERK by ER stress phosphorylates eIF2α that leads to inhibition of 

global protein synthesis that is associated with down-regulation of cell growth, 

and translational up-regulation of selected cellular factors (1,2). For example, 

elevated P-eIF2α promoted by PERK during ER stress represses the translation of 

cyclin D1, a regulatory subunit for cell cycle G1/S transition, which leads to ER 

stress-induced G1 arrest in the cell cycle (3). ADPKD caused by loss- or gain-of-

function of PKD1 or PKD2 is characterized by over-proliferation, apoptosis and 

de-differentiation, among others.  

 Our study shows that, in the presence of reduced PERK, the ability of 

PKD2 to promote eIF2α phosphorylation and repression of cell proliferation is 

compromised, indicating that the regulation of eIF2α phosphorylation and cell 

proliferation by PKD2 is PERK-dependent (Fig. 2-6 and 8). Interestingly, the fact 

that among the four kinases only PERK is localized on the ER membrane and that 

PERK is in the same complex as eIF2α and PKD2 (Fig. 2-5) suggest that PKD2 

may play an essential role in recruiting eIF2α to form PERK-substrate complexes 

for eIF2α phosphorylation. It suggests that PKD2 promotes the efficiency of the 

interaction of PERK with eIF2α (as a substrate) for PERK-dependent eIF2α 

phosphorylation.  

Taken together, we propose that the PERK/eIF2α pathway is involved in 

PKD2–regulated cell proliferation. This finding will shed light on understanding 
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the molecular mechanism underlying the PKD2-associated cell over-proliferation 

in ADPKD.  

 

5.2. Mechanism of how PKD2 expression is regulated under stress and non-

stress conditions   

The UPR maintains cell homeostasis during cellular stresses by facilitating 

the translation and transcription of selected proteins and genes to rescue the cells 

(4). For example, ATF4 is translationally up-regulated by elevated P-eIF2α 

through skipping an inhibitory uORF in the 5’UTR of ATF4 mRNA during 

cellular stress (5,6). Similarly, Gadd34 and CHOP also possesses an inhibitory 

uORF in their 5’UTR that inhibits their translation under non-stress (low P-eIF2α), 

and is skipped under stress conditions (elevated P-eIF2α), which leads to 

translational up-regulation (7,8). How uORF exerts an inhibitory effect under 

non-stress conditions remain not well understood but it was suggested that small 

peptide translated from a uORF somehow inhibits the scanning of ribosome-

mediated translation of the main ORF (8). Our study using WB shows that PKD2 

expression is similarly regulated by stress as ATF4, CHOP and Gadd34, ie, stays 

relatively low under non-stress conditions and increases during ER stress (Fig. 3-

8A and B). In sucrose gradient polysomal assays, PKD2 mRNAs are associated 

with heavier ribosomes under ER stress, compared to the non-stress condition, 

supporting that PKD2 translation is actively promoted during ER stress (Fig. 3-7). 

We think that, similar to ATF4, CHOP and Gadd34, the uORF in PKD2 5’UTR 

inhibits PKD2 translation under non-stress (low P-eIF2α), and that is skipped 
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under stress conditions (elevated P-eIF2α), which leads to PKD2 translational up-

regulation.  

Because proteins regulated by P-eIF2α such as ATF4, Gadd34 and CHOP 

are tightly associated with UPR and play critical roles in defining cell fate during 

cellular stress, it is possible that PKD2 may also play an important role in cell 

survival and growth through acting as a downstream factor of P-eIF2α and UPR 

pathways.  

 

5.3. Function and regulation of PKD2 in UPR 

 The UPR in response to cellular stresses has three representative pathways 

in the ER. One of these is for 1) reducing global translation level to prohibit 

further production of misfolded or unfolded proteins, which is induced by 

elevated P-eIF2α (9), and 2) increasing ER chaperone proteins such as GRP78, 

calnexin and GRP94, to improve the protein folding capacity (10), and 3) 

promoting degradation of misfolded proteins, called ER-associated degradation 

(ERAD) (11). Elevated P-eIF2α activated by PERK at the same time up-regulates 

the translation of selected cellular factors including ATF4, Gadd34 and CHOP, 

which have crucial functions in mitigating cellular stress conditions (7,8,12-16). 

Furthermore, PERK/eIF2α pathway is also involved in induction of cellular 

inhibitors of apoptosis (cIAP1 and cIAP2) that inhibits ER stress-induced 

apoptosis and ER lumen chaperones like GRP78 (17,18).  Our study showed that 

the eIF2α phosphorylation by PERK during ER stress is strongly reduced in the 

cells with PKD2 knock-down by siRNA (Fig. 2-4), indicating that PKD2 is an 
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important regulator of the PERK/eIF2α pathway in UPR. This was supported by 

our observation that, in PKD2 KO mouse collecting duct (MCD) cells D3 

(PKD2+/-) and B2 (PKD2-/-), cIAP2 expression that is regulated by PERK/eIF2α 

pathway is significantly reduced in B2 cells compared to D3 cells (data not 

shown). In addition, induction of GRP78 expression induced by ER stress is 

significantly reduced in B2 cells.  Possibly, loss of PKD2 negatively influences 

the PERK/eIF2α pathway, which leads to dysregulation of its down-stream factors 

such as cIAPs and ER lumen chaperones, which are strongly related to ER stress-

induced apoptosis. Thus, the effects of PKD2 on PERK/eIF2α pathways may 

consistently explain the mechanism of how cystic cells caused by PKD2 loss-of-

function are associated with elevated apoptosis.   

 In addition to eIF2α, PERK also phosphorylates Nrf2 that is a crucial 

transcription factor for cell survival during cellular stresses. Nrf2 is associated 

with a cytoskeletal anchor protein, Keap1 during non-cellular stress and 

dissociated from Keap1 induced by Nrf2 phosphorylation that is  phosphorylated 

by PERK during cellular stresses, which is followed by nuclear import and 

induction of Nrf2-dependent gene expression of phase II detoxifying enzymes 

(19). Here, our data showed that knock-out of PERK negatively influences PKD2 

protein expression in MEF PERK-/- cells (Fig 2-5B). By co-IP, P-PERK was 

found to have higher binding affinity with PKD2 than non-phosphorylated PERK 

(data not shown). Possibly, PKD2 also can be one of the substrates 

phosphorylated by PERK, which may regulate protein stability, channel activity 

or other cellular functions of PKD2.  
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 All evidence together indicates that most substrates and down-stream 

factors activated by PERK/eIF2α pathways, which includes PKD2, play very 

important roles in cell survival during cellular stress. Therefore, PERK/eIF2α 

pathways may be part of the mechanism underlying pathgenesis of ADPKD. 

 

5.4. Regulation of PKD2L1 channel activity 

  PKD2L1 functions as a Ca2+-modulated nonselective cation channel 

when expressed in Xenopus oocytes (20). The C-terminus of PKD2L1 includes an 

EF-hand motif that may bind Ca2+, but when mutants with the EF-hand motif 

deletion still exhibit Ca2+-modulated channel activities, indicating the motif is not 

critical to its channel function (21). Also, PKD2L1, in the presence of co-

expression of PKD1L3, also functions as an off-response channel induced by acid 

in mammalian cells (22), in which it seems that PKD1L3 is required both 

PKD2L1 PM targeting and channel function. However, our study showed that 

PKD2L1 alone still exhibits acid-induced off-response using Xenopus oocyte 

expression. Therefore, whether and how PKD2L1 is activated by acid, and 

whether and how Ca2+- and acid-induced activations share similar molecular 

mechanisms remain unknown.  Unpublished data from Dr. Chen’s laboratory 

indicate that truncation mutant of PKD2L1 missing the whole C-terminus retains 

its activation by acid but has no channel activation by Ca2+, suggesting the two 

activation are mechanically distinct. 

 PKD2L1 channel activity is regulated by several interacting partner 

proteins. For example, the channel activity of PKD2L1 is inhibited by troponin I 
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through direct physical association (23) and interaction with α-actinin promotes 

PKD2L1 channel activity (24).  In an effort to find out how PKD2L1 channel 

activity is regulated by Ca2+, we found that PKD2L1 is associated with RACK1 

protein. In general, RACK1 is known as a receptor for activated PKC, which is 

involved in various cellular functions. For example, RACK1 acts as a scaffolding 

protein in complex with α-kinase domain in the TRP melastatin (TRPM6), which 

leads to inhibition of TRPM6 channel activity (25), and RACK1 also inhibits 

NMDA receptor (NMDAR) channel activity through inhibiting the 

phosphorylation of NR2B by tyrosine kinase Fyn (26).    

 Using electrophysiology, our study showed that RACK1 dominantly 

inhibits PKD2L1 channel activity even though RACK1 inhibits total and plasma 

membrane expression of PKD2L1. N-terminal fragment Met1-Pro45, a binding 

partner of RACK1, but not the C-terminus or other parts of the N-terminus, of 

PKD2L1 acts as a blocking peptide and abolishes the inhibition of PKD2L1 

channel activity by RACK1, indicating that Met1-Pro45 competes with PKD2L1 

for binding RACK1 thereby releasing PKD2L1 from inhibition by RACK1 (Fig. 

4-8). This competitive binding is shown by our further co-IP experiments (Fig. 4-

8D). However, how the RACK1-PKD2L1 binding through the M1-P45 domain 

inhibits PKD2L1 remains to be studied.  RACK1 has been known as a scaffolding 

protein to transport protein kinases to target proteins. Interestingly, most of 

phosphorylation sites (T34, T39, S41 and S42) in PKD2L1 are localized in the N-

terminus. Thus, it is possible that RACK1 binds with PKD2L1 either to facilitate 

the phosphorylation of the channel protein by a protein kinase or to alter the 
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phosphorylation state within its M1-P45 domain. We have examined some 

candidate phosphorylation sites in the N-terminus through mutagenesis (T34A, 

T39A, S41A and S42A) but so far we have not identified the site that accounts for 

RACK1-mediated channel inhibition (Fig. 4-7).  Furthermore, the dot blot Ca2+ 

overlay assay reveals that Met1-Pro45 of PKD2L1 is not a domain for binding with 

Ca2+ (Fig. 4-2C). Therefore, we suggest that possibly, Ca2+--modulated channel 

activation of PKD2L1 is regulated by an unknown, Ca2+-sensitive protein whose 

binding with Met1-Pro45 of PKD2L1 is disrupted by RACK1, which leads to 

inhibition of Ca2+-induced channel activation. 

 Taken together, although the mechanism of how PKD2L1 channel activity 

is regulated by Ca2+ is still unclear, this study has made significant progress 

towards elucidating the mechanism.  
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